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Sammanfattning

Skruv och mutter tillhor bland de vanligaste medlen att binda ihop tva ytor med varandra da det &r
ett billigt och enkelt satt att uppna det onskade resultatet. Det &r viktigt att ratt klamkraft uppnas i
skruvforbandet, vid for 1ag/hog klamkraft ar risken for haveri i konstruktionen stor. Darfor ar att
uppna korrekt klamkraft i ett skruvforband alltid malet i en atdragningsprocess. Skruvdragare som
drar at med ett forinstallt moment (torque control) ar for tillfallet det vanligaste verktyget pa
marknaden for att uppna ratt klamkraft. Klamkraften som uppstar vid atdragning av ett
skruvforband med ett sddant verktyg &r i storsta del beroende pa friktionskraften i skruvforbandet
for korrekt moment. Endast en liten del av momentet som paverkar skruven dvergar till effektivt
fasthallande moment i skruvforbandet, det mesta momentet gar at for att dvervinna friktionen
mellan skruv och mutter. Friktionskoefficitenten haller sig inte konstant vid ett dtdragande moment
utan beror pa flera faktorer sdsom atdragningshastighet, profilhastighet, atdragningstid och vilket
material skruvforbandet &r gjort av bland annat. Eftersom friktionskoeffiecienten standigt &ndrar
sig leder detta till ett fel d& man ska uppskatta klamkraften mellan tva ytor.

Detta examensarbete amnar till att bygga en tribometer som &r kapabel till att fungera vid olika
hastigheter och kraftforhallanden som korresponderar till olika atdragningsprocesser. Ett koncept
pa en ny pin-on-disc tribometer foreslas och hastighets samt kraftprofiler skapas genom ett closed-
loop reglertekniksystem i ett linjart stalldon och motorn. Testriggen konstruerades och flertalet
utvarderingstester utfordes.

Nyckelord: tribometer, friktionskoefficient, atdragning av skruvférband, pin-on-disc
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Abstract

Bolts and nuts are one of most common joining methods since they are simple and low-cost to
connect parts. Appropriate clamp force from bolted joint remains resultant joints secured, but
higher/lower preload on bolted joint increases risk of the failure of mechanism. Therefore,
achieving accurate clamp force in bolted joint is always the aim of tightening process. Torque
control tightening tool are the most common tightening tool present in the market. The clamp force
obtained from torque control tightening is highly dependent upon friction. Only small part of
applied torque is transferred into the effective torque that turns in to clamp forces because most of
applied torque is consumed by friction forces under bolt /nut head and in a thread interface.
However, friction coefficient does not remain constant during tightening process and it relates to
many factors such as tightening speed, speed profile, tightening time, joint’s material, etc. Hence,
it changes the distribution ratio and leads to an error in estimation of clamp force between the
components.

This project aims to develop a tribometer which is capable of operating in different speeds and
load conditions corresponding to different tightening process. A new concept of pin-on-disc
tribometer is proposed and the speed and load profile are achieved by using closed loop control in
the linear actuator and the motor. The test rig was built up and the several validation tests were
done.

Keywords: tribometer, friction coefficient, tightening, pin-on-disc.
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NOMENCLATURE

Notations

Symbol Description

E Young’s modulus (Pa)
r Radius (m)

t Thickness (m)

0 Poisson ratio

d Diameter (mm)

M Moment (Nm)

» Stress (Pa)

N Hertzian contact pressure
A Contact area

1 Indentation

Coefficient of friction

Abbreviations

CAD
CAE
COF
DAQ
ED

FTR

Computer-Aided Design

Computer-Aided Engineering

Coefficient of friction
Data acquisition
Einschaltdauer

Friction test rig
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1 INTRODUCTION

This chapter describehe background, the purpose, theitations and the methdsl) used in the
presented project

1.1Background

Bolts and nuts are one of the most common joining methods since they are low-cost and
straightforward method to connect parts. Bolted joint remains resultant joints secured, and it can
be achieved by either a bolt with a nut or a screw with a threaded hole. A bolt is generally
composed of two parts- head and shank which is fully or partly threaded [1] (See Figure 1).

Thread Nut Runout Shank Radius Head

?Ht w66 6 4 6 6 A e

11 g

<—Thread length——s|<—Grip length—

< Nominal length >

Figure 1. Parts and measurements of bolted j¢irt

A thread can be simplified as an inclined plane spirally around the shank and due to this geometric
characteristic, it has one of the most important properties self-locking. When tightening a bolt, an
applied torque causes a bolt and a nut moving against the incline angle from thread. A bolt is
stretched, and elongation of bolt leads to clamp forces. Clamp forces can be used for many
different applications such as preload on a gasket to prevent leakage or to resist the tension force
or the shear forces (See Figure 2). Appropriate clamp force ensures that the joint works properly,
but higher/lower preload increases the risk of the failure of the mechanism. Therefore, to achieve
an accurate clamp force in the bolted joint is always the aim of tightening tools.

Tensile load

Clamping force 1

sy Shear load
Shear load <

Tensile load

Figure 2. Tensile badand shear loadnh a boltedjoint [3].

Nowadays in the motor vehicle industry, most of the tightening tool use torque control instead of
angle control. Unlike angle control tool that directly measures the twisting angle to determine a
clamp force, the torque control tool measures an applied torque and evaluates a clamp force with
assumed torque distribution ratio based on past joint analysis. Since most of the applied torque is
consumed by friction forces under the bolt /nut head and in a thread interface, only a small part of
applied torque is transferred into the effective torque that causes clamp forces (See Figure 3) [2].
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However, friction coefficient does not remain constant during the tightening process and it relates
to many factors such as tightening speed, speed profile, tightening time, joint material, etc. Hence,
it changes the distribution ratio and leads to an error in the estimation of clamp force between the
components.

% Torque 50 %
| L .| Al Friction
- 10%

. Tension
—‘ . f - 40‘70
ﬁ-__—fzf 7 Thread

- Friction

Figure 3.Distribution of the input torque for fastener [2]

Since friction is such an important factor when aiming for a specific clamp force, it is of interest
to simulate the contact and friction in the bolt head to joint, and thread interfaces. This will lead to
the possibility of gaining a deeper knowledge of friction characteristics when tightening. In the
end, understanding friction behavior will help tightening tool to achieve more accurate clamp force
in bolted joints.

1.2 Purpose

Several years ago, Atlas Copco started a series of researches about friction in thread interfaces and
bolt/nut head. In the beginning, the BLM test rig was built by external manufacturer and BLM
could measure applied torque, threaded torque and clamp force. In 2018, in order to better
understand the friction behavior of bolt joints and improve BLM’s drawbacks, KTH master
students, Reza Afsharian and Antonios Theodoropoulos, built the new friction test rig abbreviated
as FTR and it was named as Atlas Copco FTR [4] (See Figure 4). In 2019, Lulea University of
technology master student Fredrik Wirstrom further developed and improved the disadvantage
Atlas Copco FTR and he designed the new version of FTR called KTH FTR [5]. The FTR can
measure shank torque and clamp force. For measuring total torque, inline rotary transducer is used.
The under-head torque calculated by subtracting the total torque form shank torque. FTR gives us
a global model. To understand the friction in a much better way, we need the tribometer. The
tribometer gives us a better understanding of the frictional behavior during tightening. This would
enable us to develop better tightening strategies in the future.
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Figure 4. Atlas Copco FTR4].

To study friction in the bolted joint, it can be either from macroscopic view such as FTR or
microscopic view. Therefore, in 2020, Atlas Copco chooses to approach the question by using
tribometer to study friction behavior in the thread and underhead interface. However, most of
existing tribometers are designed for fulfilling the existing standards and regulations, and none of
them can test the experiment in the required conditions for Atlas Copco.

Therefore, the purpose of this master thesis is to design a tribometer which is capable of operating
at different speeds and load conditions corresponding to different bolt tightening process.

The design of the tribometer consists of the following goals:

1  Functionality: The tribometer should be able to perform coefficient of friction test on the
materials used in bolted fastener.

1 Modular design: Since the requirement of dynamic performance in this application is
especially high, two linear actuators with two different mechanism will be used to determine
which type of mechanism of linear actuator is more suitable for this application. Thus, the
tribometer should be capable of exchanging linear actuator parts.

1 Ease in operation:The ergonomic aspect should be taken into consideration while designing.

1  Low setup time: Since the user will test a lot of different materials, the tribometer should
have low set-up time.

1 Customized speed and load profileBased on needs of users, speed and load profile of the
tribometer should be able to customize.

1  Synchronicity between speed and load profiteln order to simulate the tightening process,
speed and load profile of the tribometer should take place simultaneously.

1.3 Delimitations

This project scope is to design a tribometer to study friction behaviour in the thread interface. The
size and material of bolt should be limited in a reasonable and achieved range. The thesis will
focus on one tightening strategies - TurboTight tightening.

In the concept evaluation, only Hertz contact theory will be used in contact pressure contact and
no further contact theory will be involved. The full concept will be deliverable.
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The validation test of an important sub-system will be presented. If time allows, the whole
tribometer will be built up but only a few validation tests will be performed.

1.4 Method

A functional breakdown process and concept combination matrix will be used in the development
of concepts of the new tribometer. The evaluation matrix will evaluate generated concepts the final
concept will be chosen based on the result of the evaluation matrix. In the analytical analysis, the
Hertz contact theory will be applied to evaluate contact pressure between test samples and in the
quasi-static force analysis, the important components will be evaluated by free body diagram and
creating a model in MATLAB. The CAD model will be addressed via Creo parametric 6.0. Finite
element method for stress and deformation of the system will be performed in commercial FE
solver-Altair.

13



2 FRAME OF REFERENCE

This chapter presesathe theoretical reference frame that is necessary fodéwelopmenof the
tribometerwhich be capable of simulating frictidpehavior n the threaded interface during
tighteningprocess

2.1 Tightening techique

When tightening the bolt or the nut, an applied torque drives the bolt rotating and twisting that
leads to the elongation of the bolt. When the bolt starts to stretch, the elongation causes the clamp
force in the fastener that holds parts together. A twisting angle of the bolt is proportional to an
elongation of a bolt, and a clamp force in fastener also increases with the elongation of screw.
Therefore, understanding the relationship between an applied torque and a twisting angle of screw
during the tightening process could help us to more precisely achieve the desired clamp force in a
fastener.

The most general model of the relationship between applied torque and angle of the bolt has 4
zones as showed in Figure 5.

4 ZONES OF THE TIGHTENING PROCESS

TORQUE

POST YIELD

ELASTIC CLAMPING
ar

g = ELASTIC SLOPE
A0
ALIGNMENT
RUNDOWN @ 1
1 1 PREVAILING
S e B —— TORQUE
4 ! T LEVEL

————— ¢
ANGLE

CLAMPING ANGLE

Figure 5. Four zons of the tightening process [2].

The first zone is the run-down zone (Figure 6) and during this zone the join is not seated yet and
there is no clamp force build up. The second zone (Figure 6) is called an alignment or snugging
zone in which the fastener and the joint surface are aligning to the snug condition. The third zone
(Figure 6) is an elastic clamping zone where the torque is directly proportional to the twist angle.
The fourth zone is called as post-yield because yielding takes place in the joint, thread or clamped
component instead of yielding in bolt.
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Zone |. Run-down Zone II. Alignment Zone lll. Elastic clamping

Bolt

Components

92104 dwe))

Figure 6. Schematic of zonestimetightening process

The third zone is the most critical phase for tightening control since the clamp force dramatically
increases in the fastener joint and the torque developed to reach the targeted torque. The tightening
model of applied torque distribution (Figure 3) also describes this zone. Within this zone, around
90% of the torque is consumed by friction in surfaces between bolt head and washer and between
thread interfaces and about 10% of torque transfer to clamped force [2].

Moreover, friction behaves nonlinearly in this phase (Figure 7) and thus it leads to the poor
tightening because of under or over the targeted torque which causing loosing or breakage of the
bolt [2]. Therefore, understanding the frictional behaviour of under-head and threads is essential
to have reliable tightening performance.

Elastic
Clamping

Underhead

Losses

Torque

Thread
Friction
Losses

Angle

Figure 7. Distribution of applied energy during tightening process [2].

Also, the different tightening strategies may also affect the friction characteristic because
tightening speed profiles are defined differently in these tightening strategies for different purposes.
These strategies can be categorized by the speed profile in elastic clamping zone into two main
group- constant speed and highly dynamic as shown in Figure. There are three common strategies
which are used in Atlas Copco (Presented in Figure 8) are introduced below:
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Tightening
Strategies

Constant Speed Highly Dynamic
|

| \
=

Figure 8. Tightening strategies for bolted joint.
2.1.1Constant speetightening:

Constant speed tightening strategy is the most common strategy for the industrial tightening tool [6].
The tightening speed of bolt maintains constant during the elastic clamping phase of tightening
process until it reaches the targeted torque. The tightening time usually takes half a second to
several seconds for tightening a bolt. Figure 9 presents a schematic of the process.

[ roravemime ] ansLemime I speeomme

Target Torque

—

First Torque

First Speed

s

Rundown Complete

TIME
Start Rundown Tightening Stop

Figure 9. The zones of constant speed tightening strat¢gjes
2.1.2TurboTight tightening:

TurboTight is a new tightening strategy of which Atlas Copco owns the patent used for quick and
dynamic tightening. The stiffness of the joint is dynamically measured during the tightening and
then the energy for reaching the target torque is calculated. According to the above data, the speed
of tightening dynamically changes during the process in order to accurately reaching the target and
minimizing the reaction force to the operator by using the inertia of the tool and stopping the motor
when close to the targeted torque [7] [24]. It usually takes less than 30 ms to 80 ms in the elastic
clamping zone [24]. The schematic of TurboTight is illustrated in Figure 10.
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TurboTight®
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Figure 10. The speed profile and torque profiletb& HDT strategy[24].

Figure 11 is the speed profile of TurboTight and the speed linearly increases in the beginning area
but dramatically reduces the speed after t=110sec which the bolt enters the elastic clamping zone.
The ideal speed profile of turbo-tight in elastic clamping zone is parabolic but in reality, the profile
is distorted a bit in the end because the tool can’t stop immediately. At the same time, the clamp
force in the joint is building up when entering the elastic clamping zone, but it doesn’t grow
linearly since applied torque is not linear.

o Turbo tight experiment speed profile - Time domain 30 __ Turbo tight experiment force profile - Time domain

1200 !
/\\ 251
1000 ,/'v 1
800 / =
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200
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Time [ms] Time [ms]

Figure 11. Turbarlight's peed profile (left) and clamforce on bolt (right).

2.1.3Pulsetightening:

Pulse tightening strategy is the discontinuous drive method and the bolt is driven and released
intermittently during the process. The whole process can be considered as hammering the bolt and
each hammering is finished in a short time, several ms (Figure 12) [3]. Due to the short time
interval, the reaction force is very low to the operator even in the high torque.
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Figure 12. lllustration of pulse tightening strated$] .

2.2 Materials of bolt fastener

Different materials of bolt and nut result have different material properties, including friction
characteristic in the threaded interface and the most common material are Carbon steel or stainless
steel. Therefore, the test rig should have the ability to test these materials of bolt. The carbon steel
fastener with/without coating and the stainless fasteners will be introduced in the following three
chapters and it covers the description of the material, including their properties in general and
friction coefficient range provided by the German standard- VDI 2230.

2.2.1 Carbon steel

1ISO898:2012 is the international standard for carbon steel fasteners and it regulates the designation,
property classes, and required physical and mechanical properties. Property classes from the
standard specify the strength of the carbon steel fastener for different classes and the strength of
classes is listed in Figure 13.
Property Tensile Yield
class strength strength
6.8 600 480
8.8 800 640
9.8 900 720
10.9 1000 900
12.9 1200 1080

Figure 13. Bolt's property class and strendih MPa).
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There is no information regarding the friction coefficient of plain carbon steel fastener in VDI
2230. COF of plain carbon steel is 0.16 with 0.02 standard deviation from Arvid Nilssson’s friction
analysis report [8].

Oxygen environment will cause corrosion to carbon steel and the solution to avoid corrosion is
making the carbon steel fastener corrosion-resistive by surface treatments. The surface treatment
will separate the oxygen from carbon steel and leaves carbon steel in an oxygen-free environment.
Some treatments are described in section 2.2.3 Corrosion protection.

2.2.2 Stainless steel

There is similar standard to 1SO 898:2012 mentioned in the last chapter to specify the relevant
information such as chemical composition, physical and mechanical properties and property
classes. Since the chromium content in the steel becomes a chromium oxide coating on the surface
of the fastener, it stopped corrosion by blocking oxygen diffusion to the steel.

From VDI, COF of plain stainless steel without lubricant is larger than 0.3 and from Arvid
Nilssson’s test it is 0.42 with 0.08 standard deviation [8].

2.2.3 Corrosion protection

Surface treatment can slow down the corrosion process of plain carbon steel fastener by avoid the
carbon steel directly exposing to an oxygen environment. Some most common treatments used for
the fastener are described in the following chapters

2.2.3.1 Electroplating

Electroplating is also called electrically galvanization and is the process that using electric current
helps the fasteners being coated with a thin layer of zinc. This layer is seen as sacrificial layer to
protect the steel fasteners and the layer is quite thin and smooth. However, the elector zinc-plated
fastener can’t be used in the corrosive environment. The Hot-dip galvanized fasteners are more
suitable for the corrosive condition due to a much thicker zinc layer.

COF of zinc electro-plated fastener without lubricant is from 0.20 to 0.35 according to the
VDI2230.

2.2.3.2 Hotdip galvanization

This treatment is a coating zinc layer on fasteners by immersing the steel into a bath of molten
zinc at around 449 °C. As a result of the application process, the hot-dip galvanized fastener has a
much thicker zinc layer which gives protection against corrosion.

From VDI 2230, COF of hot-dip galvanize without lubricant is from 0.20 to 0.35.

2.2.3.3 Zinc Flake

This treatment adds a layer of mixed zinc and aluminum flakes to the faster and the fastener usually
has two layers, a base coat and a top coat. The base coat is used for protecting fasteners from
corrosion.

There is no information about COF of zinc flake fasteners and COF of Zinc flake fastener without
lubricant is 0.10 with smaller than 0.01 standard deviation from Arvid Nilssson’s test [8].
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2.2.3.4 Phosphate conversion coating

This treatment is a chemical process that converts a steel surface into iron phosphate. The iron-
phosphate layers are porous and suitable as a conversion layer for zinc powder coating which
providing corrosion protection to the fastener.

From VDI 2230, COF of lightly oiled phosphorus coated fastener is from 0.14 to 0.24.

2.2.3.5 Lubrication effect

Moreover, lubricants also affect COF a lot and have smaller COF comparing without lubricants.
Lubricated and unlubricated cases are of interest, and therefore, the friction measurement of the
test rig should be able to cover them. The comparison of COF with and without lubricant is
presented in Figure 14.

Bolt material Nut material Dry Lightly oiled
Untreated Untreated 0.18-0.36 0.14-0.26
Phosphorous coated Untreated 0.25-0.40 0.17-0.30
Electro Zinc-plated Untreated 0.11-0.36 0.11-0.20
Phosphorous coated | Phosphorous coated 0.13-0.24 0.11-0.17
Electro Zinc-plated | Electro Zine-plated 0.18-0.42 0.13-0.22

Figure 14. Friction coefficient range for different materials and lubricajf8k.

2.3 Hertz contact theory

The project aims to design the tribometer which can simulate friction behaviour in thread interface
during tightening. During the tightening process, the clamped force in fastener joint grow and
cause contact pressure in the thread interface. Therefore, the test rig should test the sample under
the corresponding contact pressure and the applied force on the sample can be estimated by Hertz
contact theory.

Hertz contact theory is classical contact mechanics, which is the study of the deformation of solids
that touch each other at single or multiple points. Hertz derived the formulae for calculating contact
pressure and the dimension of contacts based on some assumption- 1) elastic deformation, 2) the
stress distribution under the surface doesn’t affect the dimensions of the contacting body, and 3)
Only consider the normal force and the surfaces are assumed to be frictionless.

The case of two spheres could represent our application and it will be introduced below. The
geometry and material property are usually input parameters. In the case of the contact between
threaded interfaces, the two interfaces press against each other during the tightening and the
pressure can be estimated by following the method in ref. Therefore, the applied force, the
deformation and contact area can be calculated. Parameters and variables in Hertzian contact
mechanics are listed in Figure 15.

Input parameter Output variables

First sphere Second sphere

Radius r;  |Radius Ty Contact area A
Young's modulus E; |Young'smodulus | E, Hertzian contact pressure  p
Poisson ratio v; |Poisson ratio VU, Indentation o

Figure 15. Parameter and variables in Hertzian contact mechanics.
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First, the radius r of the circular contact area is given by the equation proposed by Hertz.

Y
i 0-"06 T )
where O is the effective modulus of elasticity defined by:
P p UL p O )
(@) cO cO
And 'Y is the effective radius defined by:
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In our application, the radii of the testing disc is infinite and the radii of the testing ball which’s

radius is R. Substitution of the radius fori 5 15 Yandi i T the effective radius
is—.
The contact area is derived from equation (1)
. : Y (4)
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Johnson derived the relationship between the contact radius and the indentation :
ioqyr 7 (5)
Substitution of equation (5) in equation (4) results in the contact stiffness
- W, . ., Q0 _ o . (6)
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The indentation is rearranged by inserting equation (1) into equation (5).
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Inserting equation (7) into equation (6), the contact stiffness becomes below:
v o7 gor 7 (8)
By rearranging equation (4), the mean contact pressure can be found
O PP yr Oy ©)
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By rearranging equation (9), equation (10) describes the relationship between the contact pressure
and applied normal force and thus it can help to evaluate the required applied force corresponding
to contact pressure in thread during tightening process.
. . oY (10)
O 1] -
" o

2.4 Force application method

In the friction coefficient test, the test sample is loaded by the programmable normal force and
runs against the other test sample. The normal force corresponds to the pressure of thread interfaces
while tightening and is the control parameter. The force control method is used in applying normal
force and thus the load application mechanism could provide a more precise load on test specimens.
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The load application mechanism is applied with the help of an actuator. An actuator is a component
of a machine in charge of moving and controlling a mechanism and it requires a control single and
a source of energy, which could be electrical, pneumatic or hydraulic. An actuator responds by
converting the energy of the source into mechanical motion, which could be either rotational or
translational.

In this application, the normal force is applied to the test sample with the predefined force profile
corresponding to the tightening process. Since the applied load is the normal force on the test
sample, and only the linear actuator is taken into consideration. Thus, only linear actuator is
discussed, and common types of the linear actuator are described below.

2.4.1Hydraulic actuators

Hydraulic actuators are normally used when a large amount of force is required. There are many
designs of hydraulic actuators, but piston type is the most common. The typical piston-type
actuator consists of a cylinder, piston, spring, hydraulic supply, return line, and stem (See Figure
16).

Cylinder .
np= Spring
o3 |
Piston s——
-l Hydraulic Fluid
Hydraulic Supply g \,://
& Return Line ~

== -
'J Control Valve

Stem /
s

Figure 16. Schematic of hydraulic actuatd .

InstrumentationTools.com

The cylinder is separated into two chambers by the piston which slides inside the cylinder.
Pressured hydraulic fluid flows to the lower chamber when the hydraulic force is larger than the
spring force and then the piston which connecting to the stem is pushed up. Therefore, hydraulic
energy is transferred into the motion of the piston to the valve.

The main advantages of the hydraulic actuators are capable of providing high force application
which could provide forces 25 times greater than pneumatic cylinders of equal size [9]. One
drawback of it is leaking fluid and loss of fluid leads to less efficiency and cleanliness problems.
Moreover, it requires many complementary parts, such as a fluid reservoir, motor, pump, and heat
exchangers and thus it’s usually high initial cost and requires huge space.

2.4.2Pneumaticactuators

Figure 17 is a simplified diagram of a pneumatic actuator and the working principle is similar to
hydraulic actuator. The diaphragm is deformed when the pressured air flow into the upper chamber
and the deformation transmit its motion through the stem.
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Figure 17. Schematic of pneumatic actuafa0].

The benefits of pneumatic actuators involve being applicable to extreme temperatures, lightweight,
and requiring minimal maintenance. However, it has some downsides- pressure losses and
compressibility of air make it less efficient than other methods and most air compressors are large,
bulky and loud [10].

2.4.3 Piezoelectric actuators

Piezoelectric actuators use the property of certain material in which application of a voltage of the
material leads it to expand, called piezoelectric effect. Piezoelectric actuator can achieve precise
positions because very high voltages correspond to only tiny elongations. However, the travel
distance of the piezoelectric actuators is limited. Moreover, there is a hysteresis problem in the
actuator, which makes it hard to control the expansion repeatedly.
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2.44 Electro-mechanicalactuators

Extend Lead Screw Retract
Limit Switch Limit Switch

Figure 18. Parts inthe electromechanical actuatojll].

The electro-mechanical actuator consists of an electric motor and mechanical actuator such as lead
screw, ball screw, cam, belt-driven and rack and pinion (See Figure 18). The rotary motion of the
motor is converted into linear motion through mechanical actuator. The working principle of
electro-mechanical actuator is based on the inclined plane concept. Take lead screw as an example,
the threads act as a continuous ramp that allows using a small rotational force over a long distance
to enable a large load to be moved over a small distance [11]. Some important parameters related
to the performance of electro-mechanical actuator are described below.

2.4.4.1 Static load capacity
Static load, also called holding load, is the force that the actuator can support when the motor stops
and the actuator is locked in place.

2.4.4.2 Dynamidoad capacity

Dynamic load capacity is referred to as the amount of force that can be applied to actuator during
the movement.

2.4.4.3 Duty cycle

The duty cycle of a motor is the amount of time which actuator could work properly before the
cool down is needed and is usually presented in percentage. Figure 19 is an example of 25% duty
cycle.

Complete Cycle -
Ton Torr
-« | % »
Vo
OFF | ON OFF ON OFF
0w
25% Duty Cycle Time

Figure 19. Example of 25% duty cyd&2].
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2.4.5Linear motors

The linear motor works as same as a rotary electric motor with its stator and rotor laid out in a
straight line and thus it produces linear force along its length instead of the torque. Due to the
linear motion of the motor, no mechanical actuator is needed. There are a lot of different designs
of linear motors but only the most common linear motors actuator-voice coil type is described
below.

2.4.5.1Voice coil actuadr

The term “Voice coil” comes from its first application: As a vibrator of a speaker and today, it has
a wide range of applications. Voice coil consists of a permanent magnet assembly and a coil
assembly (Figure 20). When the current flow through coil assembly, it generates a force that along
its length as a result of interacting with the permanent magnetic field.

o

Figure20.The3/4 secti on viewl[l8f voice coli

There are several benefits of voice actuators include the simple design of the mechanical part, high
acceleration (fast response), and being size for a more efficient design footprint and the biggest
advantage is that the applied current will always result in the same force regardless the position of
the coil. The two main drawbacks are the high cost and shorter stroke comparing to the Electro-
mechanical actuator [13].

2.5 Force measurement

During the COF test, the normal force is loaded on the test specimens and the force control method
is used to achieve the accurate load by measuring the normal force as feedback by the instrument
and compensate the output signal. The friction force of the contact point between test specimens
is also measured by the instrument and recorded to the DAQ system.

These instruments are called load cell or force transducer, which converts force or torque into a
measurable electrical signal through a known relationship. The most common types of load cell
are hydraulic, piezo resistive, pneumatic and strain gauge.

2.5.1 Hydraulic load cell

Hydraulic load cell consists of a diaphragm, a piston, liquid and pressure gauge. The device
measures the force through measuring a change of pressure of a liquid in the chamber (See Figure
21). When the load is applied on piston, the diaphragm will deform, and the pressure will increase.
Due to Pascal’s law, the pressure can be measured by the pressure gauge which connects to the
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chamber and the load can be evaluated by the difference of the pressure multiplying the area of
the bottom of the pistol.

The advantages of hydraulic actuators are being suitable for hazardous areas due to without electric
components and operating in a wide range of temperatures. The main backside is the high cost
[14].

Hydraulic Load Cell

l F Platform
orce i
/Dacking Presst;:rsr/c ,;\pplled
[
Stud / nut _ — ®
i \Pressure

Piston gauge

Il

/

Diaphragm

| Sy

Liquid / oil

Figure 21.Schematiof hydraulic load cel[14].

2.5.2 Pneumatic load cell

The working principle of the pneumatic load cell is similar to the hydraulic load cell and both of
them measuring the change of the pressure of medium when applying load. The difference is that
the pneumatic load cell has an air regulator which will limit the flow of air pressure to ensure that
the air has enough pressure to balance out the load [15].

Pneumatic Load Cell

Air Regulator

Air Supply

Figure 22. Schematic of pneumatic load ddlb].
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2.5.3 Strain gauge loadell

Strain gauge load cell is the most common force transducer in industry, and it has a metal body
that is very solid but still minimally elastic and a strain gauge that is secured on the metal body.
The deformation of the metal body when a load is applied leads to change in the shape of the strain
gauge. The resistance of strain gauge changes due to the change in the shape of gauge. To measure
more accurately, A Wheatstone Bridge, which is the configuration of four balanced resistors, is
usually used in strain gauge load cell [16].

There are several types of strain gauge load cells:
Single point load cell:

The load causes the bending moment to the metal body and the bending stress is monitored by the
strain gauge.

Figure 23. Single point load celll6].

Canister load cell:
Cylinder shaped spring element and it can be used for tension and compression.

_ LENERREREE

e

Figure 24. Canister load cell [16].

S-type load cell:
S-shaped spring element and it’s applicable for compression and tension.
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Model: XTS4-10¢ ‘
Capacity: 109 LB
i S/N: SC017100 .
mV/V: 2 9993

Figure 25. Stype load cell [16].
2.5.4 Piezoelectric load cell

The operating principle of piezoelectric load cell work is same as the strain gauge load cell, but
the output voltage is generated by the piezoelectric crystal under load. Therefore, it doesn’t like
other methods that need a power supply. Deformation of the piezoelectric crystal is so small that
the piezoelectric load cell has a high frequency response which is very favorable for dynamic
application where strain gauge load cell can fail. However, the piezoelectric effect is dynamic, and
it means that the output signal is a pulse instead of being static. Therefore, it’s not suitable for
static and low load conditions.

2.6 Existed tribometer

There are many tribometers design for different purposes, such as measuring the coefficient of
friction, friction force and wear amount. The most commonly found tribometers are listed below.

2.6.1Four-Ball Tester

Rotation
axis
r—
Rotating 1 Lock
ball | Ring

Lubricant
sample
Ball pot Sta;::ga'y

B s
1 .-

Figure 26. Schematic of four ball testgt7].
The purpose of the four-ball tester is to determine the characteristic of lubrication in sliding

application. In this tester, 4 same size balls are used and only one of them is rotating against the
rest of them, which are held rigidly in the pot when testing (See Figure 26). During the tests, the
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pot is filled with the lubricant. After the tests, the size of the scar is measured which specifies the
lubrication ability for preventing wear [17].

2.6.2Pin-on-Disc Apparatus

Applied load

o Pin

Q o <+— Disc

Figure 27. Schematic gbin-on-discapparatug18].

Pin-on-disc tribometer is most common and extensively used devices in tribology. The tribometer
consists of a stationary pin and a rotating disc. During the test, the load which could be from either
dead weight or actively controlled system is applied on the pin against the disc and the friction
force, wear and temperature are monitored (See Figure 27) [18].

2.6.1Pin-on-Flat Apparatus

Load

Reciprocaling

mation
Ball specirnen
-~

-_. q
Lubrications /
| Depoeited

—— | SPeciMEn

Figure 28. Schematic of pion-flat apparatug19].

Pin-on flat tribometer is used for testing materials and lubricants with reciprocating motion. It
consists of a stationary part- pin and the moving part — platform and during test pin is pressed
against moving platform during the test (See Figure 28). The friction force is monitored when
testing and the wear volume is measured after the test [19].



3 DESIGN DEVELOPMENT

The development of the friction coefficient test rig is described in this chapter and it covers the
requirements specification, concept generation, concept development and final design.

3.1 Requirements specification

The aim of the project is to design the tribometer for simulating friction behavior in the
thread interface. The tribometer should be able to test in the condition which corresponds to the
tightening process and thus the requirements of the tribometer are specified based on the tightening
process and listed in the below paragraphs.

1. Size and material of bolts:
Based on the project requirement, the interested materials of bolts are steel with and without
coating, the interested bolt grades are 8.8, 10.8 and 12.9 and the interested sizes of bolt are
from M3 to M14.

2. Max contact pressure:
The contact pressure in the thread interface shouldn’t exceed the yield strength of the bolt.
Otherwise, the contact pressure would damage the thread. The maximum amount of contact
pressure is set by the yield stress of the bolt. To be able to test grade 12.9 bolt, which’s yield
strength is 1200 MPa x0.9= 1080 MPa, the maximum contact pressure should be 1080 MPa.

3. Load profile:
The clamp force in the bolted joint grows during the tightening process and it is usually not
linear. Therefore, the tribometer should be able to provide the corresponding load profile and
the profile should be able to be adjusted according to the test’s need.

4. Max Speed:
The tribometer should test the specimen in the same linear speed as in the thread interface.
Different tightening strategies use different rotational speeds during the tightening process.
Our target is TurboTight strategy mentioned in Section 2.1.2 and the maximum rotational
speed of TurboTight is 1260 rpm. With the nominal diameter of M14 bolt and maximum
rotational speed, the maximum linear speed of M14 bolt under TurboTight is 0.92 m/sec.

5. Synchronicity between speed and load profile:
In order to simulate the friction behavior precisely, the speed and load profile of the test rig
should be synchronized, and the delay of the profile should be less than several milliseconds.
Otherwise, the result can’t clearly represent the tightening process because of the distortion of
the tested condition.

6. Test specimen’s friction coefficient range:
From Chap 2.2, the COF range of common bolts’ material is from 0.11 to 0.42. Moreover, the
supervisors are interested in some high COF material which’s COF is up to 0.5 and thus the
test rig should be able to test the material which’s COF range is from 0.17 to 0.5.

3.2 Concept generation

3.2.1Mean function tree

According to the above requirements, the main function of the tribometer- testing friction
coefficient of material can be broken down to detailed functions and the break down is presented
in Figure 29.
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Tribometer

Applied Variable
Variable Loafl Speed
| | | |
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Mechanism Driver Controller with Load Motion Controller

Figure 29. Mean function tree of the tribometer.

Frist, the test should be run in the required force and speed profile and thus, the main function of
the tribometer can be broken down to apply a variable load profile on the test sample and run in a
variable speed profile.

Second, to achieve load application function, the mechanism is need to apply the load and the
controller is required to control the load profile. For the speed profile, the type of movement is
needed to determine, it must be able to synchronize speed and load profile, and the controller is
needed to control the speed profile.

3.2.2Conceptual design

Mechanism to Drive Control To synchronize Type of Control
apply variable Mechanism load load profile and Motion speed
load profile speed profile profile
Spring Motor Control Control Translation Control
system system system
: Rotation
Weight .
g Inclined Mechanical Mechanical
plane System System
Cam
Actuator

Figure 30. Concept commnation table of the tribometer.

With the help of a function mean tree (Figure 30), all important functions could be known, and the
concept combination table could be generated and is showed in Figure. For each detailed function
from Figure 29, we came up with several different solutions for each function and combined
solutions in different function to generate concepts. Finally, seven different concepts are created
and described in the following section.

3.2.2.1 Concept 1
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Testing Ball——

Figure 31. Schematic of concept 1.

In the first concept, the load is applied by the spring mechanism and the wedge is driven by the
motor in translation direction. When the wedge starts moving, load pin moves in a vertical
direction causing deformation of the spring and the load is generated by compression of the spring.
Theoretically, the load linearly increases and synchronizes with the speed. For controlling the load
profile, the different slope angles of the wedge and spring’s stiffness could be used to change the
load profile.

The advantages of this concept are simple structure and ideally synchronization with the load and
speed. However, there are several disadvantages to this design. First, the load profile could only
linearly increase and it’s not possible to test in non-linear load profile. Second, it’s an ideal
situation in kinetic, but it’s hard to predict the applied load in reality. Last, it’s more difficult to
achieve a high linear velocity due to the translational movement.

3.2.2.2 Concept 2

Testing sample’s
moving direction

e

Dead

e

weight

Testing Ball——

!

Testing sample driven by motor

Figure 32. Schematic of concept 2.

Concept 2 uses dead weight to apply the load on load pin, and load pin contacts with the curvature
surface which is driven by the motor in the translational direction. Due to the curved surface, the
contact angle between load pin and the curved surface changes during the movement. Different
contact angle leads to different normal force in contact point and thus it’s possible to provide a
non-linear load profile. Ideally, the load profile takes place simultaneously with a speed profile.

It’s also a simple structure but there are several drawbacks in Concept 2. First, the contact point
keeps changing during the test because of the curved surface and it doesn’t correspond to the real
bolt tightening scenario. Moreover, the cost of each testing surface is expensive. Also, it has the
same problem as Concept 1-it’s hard to predict the applied load in reality.

3.2.2.3 Concept 3

32



Testing Ball ~

Testing sample driven by motor

Figure 33. Schematic of concept 3.

Load pin is loaded by the actuator which’s load profile is programmed by the controller and load
pin runs against the translational platform driven by the motor. During the test, load pin and the
actuator are horizontally stationary and only the platform is moving. Since the actuator could
provide the desired load profile based on the user’s need, it’s possible to apply the nonlinear load
profile on the test sample. Moreover, the controller can send the signal to the motor and the actuator
simultaneously and both components can work together in real-time.

The main advantage of concept 3 is the flexibility of load profile and it’s easy and low-cost to try
different load profile on the test. However, there are still some cons to this concept. The speed is
lower than the rotational motion due to the linear transmission’s characteristics. Besides, it needs
a long testing area due to the translational motion. Moreover, it needs an extra control system in
the load application system.

3.2.2.4 Concept 4

Signal
Cam ' J
mechanism
driven by >
motor 2 d)\o?
Testing Ball ~_|

Testing sample driven by motor 1

Figure 34. Schematic of concept 4.

In Concept 4, load pin is loaded by cam mechanism with spring and contacts with the translational
moving platform. When the motor drives the cam, it leads the deformation of the spring and creates
the force in load pin. Cam’s profile determines the load profile and thus the load profile could be
customized by changing the profile of cam. Both cam mechanism and platform are controlled by
the same controller to achieve synchronization.

The advantage of the concept is easier control in the load application system since control of speed
of the cam is easier than control of the applied load. Although, some drawbacks exist in Concept
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4. First, it’s low elasticity for applying different load profile without replacing cam. Besides,
changing cam may require a lot of work and set-up time. Since the platform moves horizontally,
it has similar problems as Concept 3- slower speed and longer testing area.

3.2.2.5 Concept 5

Testing Ball ~|

Testing sample

Figure 35. Schematic of concept 5.

Concept 5 uses an actuator to apply load on load pin against rotating cylinder driven by a motor.
Load pin is located on the edge of the cylinder and the rotation axis is perpendicular to the load’s
direction. Controller simultaneously controls actuator and motor, and an operator could easily
setup the desired load and speed profile in the controller.

There are several advantages of using this concept. First, the load profile is flexible, and it can
change easily by programming in the controller. Second, the required contact force is less due to
elliptical contact. Last, it can achieve higher linear speed with a larger diameter of cylinder.
However, there are also some disadvantages of Concept 5. First of all, the concept is sensitive to
load pin’s position misalignment problem. Misalignment of load pin causes inaccuracy in the
measurement since not all applied load transform into normal force. Second, the cylinder has a
higher moment of inertia and it means that it’s harder to accelerate and decelerate. This concept
has the worst speed performance. Last, it needs an extra control system for load application.

3.2.2.6 Concept 6

Figure 36.. Schematic of concept 6.

In Concept 6, an actuator is used to apply load on load pin and load pin is placed on the rotating
disc driven by the motor. The rotation axis of disc is parallel to load pin. Motor and actuator work

34



simultaneously and are controlled by the controller. Operator could edit the load and speed profile
by programming in the controller.

Concept 6 has several advantages. First, like Concept 5, the load profile is flexible. Moreover, it
can achieve higher dynamic performance due to a smaller moment of inertia than the cylinder used
in Concept 5. Besides, it could provide high linear speed with a large radius disc. Also, it’s robust
to the position misalignment problem unlike concept 5. Although, there are still some
disadvantages. First, the torque caused by the friction force is higher than the other concept and
thus, it requires a higher power motor. Moreover, similar to other concepts that used actuator as
load application, the extra control system is needed.

3.2.2.7 Concept 7

Front view TOP view

Testing ball

Testing
sample

Testing
sample

Figure 37. Schematic of concept 7 including top view and front view.

Concept 7 is similar to Concept 6. Both of them use actuators and both load pins are against
rotating disc driven by the motor. However, the disc of Concept 7 is more complicated. In the
center of the disc is a cone shape and there are three plate mounting on the disc which the load pin
directly contacts.

The main advantage of Concept 7 is that the smaller actuator can be applied to this concept since
small applied force could lead to large normal force because of the contact angle between the load
pin and the contact surface. However, there are some drawbacks to this concept. First, the friction
force can’t be directly measured, and it’s calculated by the friction torque divided by the contact
radius. Besides, due to increasing contact area, higher friction torque takes place and thus a big
motor is required. It also needs an extra control system for load application.

3.2.3Concept evaluation

The concept evaluation is using an evaluation matrix to determine which concept is most suitable
for this project. In the evaluation matrix, each concept is graded by each criterion which has
different weights because of different importance and then the scores of each concept are summed
up. The highest score concept is the best concept for our case.

The criteria of concept selection include simplicity of architecture, flexibility in load profile,
required load amplitude, the accuracy of load profile, flexibility in speed profile, speed
performance, synchronicity, robustness to misalignment, test sample size, cost of test and ease in
measuring friction force. The result of the evaluation is presented in below.
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Flexibility in load profile
Required load amplitude
Accuracy to load profile
Flexibility in Speed profile
Speed performance
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Figure 38. The concept evaluation table.

In the evaluation table, weight of 3 represents that the criterion is more important and vice versa.
Score of 5 represents the higher importance and score of 1 represents the lower importance. Figure
38 shows that Concept 6 has the highest score in total and it represents it’s the most suitable idea
for our case. Comparing Concept 4 which ranks second, as the structure is much simple, and the
load profile is more flexible. Therefore, concept 6 is chosen for our project and is developed further
in the following chapters.

3.3Concept development

In chapter 3.2, the overview concept of the tribometer is determined and in this chapter the
architecture of concept is further developed. There are three main subsystems in Concept 6 needed
to be further developed- rotational motion system and load application system. Moreover, the
chassis system is also required to connect the above two subsystems together. Therefore, the
chassis is also developed further and the schematic of the tribometer is presented in Figure 39.

Actuator power
supply

Disc motor current (or velocity) control signal Linear actustor current control signal

Angular encoder signal

Torgue signal

2-a3xis Force signal Linear bearing
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a-axis Force signal
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————Torgue sensar
Temperature signal — ——Rotary encoder

gular encodersigna

Microphane signal Torgue signal {optional) Gearbox

Mator power
supply

Linear stage

Disc motor current {or velocity) control signal

Figure 39. Architecture of the tribometer including mechanical and mechatronic parts.
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From Figure 39, linear actuator will apply load on the testing ball against the rotating disc driven
by motor and both linear actuator and motor is controlled by the same controller to achieve
synchronicity. The normal force is measured by the sensor and the data is sent to DAQ as a record
and controller as a feedback. According to feedback, controller will send control signals to the
linear actuator to achieve a desirable load. At the same time, there is a tangential force that takes
place in the contact point, and the other sensor will measure the force and the result will be
recorded in DAQ. The angular encoder is mounted in the rotational motion system to measure the
speed of the motor and the results will be used as feedback to control motor speed. Therefore, the
motor will run in the defined speed profile.

3.31 Load application system

Load application system provides the normal force on the testing ball in the defined load profile
against the testing disc. To achieve accurate applied load, the force control strategy is used in this
application and thus the normal force is required to measure as a feedback signal to the control
system. Moreover, the friction force and the normal force of contact point are measured and
recorded to data acquisition system for calculating the friction coefficient of testing samples.

Load application system is comprised of a linear actuator, normal force load cell, tangential force
load cell and load pin assembly. Load pin assembly is used to connect the testing ball to a linear
actuator, the normal force sensor is mounted inline in the assembly and the tangential force sensor
is attached to the assembly.

3.3.1.1 Conceptual Design

The following concepts are developed for the load application system.

3.3.1.1.1 Concept 1 8 strain gauge

The load pin is connected to the actuator and ball holder, and the testing ball is mounted in the ball
holder. 8 Strain gauges are placed at 4 locations around the load pin’s surface (Figure 41) and 2
strain gauges are arranged in 90° apart from each other in each location (Figure 41). The strain is
measured by deformation of load pin that leads to change resistance in the strain gauges, and the
normal force and friction force can be evaluated based on the strain measurement.

Jojenjloe deaul]

/ Strain gauge 1

"~ Strain gauge 2

Load pin

. 4
Testing ball —

Figure 40. Schematic of concept 1of load application system.
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Figure 41. Location and orientation of strain gauge in concept 1.

3.3.1.1.2 Concept Bending beam

There is a connecting ball between the testing ball and actuator, and the ball can freely roll. The
inline normal force sensor is connected to the actuator through the actuator adapter, and the other
side of the sensor is connected to the component- normal force load cell adapter. The connecting
ball is placed on the top of the load pin and the bottom of the normal force load cell adapter. The
testing ball is mounted on ball holder connecting to load pin. The load pin is supported by the
linear ball bearing mounted on tangential force sensor. Because of the low rolling friction
coefficient, most of the tangential force transfers to the tangential force sensor.
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Figure 42. Schematic of concept 2 of load application system.

3.3.1.2 Concept Evaluation

Both of the concepts fulfill the requirement of this application well but concept 1 is outside our
project scope because it required long time to manufacture and validate the system. Therefore,
after the discussion with the supervisor, concept 2 is chosen for the application.

3.3.1.3 Detailed design

The load application system is comprised of the bellow subsystems: linear actuator, normal force
load cell, ball holder, load pin, connecting balls, tangential force measurement system.
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The detailed design of the components and products used in the load application system is
explained in the following chapters.

3.3.1.3.1Actuator

Below subsections are the requirement specification of the actuator and the specification of the
selected actuators.

3.3.1.3.1.1Requiredforce capacity ofan actuator

The maximum contact pressure between test specimens is 1080 MPa (Mentioned in Chapter 3.1
Requirement specification). The ball diameter is assumed to1/2”’ since it is a common size of ball
in the market. Material of testing balls is steel, and the material of disc is Zn phosphate steel. The
material properties were acquired from in-house experiment and presented in Table 1.

Tablel. Material propertesand geometry parametgof testing sampke

Body 1(ball)
Material Zinc phosphate steel
Poisson ratio 0,29
Young's modulus E (GPa) 70
Body 2(disq
Material Plain steel
Poisson ratio 0,29
Young's modulus E (GPa) 210
Body 1 &2
Effective Young's modulus (E’ in GPa) ‘ 115
Point Contad (Ball-on-disc)
Ball radius (m) 6,00E-03
Disc radius(m) 0,00E+00
Effective radius (R’ in m) 3,00E-03

The required applied normal force is evaluated by the equation mentioned in Section 2.3.
o “h . oY . T[LD‘(I)T[SHTB e
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To have some tolerance for force capacity, the max required force capacity of the actuator is set to

250N.

3.3.1.3.1.5pecification of Selectetlinear Actuator

Besides fulfilling the force capacity, the time response of the actuator is also taken into
consideration while choosing an actuator. In our application, the test only takes a couple of seconds
and it means the load profile should be completed at the same time. Therefore, the actuator should
have a fast response to catch the desired load profile. Hence, we chose two different types of
actuators which have the possibility to reach the target and the specification of them are described
below.

3.3.1.3.1.2.1 Voice coil actuator

The selected voice coil motor is VM102P2 from Geeplus and provides the maximum force
capacity is 208N in 100% excitation power. Although the force capacity in the continuous
excitation power (100% ED) is smaller than the required force capacity, our test only takes several
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seconds. Therefore, in this case the force from voice coil motor goes up to 645N (See appendix
C).

3.3.1.3.1.2.28ll screw actuator

The linear unit-CASM-32-BN from EWELLIX is chosen and the transmission mechanism of
CASM-32-BN is ball screw. It could provide the max dynamic axial force is 0.63 kN which
satisfies the required force capacity and can achieve higher acceleration - 6 m/s?> which is fast
enough for our case. Moreover, the backlash is only 0.06 mm which is good for accurate control
in actuator. Besides, the duty cycle is 100% and means that the actuator could apply 100% load in
the specified time (See appendix D).

3.3.1.32 SensorSelection
The max normal force ("O) for the test is 250N (Mentioned in Section 3.3.1.3.1.1) and the
maximum coefficient of friction (' ) is 0.5 (From Chapter 3.1). Therefore, the maximum
friction is calculated:

O ‘ z'0 TzZqult pchN

Based on the above requirements, the normal force sensor and friction force sensor are selected
and presented in below.

3.3.1.3.2.0Normal force load cell

HBM’s U9C 500N which using strain-gauge transducer is chosen and it’s capable of measuring
the tensile and compressive force. The specification sheet of it is presented in Appendix E.

The advantage of U9C 500N is high stiffness. The nominal rated displacement is 0.018 mm when
500 N load is applied on the sensor. It means that the sensor is so stiff that the force can be
measured in a short time.

3.3.1.3.2.2T'angentialforce load cell

SLP845-15kg from Mettler Toledo is chosen to measure the tangential force and it is hermetic
single point load cell which uses the strain gauge in bending beam to measure the force. It features
off-center compensation which allows to weight the load off-center within tolerance, and
robustness which means that the sensor is strong to support the system with 0.18 mm deflection
under 15 kg load and has a fast mechanical response time. The datasheet of SLP845-15kg is
attached in Appendix F.

3.3.1.3.3 Ball holder

Modularity and ease in set-up were the main concerns when designing a ball holder. Since different
sizes of the testing ball may be used in tests, the ball holder is interchangeable design with an easy
mounting procedure. An external thread on the ball holder is added for connecting to load pin (See
Figure 43) and the flat surfaces of the ball holder can help an operator quickly mounting these two
components.

For ease in set-up, the mounting process of the testing ball is inserting the ball into ball holder and
then tightening two set screws through the ball holder’s thread which seated in 180 degree. When
removing the ball, the set screws will be loosened and the ball can be quickly taken out.
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External thread

Ball holder

Set screw Testing ball

Figure 43. Ball holderassembly's parts.

3.3.1.34 Connecing ball

Connecting balls are located between load pin and actuator and the purpose is to decouple the
tangential force from transferring to the normal force load. Most of the tangential force should be
covered by a tangential force sensor and only a very small part transfers to the actuator through
rolling friction force in connecting balls.

The coefficient of rolling friction of steel ball is 0.001 to 0.0015 which is estimated by the rolling
friction coefficient of ball bearings [22] and it’s almost negligible compared to our interested COF
range (0.1 to 0.5).

When a connecting ball is placed off-center of normal force load axis, it will lead to a bending
moment. The bending moment is possibly larger than normal force sensor’s capacity, and it would
cause permanent damage to the sensor. Therefore, three connecting balls are used and placed in
the same off-set to the axis to reduce the bending moment and to distribute load evenly.

Steel balls used inside bearings are chosen and the material is AISI 52100 Grade 100 Chrome Steel.
AISI 52100 Chrome Steel is an excellent choice for applications involving heavy loads and high
speed since this alloy is remarkably resistant to corrosion and wear. Moreover, these steel balls are
hardened and hardness of HRC 60-67.

Figure 44. Loose steel bearing ball.

3.3.1.35 Load pin

Load pin is connected to ball holder and connecting balls and the cad is presented in Figure 45.
Due to the high contact pressure in contact with connecting balls, the material of load pin is C 45
steel and is hardened to HRC 55. The load pin is supported by the linear ball bearing unit and thus
the surface of load pin is manufactured with appropriate tolerance to ensure the load pin can
smoothly move.
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Figure 45. Load pin fronthe bottom on left and load pin frothetop on right.

3.3.1.36 Tangentialforce measurement system

Tangential force measurement system consists of the single point load cell, linear bearing unit anti-
self-rotating plate and the supporting structure (See Figure 46). Load pin is inserted into the linear
bearing unit and it can freely move in a vertical direction but is constrained in the horizontal
direction. Since the linear bearing unit is mounted on the single point load cell, the tangential force
transfers to the load cell during the test and the load cell measures the friction force by the
deformation of itself. The force ends up to chassis through the supporting structure mounted on
chassis.

Load pin may rotate around the center axis of the load pin because of the speed difference in the
contact area. The component- anti-rotating plate is added and the plate only applies a negligible
load on the load pin to prevent it from rotating. The tiny load is enough since the contact area is
very small which less than T@& um? and the difference in speed won’t cause too much moment.
Moreover, the load from the anti-rotating plate is so small that it won’t significantly affect the
testing result.

Sensor Single point
adapter load cell

Linear ball
bearing unit

Load pin

assembly Anti-rotating

s Supporting

structure

Figure 46. Tangential force system with load pin assembly.

3.3.1.37 Voice coilactuatorassemblydesign

The voice coil actuator we purchased includes coil and pot which consists of magnet and thus we
need to design the functional system such as shaft, housing, mounting plate, etc., by ourselves.
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The main function of the system is to ensure the voice coil works well when applying load, and
keeping concentricity of coil and pot is the key. Two linear ball bearings are used to increase the
robustness of the shaft against the lateral force and to allow freely moving in the axial direction.
Therefore, the deformation of the shaft caused by the lateral load is too small to affect the actuator
working. Moreover, the bearing housing centers the voice coil housing by appropriate tolerance
and assembly procedure. In addition, the magnetic material- SS316L is used in the shaft and the
magnetic field from the voice coil will try to center the shaft in the field. The cross-section view
of the assembly is presented in Figure 47.

Besides, the safety mechanism is also included in the design to prevent accidental damage to the
voice coil. There are two scenarios that will cause damage to the voice coil. First scenario is the
voice coil crushes on the pot and the other is the voice coil drop out the assembly and then crushes
on the ground when turning off the power. To prevent the above two scenarios from happening, a
circlip is attached on the shaft and the travel distance of shaft is a constraint between safety cap
and the upper linear ball bearing (See Figure 47). Also, the operator could change the travel
distance by adjusting the location of the safety cap through the thread.

Circlip
. ’/

B Safety cap

\ Linear ball

bearings

Spacer

“~__ Mounting

plate

Pot

Voice coil

Shaft

Figure 47.Cross section view of voice coil assembly.

3.3.14 Working principle

43



Linear acuator

Normal force
load cell

Connecting balls

Load pin
Ball holder

Testing ball

Tangential force
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Figure 48 Normal force and tangential force in load application system.

Before a test, load pin is inserted in the bearing unit and then the testing ball is clamped in the ball
holder by set screws. Three connecting balls are placed by the help of the mounting tool and
negligible preload is applied from the actuator through connecting balls to testing ball. During test,
the force control method is used accurately achieve the load profile accurately, and thus normal
force is measured by the inline force transducer and send to the controller as feedback and DAQ
for the record. Simultaneously, the tangential force is measured by the tangential force sensor and
the data is collected and sent to the DAQ system. Therefore, the normal force and the friction force
are recorded synchronically.

3.32 Rotational motion system

The testing disc will be mounted on the rotational motion system and runs in the defined speed
profile during a test. While testing, the testing disc is loaded by normal force from the actuator and
tangential force- friction force from the contact point, and rotational motion system will support
the testing disc against the load to ensure the disc can run smoothly.

Rotational motion system mainly consists of a shaft, housing, motor and bearings. Shaft is a
movable part and driven by the motor through the connecting coupling. Moreover, the testing disc
is mounted on the shaft. The housing is mounted on chassis which is stationary and rigid, and the
role of housing is to support the shaft rotating by the bearings. The load happens at the contact
point between test samplers and the load is carried by the testing disc. The load flows through the
disc holder and the shaft. It ends up in chassis through the supporting bearings and the housing.

The below concepts focus on the bearing arrangement and housing design and are presented in
below.

3.32.1 ConceptualDesign

The following concepts are developed for rotational motion system.

3.3.2.1.1 Concept-Thrust bearing and roller bearing
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Concept 1 used one thrust ball bearing for axial load and two roller bearings to cope with the radial
force. The thrust ball bearing is radially located by the housing and axially fixed by the shaft and
the housing. Both outer rings of the roller bearings are fixed by the step of the housing and the
spacers. The upper inner ring of the bearing is half fixed by the shaft’s step and the other is floated.
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Figure 49. Schematic afoncept 1 for rotational motion system.

3.32.1.2 Concept2-Thrust bearing andball bearing

In Concept 2, three different types of bearings are used- Thrust ball bearing, angular ball bearing
and the deep groove ball bearing. The thrust ball bearing will take all the external axial load and
other two bearings are used for coping with radial forces. In order to eliminate the clearance in the
thrust ball bearing, angular contact ball bearing, and lock nut are used to apply the preload on the
thrust ball bearing.

The thrust ball bearing is radial located by the housing and is axially fixed by the shaft and the
housing. Outer rings of the angular contact ball bearings are fixed by the step of the housing and
the spacers and inner ring is half fixed by the lock nut. Outer ring of the deep groove ball bearing
is floated, and the inner ring is half fixed by the shaft’s step.
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Figure 50. Schematic of concept 2 for rotational motgystem.
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3.32.1.3 Concept3-Back to back angular contact
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Figure 51. Schematic of concept 2 for rotational motion system.

In this concept, two angular contact ball bearings are used and arrange in back-to-back. Back-to-
back arrangement can cope with axial force and radial force and is also good at accommodating
the bending moment. The lock nut is mounted on the shaft next to the lower bearing and is used to
create preload on the bearings. Thus, it eliminates any axial clearance in the bearings. Therefore,
the shaft could rotate stably when the normal force is applied on the disc. The upper bearing’s
outer ring and inner ring are both half fixed by housing and shaft. The outer ring of the lower
bearing is fixed by spacer and housing’s step and the inner ring is half fixed.

3.32.2 Concept Evaluation

After discussing with the bearing expert from SKF and the supervisors, concept 3 was chosen for
our project since both concepts 1 and 2 are overdetermined designs which means that using three
bearings for the application is unnecessary. Besides, concept 3 is the simplest design among them
and is much easier to manufacture and assembly.

3.32.3 Detailed Design
The rotational motion consists of below subsystems: motor assembly, shaft assembly and housing
assembly.

3.32.3.1 Motor assembly
3.3.2.3.1.1Requiredmax speed andorque

From Chapter 3.1, the max rotational speed of bolt is 1260rpm and the tribometer should be able
to provide the speed profile which corresponds to M14 bolt’s tightening process. Therefore, the
average max linear speed of the thread can be evaluated by using the nominal diameter and it’s
calculated by Equation (11).
, 0O poa
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Since the rotational motion system should provide the same max linear speed in the contact
point, the max rotational speed of the testing disc can be expressed:
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0 ) (12)

z ~ U z
c 1 R 1
, Where 0 is the linear distance between the contact point and the rotating axis.
1 is the required rotational speed of the motor.

Rearrange equation (12), the equation becomes:
O

1 CZO—ZT R

(13)

The motor should be able to cope with the maximum friction torque and the maximum friction
torque takes place when the maximum normal force-250N is applied on the edge of the testing
disc and COF of the testing disc is 0.5 which is the upper limit of interested COF range. The
maximum friction torque is
(14)
Y ‘ z'0p 20

From Equation (13) and (14), the required rotational speed of the motor and the maximum friction
torque depends on the linear distance between the contact point and the rotating axis. Take the
large distance as an example, the required speed of the motor is lower, but the large distance
represents the large disc which has larger moment of inertia is used and the higher friction force
torque from the contact point needs to overcome. Therefore, both parameters should be in
consideration during the motor selection.

In order to determine these critical parameters, the excel sheet regarding the above relation is
developed and shown in Figure 52. In the excel sheet, the important parameters, such as diameter
of the disc, the distance from contact point to the center and so on, can be defined and the relative
parameters, like the moment of inertia of mechanical parts including testing disc, disc holder and
shaft, are calculated. By the above equations, the required power and speed can be evaluated.

Configuration parameter ‘ ‘ Moment of inertia evaluation | | Result ‘

[ Before Gear box | [ Disc part |
Bolt Size 14 mm | Max angular speed [176 [ m |

[ Mator part |
| Max angular speed 5202 rem |

I
05 |
[

z| |z

70000 | rpm/s"2 |
7330383 | rad/s"2 |

A
Friction torque 9375 | Nm
Friciton pawer 1152535 w

I
I
[
[ T
[
[

g/m"3 Max ion torque 27,59545]  Nm
Max 6178681 W

x
Gearbox moment of inertia: [0,00001 [ ke"m

2]

Effective moment of inertia: [ 0,00376 | kg"m".

Figure 52. Excel sheet for motor's requirement calculation.
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After several iterations of the excel sheet and checking the specifications of the existed product,
the important parameter of the rotational motion system are determined and presented in Table 2.

Table2. Results of motor's requirement calculation.

Parameter Value |
Disc s di an 150mm
Required rotational 117.6 rpm
speed of disc
Max friction torque 9.375 Nm
Max friction power 115.5W

3.32.3.12 Specification of Selected Motor
After considering developing time in the control system, the DC brushed type motor is chosen
since the dc motor is easier to build up the control model and it takes shorter time to implement

the control system.
Based on the above requirements, the motor is chosen, and it is Maxon RE50 DC brushed motor
with GP52C planetary gearbox. The specs of the motor and the gearbox are listed in below.

Table3. Data sheet of chosen mot&E 50850mm

RE50 @50mm(578296)Motor Data

1.Nominal voltage 24V
2.No load speed 5950 rpm
3.Nominal speed 5680 rpm
4. Nominal torque (max. 405mNm
continuous torque)

5.Mechnical time constant 3.75ms
6.Rotor inertia 536 gcm?

Table4. Data sheet of chosen gearb@&P52C

Planetary gearhead GP52C(223085) Data

1.Reduction 19:1
2.Number of stages 2
3.Max continuous torque 15Nm
4 Mass inertia 9.5gcm?

After combined specs of the motor and gearbox, the rated speed and torque of the motor assembly
are presented in Table 5.

Table5. Output specs ahotor assembly.

RE50 Motor with GP52¢c Data

1.Rated speed of output 299 rpm
shaft

2.Rated torque (max. 7.695Nm
continuous torque)

3. Max continuous torque 15Nm*
at117.6rpm



*Although the maximum torque from the motor at 117.6rpm is 19.6 Nm, the limitation of max
continuous torque of the gearbox is 15Nm.

From the above results, the motor assembly could achieve required performance.

3.32.3.1.2Rotary encoder

In order to fulfill the speed profile, the closed-loop control is required and thus, the speed of output
shaft needs to be the sensor. Thus, the rotary encoder is applied to sensor the rotational speed and
the signal is sent to the controller and data acquisition system. The controller will adjust the speed
based on the feedback.

The rotary encoder is chosen based on the size of the shaft and CUI AMT 13 is used in the
tribometer.

3.32.3.1.3Coupling

Coupling connects the output shaft from the motor’s gearbox and the shaft assembly which carries
the testing disc. When choosing the coupling, not only the rated speed and transmission but
assembly process and misalignment should also be in consideration. Therefore, the elastomer
coupling is chosen because it doesn’t take large free space when assembly and it’s able to stand
misalignment of the assembly.

Ruland’s elastomer coupling- aluminum hubs- MJC33-12 and MJC33-10 with spider-JD21/33-
98R is chosen based on considering transmission torque and rotational speed from the motor (in

Chapter 3.3.2.3.1.1). Figure 53 shows the specification of spiders of elastomer coupling.
ANGULAR PARALLEL

PART OUTER DIAM. OD TORSIONAL STIFFNESS NOMINAL TORQUE PEAK TORQUE MISALIGNMENT MISALIGNMENT AXIAL MOTION

NUMBER (in) (mm) DUROMETER (Deg/Ib-in) (Deg/Nm) (lb-in) (Nm) (Ib-in) (Nm) (Deg) (in) (mm) (in) (mm)
JD10/1598R 0.590 15.0 98 Shore A 121 1.068 8 0.9 16 1.8 0.8 0.002 0.05 0.020 0.51
JD12/19-98R 0.750 19.1 98 Shore A 114 1.007 15 1.7, 30 34 0.8 0.003 0.08 0.020 0.51
JD16/2598R 1.000 25.4 98 Shore A .024 0.212 75 8.5 150 17.0 0.8 0.003 0.08 0.030 0.76
JD21/33-98R 1.313 333 98 Shore A .012 0.106 87 9.9 174 19.7 0.8 0.003 0.08 0.030 0.76
JD26/41-98R 1.625 413 98 Shore A .006 0.053 165 18.7 330 374 0.8 0.004 0.10 0.050 1.27
JD32/51-98R 2.000 50.8 98 Shore A .004 0.035 275 31.2 550 62.3 0.8 0.005 0.13 0.050 1.27
JD36/57-98R 2.250 57.2 98 Shore A .003 0.026 410 46.5 820 92.9 0.8 0.004 0.10 0.050 < 4
JD10/1592Y 0.590 15.0 92 Shore A 270 2.384 5 0.6 10 11 0.9 0.004 0.10 0.020 0.51
JD12/19-92Y 0.750 19.1 92 Shore A 257 2.269 9 1.0 18 2.0 0.9 0.004 0.10 0.020 0.51
JD16/25-92Y 1.000 25.4 92 Shore A .067 0.592 29 3.3 58 6.6 0.9 0.005 0.13 0.030 0.76
JD21/33-92Y 1.313 333 92 Shore A .045 0.397 35 4.0 70 7.9 0.9 0.005 0.13 0.030 0.76
JD26/41-92Y 1.625 413 92 Shore A 012 0.106 97 11.0 194 220 0.9 0.006 0.15 0.050 1.27
JD32/51-92Y 2.000 50.8 92 Shore A .005 0.044 220 24.9 440 498 0.9 0.006 0.15 0.050 1.27
JD36/57-92Y 2.250 57.2 92 Shore A .004 0.035 285 323 570 64.6 0.9 0.005 0.13 0.050 1.27
JD10/15-85B 0.590 15.0 85 Shore A 450 3.972 2.4 0.3 4.8 0.5 1 0.005 0.13 0.020 0.51
JD12/19-85B 0.750 19.1 85 Shore A 406 3.583 5 0.6 10 1.9 1 0.005 0.13 0.020 0.51
JD16/25-85B 1.000 25.4 85 Shore A .108 0.953 15 1.7. 30 34 1 0.006 0.15 0.030 0.76
JD21/33-85B 1.313 333 85 Shore A 075 0.662 18 20 36 4.1 1 0.006 0.15 0.030 0.76
JD26/41-85B 1.625 41.3 85 Shore A 021 0.185 49 5.6 98 11.1 1. 0.006 0.15 0.050 1.27
JD32/51-858B 2.000 50.8 85 Shore A .008 0.071 108 12.2 216 245 1 0.006 0.15 0.050 1.27
JD36/57-85B 2.250 57.2 85 Shore A .007 0.062 139 15.8 278 31.5 1 0.006 0.15 0.050 1.27

Note 1 Hardware is alloy steel with black oxide finish. Parts JS10, JS12, MJS15 and MJS19 have one set screw on each end.
JS16, JS21, JS26, JS32, JS36, MJS25, MJS33, MJS41, MJS51 and MIJS57 have two set screws 90° apart.

Note 2 Performance ratings are for guidance only. The user must determine suitability for a particular application.

Figure 53. Data sheet of spiders of elastomer coupling.

3.3.2.3.2 Shaftassembly

The shaft assembly is made up of three components-shaft, disc holder and locating pin.

The main concern of shaft assembly is robustness and the shaft assembly should be robust to stand
the applied load within small deformation. Otherwise, the large deformation causes the response
time increases and a large delay in normal force measurement, which may lead to the control
system is hard to follow up the required load profile. Moreover, the large deformation would also
cause the inaccuracy in friction force measurement.

Diameter of disc holder is the same as the testing disc, which is determined in the motor selection
process and important dimensions of the components are determined by analytical and numerical
methods, which is present in the following chapters.
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3.3.2.3.2.1 Analytical analysis

Starting with some assumptions about the geometry dimensions which are listed in Table 6, the
free body diagram of the shaft assembly is presented in Figure 54.

e

f —|

L Iy
Bear "‘3{2 et

i L

L&”

. 2]
i@ g o)

l
248

7

Figure 54. Free body diagram of simplified shaft
Table6. Assumed parameters in analytical calculation.

Parameter Value

T 20mm
B 10mm
re 75mm
d 12mm

From SKF catalogue [20], the relation between the axial and radial force of angular contact ball
bearing can be acquired. Hence, the axial and radial forces in bearing 1 and bearing 2 can be
evaluated and the result is showed in Table 7.

Table7. Result of the force in bearing locations.

Axial load (N) 836 1086
Radial load (N) 950 990

Shear and bending moment diagrams in XY-plane and in XZ-plane are presented in Figure 55.
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Figure 55. Shear and bending diagram of shaft in differdinéction.

From Figure 55, the largest moment takes place in bearing 2’s location. The VVon-mise
stress analysis of shaft can be evaluated by be the formula below and the result is presented in
Figure 56.
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Figure 56. Analytical analysi@ r €Verurlisé stress in bearing 2 location

The maximum Von-Mises stress is 112 MPa by using 12mm diameter and the safety factor is 4.9
by using C45 steel as the shaft’s material. Although the safety factor is very high, the small
deformation of the shaft when the force is applied is the ultimate goal for shaft assembly design.

3.32.3.2.2 FEM analysis

To estimate how much is the max deformation of the testing disc during the test, the finite element
model is applied and built-in FEM software-Hyper Works. The FEM model only includes disc and
disc holder and two different supporting boundary conditions are tested for simulating different
support locations. In case of A, the shaft is supported from the bottom and the supporting area is
the 24mm diameter circle from the center of the bottom. In case of B, the supporting surface is the
same as case A but the area is a hollow circle which’s outer diameter is 60 mm and the inner
diameter is 45mm. Both cases have some load condition- 250 N normal force which is
perpendicular to the testing disc and 125 N friction force which is tangential to the testing disc are
located in 70 mm from the center of the testing disc. The results of them are presented in Figure
57 and Figure 58.
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Figure 57. Displacement of case A in FEM modait: mm).
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Figure 58.Displacement of case B in FEM model (unit: mm).
The maximum deflection of cases A is around 0.026 mm and of case B is around 0.006 mm.

From the above results, it indicates that if the supporting area is more closed to the contact area,
the less deformation will be. Therefore, the bigger bore diameter bearing is used in the upper
bearing and the diameter of shaft in the upper bearing mounting area goes up. By iterations, SKF
7209 be-2rzp is chosen as the upper bearing and the lower bearing is 7301_BE_2RZP.

According to the new geometry dimensions of bearing, the design of the shaft is adjusted to fit the
new bearing.

3.3.2.3.23 Final Design of Shaft Assembly
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Figure 59. Crosssection view of shaft assembly.

The final design is presented in Figure 59. To be easy to manufacture and reduce the moment of
inertia, the shaft assembly is made up of three components-shaft, disc holder and locating pin. Two
angular contact ball bearing is mounted on the shaft and thus the shaft is made of C45 steel which
surface is hard enough to mounting bearings with interfere fit tolerance without damage. The disc
holder is mounted on the shaft by screws and center itself to shaft by the locating pin. The material
of the disc holder is Al 7075 T6 which has a density is around 1/3 to steel. The moment of inertia
of disc holder is reduced 2/3 by using Al 7075 T6 instead of C45 steel.

The component- shaft uses the larger diameter in the upper area in which the bigger angular contact
bearing is mounted and the smaller diameter in the lower area in which the other bearing is seated.
Moreover, for mounting the lock nut and washer, there are male threads below the lower bearing
mounting seated area and the slot for the locking washer. The disc holder is trimmed off some part
to reduce the moment of inertia and is aligned to the shaft by the locating pin with appropriate
tolerance.

3.32.3.3 Housingassembly

Housing assembly consists of the following components: housing, rotary encoder adapter, base
plate and gearbox adapter. The rotary encoder adapter is mounted on the housing by screws and
the housing and gearbox adapter are installed on the base plate with screw.

The main function of housing assembly is to support the shaft assembly and thus the housing
should be designed to be robust against the load. Finite element method is used to investigate the
deflection of the housing under testing and is presented in the next chapter.

3.3.2.3.31 FEM analysis

The load condition corresponds to the radial and axial forces in the two angular contact ball bearing
(Chapter 3.3.2.3.4.1) and the bottom of the housing is fixed. The result of deformation are
presented in Figure 60 and Figure 61.
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Figure 61.Vonmise stress of housing in FEM (unit: MPa)

Figure 60 shows that the deflection of housing is only 0.0006 mm and it indicates the
housing can support the shaft under 250N with very small deformation.

3.33 Chassis

The chassis consists of two subsystem- rotational motion system’s chassis and frame
chassis. The rotational motion system is mounted on rotational motion system’s chassis and the
load application is mounted on frame chassis. Both chassis are mounted on the machined table
with M10 screws.

The main concept of designing chassis are time-cost, modularity and robustness. To save time in
manufacturing and assembly procedure, the aluminum profile is used in building up the chassis.
Besides, it is flexible to adjust the structure and thus it’s easy to achieve in accommodate two
actuators. Moreover, the aluminum profile also provides high stiffness and the angle bracket is
used in each corner of chassis to increase the stiffness. Thus, the chassis has better stiffness against
the load.

The deformations of both chassis under full load are evaluated by FEM and presented in below
chapters.
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3.3.3.1 Deformatiorof rotational motion chassis

The component connection in the model is simplified into the contact surfaces are tied to each
other which means there is no slide phenomenon between the contact surface and all the forces are
transferred. The model is under 250N perpendicular to the top surface which directly supports the
housing assembly and is fixed at the bottom.

Contour Plot 121
Displacement(Mag) Subcase 1 (isa) : Static Analysis : Frame 0
Analysis system
— 1.574E-03
w 1.399E-03

1.224E-03

[ 1.049E-03
8.745E-04

[ 6.996E-04
5.247E-04

— 3.498E-04
— 1.749E-04
— 0.000E+00
m NoResult
Max = 1.574E-03
Grids 253658
Min = 0.000E+00
Grids 337

Figure 62. Displacement of the chassis for rotatbmotion system in FEM (unit: mm).

Figure 62 shows that the maximum deformation is 0.0015 mm and it happens in the top surface.
The result indicates our design is robust enough.

3.3.3.2 Deformation of frame chassis

The model is also simplified into the same way as we did in the last chapter. The model is under
250N perpendicular to the surface of the beam which directly contacts the actuator’s mounting
plate and the bottom surfaces are fixed.
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Figure 63. Displacement of simplified chassis (unit: mm).
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Figure 63 shows that the maximum deformation is 0.014 mm and it happens in the actuator
supporting beam. The result indicates our design is robust enough.

3.4Final Design
3.4.1Working principle

Figure 64. CAD of the final design of the tribometer.

Figure 64 is the whole assembly of the tribometer, the testing ball is mounting on the load pin and
the testing disc is carried by rotational motion system. In the set-up phase, the new testing ball and
disc are installed. After mounting testing samples, testing ball is placed on the disc and loaded
slightly by the load application system. The disc starts to rotate according to the prescribed speed
profile and the actuator works simultaneously in a defined load profile. The force control method
is used in load application system and the controller controls the actuator according to the feedback

signal measured by the normal force load cell. The load pin can move in the z-direction and is

supported by the linear ball bearing. The linear ball bearing is mounted on the tangential force
sensor and the tangential force- friction force will be measured. The tangential force, normal force

and the actual speed of disc are recorded in DAQ system (See Figure 65) and thus the coefficient
of friction can be calculated.

56



Rotation
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Figure 65. Load condition of the tribometer.

3.4.2 Prototype

All the components were manufactured and assembled after the supervisor approved the design.

Figure 66 is the whole assembly of the tribometer and Figure 67. Image of the prototype is

the close look at the load application system. Due to safety, the polycarbonate sheets were
mounted as the protection shield on the chassis.

Figure 66. Imageof the prototype whole tribometer
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Figure 67. Image othe prototypei load application system.
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4 RESULTS

In this chapter validation of thedesignis presentedand a summary of experimental results
obtained in validation experiments are also described.

4.1 Validation of the design

Geometrical and analytical validation of the design is mainly covered in the detailed design chapter.
All the analytical results verify that the test rig will work properly and will reach all the
requirements mentioned in Chapter 3.1.

4.2 Experimental validation

To validate the function of the newly developed tribometer, a couple of experiments have been
executed and the purpose of the experiments is to prove that the test rig is functional and then to
justify whether it reaches the project requirements.

The first experiment is to test the accuracy of the tangential force measurement system of the
tribometer, the second is certificating the COF of connecting balls.

4.2.1Validation experiment fortangential force measurement system
4.2.1.1 Experimental setup

— Load pin
assembly

Tangential

Bearing —
force sensor

l

Rope — " /
Weight -

Figure 68. Schematic of validation experimesattup.

/ — .,l - < llwmy

Figure 69. Image of validation experiment sap (sideview).
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Figure 70. Image of experiment sap's component.

The experimental set-up consists of a load pin assembly including testing ball to which a polyester
rope is tied. A load pin assembly is seated on the freely rotate disc and pulled by dead weight via
a rope. Weights are used to simulate a load as a tangential force that happens between a testing
disc and a testing ball. A rope relies on the ball bearing’s outer ring working as pulley to ensure
that weights are hung in air without landing in other components. A load pin assembly is mounted
in linear ball bearing and supported by the tangential force sensor that allows for measurement of
a tangential force. Figure 68 shows the schematic of the experimental set-up and Figure 69 and
Figure 70 are the images of the set-up.

4.2.1.2 Experimentaldesign

Testing was performed at 4 load levels: 10N, 20N, 50N and 100N. Since only a weight of load pin
assembly is applied on a testing ball as a normal force, a resulting friction force between is minimal.
Moreover, a testing disc can freely rotate, and it means that a disc ideally can’t take any force
when a whole system is balanced. Hence, the friction force caused by the weight of the load pin
can be negligible. Each test was repeated at least 5 times.

4.2.1.3 Testing procedure

Each test’s result was recorded at 30 sec after applying a load. All weight plate and weight carrier
were certificated by the precision weight scale before the test and the certification results are
attached in Appendix F&H. A testing disc and a testing ball were cleaned by cleaning paper with
alcohol.

4.2.1.4 Test results

The result of the experiment is listed in Table 8. Standard deviations are calculated and presented
in Table 8. The error analysis of the friction measurement system was done by comparing the
results with the applied loads.

Measured tangential force is plotted against applied tangential force in Figure 71. Error of the
measured tangential force is plotted against applied tangential force in Figure 72. Since the
standard deviation is so small comparing to the applied tangential force, error bar is invisible in
Figure 71. Therefore, the standard deviation is plotted in Figure 73.

60



Table8. Result of the validatiotestfor tangential force measurement system

Trial
Applie 1 2 3 4 5 Average (N) S.D. Error
force (N)
981 9,35 9,37 9,36 9,33 9,31 9,344 0,024 0,048
19.62 18.71 18,64 18.68 18.66 18.64 18,666 0,030 0,049
49,05 46,53 46,48 46,36 46,41 46,48 46,452 0,067 0,053
98 1 92 49 9258 9257 9243 9251 92516 0,061 0,057

Measured vs. applied tangential force(N)
100 T . T T T T - - -

O

90 1
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60

40 r 7

30 1

Measured tangential force(N)
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Figure 71. Measured tangential forqaotted against applied tangential force

Error vs. applied tangential force(N)
5.8 T T T T T T . . .
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Applied tangential force(N)

Figure 72. Error analysis of the result.
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Standard deviation vs. applied tangential force(N)
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Figure 73. Standard deviatioplotted against applied normal force

4.2.2Validation experiment forconnecting balléfriction force

The connecting balls are designed to decouple the tangential force to the load application system
and thus tangential force is transferred through linear ball bearing and measured by the tangential
force sensor. However, the connecting balls will also introduce the extra friction force to the
system, but the friction condition is rolling friction and thus theoretically should be much smaller
than the tangential force between the testing ball and testing disc. Therefore, the experiments aim
to determine how much friction force is introduced by connecting balls and whether the friction
force caused in the connecting ball is negligible when measuring the friction force between test
samples.

4.2.2.1 Experimental setup

The set-up is similar to the previous experiments set up, but a rotating disc is replaced by the
component - supporting plate. A load pin assembly is pulled laterally by dead-weight via a
polyester rope that tied on the ball holder. A load pin assembly is placed on a supporting plate and
a normal formal load is applied on a load pin assembly by a linear actuator via connecting balls.
There is a normal force sensor placed between connecting balls and an actuator which allows for
measuring normal force. The diagrams in Figure 74 shows the set-up, and Figure 75 is the image
of the set-up.
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Figure 74. Schematic of experiment s6i.

Figure 75. Image of experiment sap (front view).

4.2.2.2 Experimental design

Testing was performed at one lateral load levels: 9.81 N, and at three different normal load levels:
20.5 N, 30.5N and 40.5N. The actuator presses connecting balls against a top of a load pin
assembly. Figure 76 is the free body diagram of the load pin assembly, linear ball bearing set and
supporting plate. It shows that the measured tangential force ("O ) decreases
when the applied normal force increase since the friction force from connecting balls grows and
the weight didn’t change during the whole experiment. Therefore, the friction force of the
connecting ball can be determined by comparing the lateral forces from the tangential force sensor
in different sets.
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Figure 76. Free body diagram of experiment-segt
4.2.2.3 Testing procedure

A load pin assembly is loaded by normal force before the lateral load is applied. Each test’s result
was recorded at 30 sec after applying a lateral load. All weight plates and weight carrier were
certificated, and a normal force provided by an actuator was validated by an inline load cell. A
testing disc and a testing ball were cleaned by cleaning paper with alcohol.

4.2.2.4 Testing results

The result of the experiment is listed in Table 9. Standard deviations are calculated and presented
in Table 9. The error analysis of the friction measurement system was done by comparing the
results with the applied loads.

Measured tangential force is plotted against applied normal force in Figure 77. Error of the
measured tangential force is plotted against applied tangential force in Figure 78. Since the
standard deviation is so small comparing to the applied tangential force, error bar is invisible in
Figure 77. Therefore, the standard deviation is plotted in Figure 79.

Table9. Result of the validation eggmentf or connecti ng bal

Trial
Applied 1 2 3 4 5 Average (N)| S.D. Error
force *(N)
20,5 9,223 9.24 9,245 9.233 9,245 9,237 0,009 | 0.058
30.5 9,22 9.24 9,25 9,235 9,23 9,235 0,011 | 0,059
40,5 9,235 9.243 9.244 9,23 9,242 9,239 0,006 | 0.058

*Applied force refers to the normal force on load pin
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Figure 78. Error analysis of theesult.
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5 DISCUSSION AND CONCLUSIONS

A discussion of the results and the conclusions that the authors have drawn during the Master of
Science thesis aggresented in this chapter

5.1 Discussion

5.11 Accuracy oftangential force measurement
5.1.1.1 Error problem

Figure 71 clearly shows that the measured tangential force is directly proportional to the applied
load, but the growth slope doesn’t equal to 1. It means there is a loss in the system and the loss
also grows with the load. It can’t be the scaling problem to the sensor since the sensor is validated
and certificated by the standard lab (the certification and validation data can be found in appendix
F and H).

The error may be caused by the friction force between the rope and the outer ring of the bearing
since the friction force also grows proportionally with load. This friction loss can be estimated by
Capstan equation which is presented in the equation below.

Y Y Q'
where Y is the applied tension on a rope, “Y is resulting in tension after a pulley, * is the
COF between the rope and pulley, and 1" is the total angel swept by all turns of the rope in radian.

Table 4.7 Typical friction coefficient ranges for ropes of
vanous matenals shding on smooth steel surfaces

Friction coefficient — static

Rope material

Diry Wet
Nylon 0.1-0.12 0.12-0.15
Polyester 0.12-0.15 0.15-0.17
Polypropylene 0.08-0.11 0.08-0.11
Aramid 0.12-0.15 0.15-0.17

HMPE 0.08-0.11 0.08-0.11

Figure 80. Typical frictioncoefficient ranges for ropes of various materials sliding on smooth
steel surfaces.

Figure 80 is the common COF range of polyester rope in dry and wet conditions [21]. In order to
reduce the friction loss, the lubricant oil is added to the outer ring’s surface. The common COF
range of plastic on metal contact under lubrication is from 0.04 to 0.1 [22], and it’s more similar
to our case.

The angle M can be measured and it’s about 90 degrees. By using the above data and equation, the
friction loss is estimated from 6% to 14.5%.

In error analysis, the error grow from 4.7% to 5.9% and these values is close to the estimated
friction loss range - 6% to 14.5% (See Figure 72). Therefore, the error in the experiment is mainly
caused by the friction force between the rope and the bearing.

5.1.1.2Standard deviation analysis

The standard deviation of each set is minimal, and it represents that the system has good
repeatability and it could provide the reliable measurement. Figure 73 presents that the standard
deviation also grows when increasing the load. The reason could be that the heavier weight is
difficult to achieve stable and it kept wobbled during the test which leads to a large variation in
measurement.
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5.1.2 COF of connecting balls

The measured tangential force is expected to decrease with the applied normal force, but the results
don’t go with the expectation. In Figure 77, the data are very close, and it doesn’t tend to increase
or decrease with the load. The reason may be the variation of the test is larger than the effect of
friction force and thus there is no clear tendency in Figure.
The friction force of connecting balls can be estimated by assuming the COF and COF is assumed
to be 0.001 from Chapter 3.3.1.3.4. The friction force under 10N normal load-which is the gap of
each set are calculated below:

O ‘0 mMimpp M T P
The estimated friction force is 0.01N and it is close to the level of the standard deviation of the
result and smaller than the accuracy of the sensor- 0.2 % of the load. Hence, the friction forces of
connecting balls are so small that the effect of the connecting balls can’t be seen in the figure and
it also means that the COF of the connecting balls can’t be detected and determined by this
experiment. However, the experiment still tells that the COF of connecting balls is negligible to
our interested COF range.

5.2 Conclusions

An attempt to design the tribometer that is capable of providing the corresponding conditions to
bolt tightening process is made in this thesis. Based on the project requirement and literature
reviews, the pin-on-disc concept is most suitable for this test rig.

In the load application system, an innovative concept of using steel bearing balls to decouple the
tangential force that takes place on the contact point of test samples is proposed. Several validation
experiments for the concept are done and the result shows that this concept works functionally, the
effect of friction force from bearing balls are negligible, and the accuracy and repeatability of the
measurement system are reliable.

The whole test rig is built according to our design. Several tests are done in the test rig and the
results prove that the test rig works properly and the developed test rig succeeded in satisfying all
the user’s requirements. More specifically, the detailed conclusion about the whole tribometer is
presented below:

Functionality : The test rig is working fine, and it’s able to perform the coefficient of friction test
on the material which’s COF is between 0.17 to 0.5 in required speed and load profile. The result
of measurement system for normal and tangential force is accurate and repeatable. Both of ball
screw and voice coil actuator achieve the required maximum force. However, due to friction in
ball screw mechanism, the ball screw actuator has a long reaction time to catch up control signal
and it leads to the actuator can’t fulfill the requirements of simulating TurboTight tightening
strategy. Therefore, voice coil actuator is more suitable for this application.

Modularity : The tribometer is a modular design and it means that the set-up of the test rig could
be modified according to the user’s need such as testing the different sizes of the testing ball or
using different actuator. The ball holder is designed to easily mounted and dismounted on the load
application system so the holder could be replaced by other size of holders. For exchanging
different actuators, the chassis is made up of the aluminum profile and thus it allows the user to
adjust the structure to fit different actuators.

Ease inoperation: The test rig is designed in user-friendly and ergonomics way. The proper
ergonomic height and reasonable size of the operation space ensures the user feel comfortable
whiling operating the test rig.
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Low setup time: Changing testing disk can be done by one operator in 30 seconds. However, it
takes time to replace the testing ball because of the limited voice coil’s stroke. It can be improved
by adding the linear stage below the rotational motion system in the future.

Customized peedand load profile: Accor di ng t o thelspeed andlead profile
can be customized by programming in the control system. However, there is still a room to improve
for accuracy and response time. In the future, the tribometer will be able to simulate TurboTight
process after tuning the controller.

Synchronicity between speed and load profileBoth profiles are controlled by the same 2 cores
microcontroller. One of cores is responsible for speed profile and the other charges of load profile.
Therefore, the speed profile is synchronized with the load profile.
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6 RECOMMENDATION SAND FUTURE WORK

In this chapter, recommendations on more detasieldtions and/or future work in this field are
presented.

6.1 Recommendatios

There are still some rooms for improving the performance of the tribometer and the
recommendations are listed below.

For achieving the faster mechanical response time of the mechanical system, some components
can be adjusted to increase the stiffness. The following is recommended:

An extra structure can be added on the chassis to support the beams on which an actuator
mounted that reduces the deformation during the test and increases the stiffness of the whole
structure.

Use the larger diameter of the load pin and linear bearing set.

5

If the dynamic performances of the rotational motion system, such as deceleration and acceleration,
are not good enough, the recommendation are listed below.

Optimize important components including disc holder and shaft to reduce the moment of
inertia or change the material of shaft from C45 steel to aluminum alloy with a surface
coating.

Reduce the size of the angular bearings of the rotational motion system for smaller friction
force in bearing and smaller moment of inertia.

5

To prevent the user from accidentally breaking the test rig during the set-up, the advice about
adjusting the design are listed below.

When the operator over-tights the wing nut in the rotational motion system, there is a risk that
the locating pin is pulled out of the shaft and end up losing the clamp force in a testing disc.
To reduce the risk, the tighter fit should be used between locating pin and shaft or shaft should
combine the locating pin instead of two separate parts.

6.2 Future work

There are still some future works to investigate the capacity of the tribometer and to have user-
friendly features, and they are listed as following.

9 Linear translational stage: To reuse the testing disc and be easier for experimental set-up,
the linear translational stage will be added to the system. Choose a suitable product and
redesign the base plate which carries the rotational motion system.

9 Fretting problem in connecting balls and linear ball bearings: In our application, the
movements of connecting balls and bearing balls of linear ball bearing are very small, and
the loads concentrate on very small contact area that leads to high contact pressure. It’s
possible to have fretting problem in these contact areas after tests. Therefore, further tests
are required to check whether fretting takes place in these components.

9 TurboTight: The further experiment is needed to prove whether the test rig performs the
condition which corresponds to the highly dynamic tightening strategy-TurboTight.
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APPENDIX A: GANTT CHART

Task/Week

3.a Load

3.b Pin holder

3.c Disc holder

3.d Rotational motion
3.e Linear motion

3. Chassis

6.Integration of Concepts

7.a Load

7.b Pin holder

7.c Disc holder

7.d Rotational motion
7.e Linear motion

8.a.2 Rotational motion
8.a.3 Chassis

8.b MBD analysis
8.b.1load

8.c FEM analysis
8.c.1Load

8.c.2 Rotational motion
8.c.3 Chassis

9.b Rotational motion
9.c Linear motion

12. Assembly

Janurary

7

Feburary

2

10

1

March

12

13
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APPENDIX B: RISK ANALYSIS

Chosen concept doesn't fulfill
requirements

Deliverable not reach

Solution

Literature Review. Consult
supervisor and other
experts. Communicate with
suppliers and
manufacturers.

Possibility(1-3) Consequence(1-3)

Lost files in personal computer

Waste time

Use cloud serive to back-up
files .

Lead time of order is too long

Deliverable not be
presented.

Checked with suppliers and
have plan B for these items.

Breaking NDA

Lawsuit

Let supervisior review
before publish.

Control system doesn't work with
mechanical design

Deliverable not reach

Daily update with another
master student. Any
important decision needs

his agreement.
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APPENDIX C: VOICE COL SPECS

@GEEPLUS VM102P2

P00 is the continuous (100% ED) excitation power at PIDD 105 W Total Mass 4.2 kg
which the coil attains temperature T,,,, with the part
mounted to a massive heatsink at 20°C Tmax 130 °C Coil Mass 325¢g
Resistance Force  Velocit Current .
Model No. Inductance ¥ Max 'ON' time
R0 Constant Constant li0o
VM102P2-710 210 0.6 mH 35N/A 35Vs/m 6.0A 100% ED

VM102P2-475 105 Q 3.0 mH 78 N/A 78 Vs/m 2.7A 50% ED
VM102P2-355 33.40 9.5mH 138 N/A | 138Vs/m 15A 25% ED
10% ED
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Linear unit

Technical data

APPENDIX D: LINEAR ACTUATOR SPEC

CASM-32

Designation Symbol Unit CASM-32-LS CASM-32-BIS CASM-32-BN
Performance Data

Max. dynamic axial force E kN 0,3 0,7 0,63
Max. static axial force Eones kN 0,7 0,7 0,7
Dynamic load capacity (o} kN N/A 2,8 2,5
Maximum torque to reach Fmax Miar Nm 0,24 0,45 1,19
Max. linear speed Vi mm/s 60 150 500
Max. rotational speed N 1/min 2400 3000 3000
Max. acceleration A m/s? 1 6 6

Duty cycle B % 60 100 100
Mechanical Data

Screw type - - Lead screw Ball screw Ball screw
Screw diameter (o F mm 9 10 10
Screw lead P mm 1,5 3 10

Lead accuracy - - N/A G7 G7
Stroke s mm 50...400 50...400 50...400
Internal overstroke each side S, mm 1 1 1
Backlash S\ ackiash mm N/A 0,06 0,06
Efficiency b % 0,3 0,75 0,84
Inertia @ 0 mm stroke J, 10, kgm? 0,0413 0,0420 0,0420
A Inertia per 100 mm stroke AJ 10*kgm? 0,0036 0,0047 0,0047
Weight @ 0 mm stroke m, kg 0,74 0,74 0,74

A weight per 100 mm stroke Am kg 0,34 0,34 0,34
Environment and Standards

Ambient temperature | °C 0...+50 0...+50 0...+50
Max. humidity 0] % 95 95 95
Degree of protection IP - 548 54S 54S
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APPENDIX E: NORMAL FORCE SENSORHBM U9C -0.5 KNSPEC

. N 50 | 100 200
Nominal (rated) force From
kN 0.5 1 2 5 10 20 50
Accuracy
Accuracy class 0.2
Relative .rapruducib_ility and repeatability b 5 <02
errors without rotation 9
Relative reversibility error Vo.5 % <0.2
Non-linearity diin Yo <0.2
Relative creep (30 min) derf Yo <0.2 <01
f;""r‘:r‘:(f';:‘i’c:f)"di"g moment at 10% From * | g, % 0.065 | 0.045 2.35 245 | 0.5
Effect of temperature on sensitivity
in the nominal (rated) temperature range TKe |% /10K 0.2
in the operating temperature range TKe |% /10K <05
Effect of temperature on the zero signal
in the nominal (rated) temperature range TKg |% /10K <0.2
in the operating temperature range TKg |% /10K < 0.50
Electrical characteristics
Nominal (rated) sensitivity Crom mVi/v 1
Relative zero signal error ds o mviv +/-0.2
Sensitivity error de % < +/-1 tensile , < +/-2 compressive
Tensile/compressive sensitivity variation dzd % <2
Input resistance R Q 250 - 400 300 - 450
Output resistance Ry Q 200 - 400 145 - 450
Insulation resistance Ris Q >1*109
Operating range of the excitation voltage By gt vV 0.5-12
Reference excitation voltage Uret \ 5
Connection 4-wire circuit
Temperature
Reference temperature Lret *C 23
Nominal (rated) temperature range By nom *C -10 to +70
Operating temperature range Big *C -30 to +85
Storage temperature range B s °C -30 to +85
Characteristic mechanical quantities
Max. operating force Fg 200 150
Limit force FL E’:ﬂ ‘:’n >200 >150
Breaking force Fg > 400
Limit torque Nm 1.7 | 34 |25 3.7 45 | 28 23 1 " 35
'r;g::‘l:a‘}’(“r’a't"gd;“f‘;’:;:"' when loading with Nm 047 |07 | 15 |37 |38 [102 144 |82 | 86 |285
: — : : .
%r:‘licn:tazlal‘;;nfl; rf:arc; when loading with Fq F/:D (:: 100 s0 | 100 | 50 18 6 P
Nominal (rated) displacement mm 0.008 0.018 0.03 | 0.05 | 0.09 | 0.14
Fundamental resonance frequency kHz | 65 | 91 | 126 |153 159 | 132 [ 145 | 146 [146 | 7.2
Relative oscillation width E:;: 70 80 70
General information
Degree of protection per EN 60529 ") P67
Spring element material Steel
Potting material Silicone
Cables Four-wire circuit, PUR insulation
Cable length m 15,8,7,12
Weight g 75 100 400

1 1 m water column; 0.5 h
2} Pure |ateral force without bending moment
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APPENDIX F:CALIBRATION CERTIFICATION OF HBM U9C- 0.5KN

Priifprotokoll
test record / protocole d'essai HBM

Typ: uac Auftrag: 801358723
type / type ardes no / commission
Nennmessbereich: 0,5 kN Prufer: Duran
range / portée examiner / contrbleur
IdentNr: 240910798 Datum; 2020-03-05
serial no / N*- ident %ost date / date O'essal
Priifergebnisse:
nest results / résullats & essai
EingangsgroBe des Messbereichs [%] Ausgangsgréfie [mV/V]
input quansty / échele ¢ essai oulput quantity / résuitats
Zug
tension / tracion
0 0.0000
50 -0.5000
100 -0.9997
50 -0.5002
0 -0.0001
Aus den Priifergebnissen berechnete messtechnische Kenngrofien:
gi quantities wuted from the lest resulls:
G 5 ques de mesure calculées A partir des résultats d'essal -
Kennwert C [mV/V] -0.8497
sensilivity / sensitelité
Linearitétsabweichung [%vC] -0.010

linearty deviation / linearité
(Abweichung von der bestpassenden Geraden durch das Nulisignal)
(deviation from bastfit theough 2ero / écan par rappon 3 1a melieure drowe passant par e zéro)

Relative Umkehrspanne 0.5 Fnom [%vC] 0.021
{atve h / relatif

Alie aus den Messergebnissen ermmelten Kenngronon onmehon den Spezxﬁkaﬂonen gemal Datenblatt,
Mmammmﬂm
Toules ks o o] omvm dtm-m e -nu- Hicatiorn sekon las caractiristiques techriques.

Allgemeino Zusatzinformatlonon
@eneral

‘aies

Alle wei "‘_ haflen des Aufnehmers sind durch Typprifungen und laufende Produkiaudits des Quaiititswesens abgesichern.
All gt e varifed by typs eesing ard reguisr prodiuct audis of the quality dopariment.
TmmmwmwmwummnuSwamu #u moyen d'essais o! d audis SUWS 3ur lo produt

Das Prifprotokoll wurde unter Bercksichtigung der Arforderungen der DIN EN ISQIEC 17025 mit Messmitieln, ¢ im Sinne der DIN EN IS0 9001 und DIN EN
1SO 10012 auf Nationale Normaie rickfUhrbar sind, erstelt

The teet wos g the of ISQNEC 17025 using calioraton equipment ¥aceabile io Natcnal Slandards according 10 150 9001 and IS0 10012
gmdmammmmmn.multmlmic 17025 avec dos moyens ce mesure tragables & des Glaicns naticnaus salon las Narmes 150 SC01 e
Hottinger Baldwin Messtechnik GmbH, Im Tlefen See 45, 64203 Darmstadt, Germany | www.hbm.com

Registered as GmbM (German limaad labiity corp ister at the lccal court of Darmstadt, HRB 1147

Company domiciled in Darmstadt | CEO: Thomas | Lippok, Jm \Megana | Chairman of the board: Joe Vorih

Zertifiziert nach ISO 9001 und ISO 14001 /IS0 9091 and IS0 14001 certfied / Cartfication selon 150 5001 e IS0 14001

Nr- 231 HEM: Business document VE 3/SCT1/12.18 Sete | Page 1 (1)

81



APPENDIX G: TANGENTIAL FORCE SENSOR SLP 84515KGSPEC

SLP845 Load Cell Specifications
Porameler Unit of measure Specification
Model No. SLP845
Raked Capocily (RC.) kg (B, nominal) 15¢33) | 22¢48) | s0¢10) | 100¢220) | 200(441)
Roied Oulpul mVA @R.C. 2+10%
Zeto lood Outpul %R.C. <10
Combined Eror 12 %R.C. <0018
Repealabily Error KALD <00
Creep, 30 minute RAL. <0017
Min._Deod Lood Oulpul Relurn (DR), 30 min RAL. <0017
Min. Deod ood Ouipul %R.CIC (/P = 0.001 (0.0007) ; 0.003 (0.0016)
TNTRATRARS Ehst Sensitvity® %ALLC (/P <0001 (0.0006)
Compensakd 10 ~ +40 (+14 - +104)
Temperalure Range Operaling T (°H -40 - +65 (40 ~ +150)
Sake Shroge 40 - +80 (40 ~ +176)
Number, OBML / Europe R602000-NL1-12.66 / 1C8077
Closs 3
nmiax 3000
Vmin q 1;2 I 2:5 [ 5:10 [ 10; 20 I 20; 50
OIML / Ewopeon Approval®  PLC 0.7
Humidity Symbol CH
Min._ deod lood kg 0.1
z 3000
Baromalric Pressume Efiscl None
Number 13-002
Closs s
NTEP Approval ® nmex 5000
Vmin [ 0.0020.005 | 0.005:001 | 001:002 | 002,006 | 0.05,0.1
Min. dsod lood b 0.05 | 0.15
Number DEKRA 1 BATEXDO45 / DEKRA_13ATEXD046
. 126G Ex b IIC 14 Gb/ § 2D Ex b IIC T100°C Db
ATEX Approval Raling 1136 EX I 1IC T4 Ge / 0 36 Ex nA IC T4 Gc /11 30 Ex ic NI T100°C De
Eniity Paromelers U¥Un = 20V, || = 600mA Pi = 1.25W, Ci = B0F Li = 30uH
Numbet_USA 3005885
Raing, USA B/ LLII/ 1 [ ABCDEFG/ 14
Foctory Mutual Approval ) N1/ 2/ABCD /16, S/ 01/ 2/FG/ 16
Enlty Poromelers Vmax = 20, Imox = 600mA, Pi=1.25W, Ci=0, Li=0
Systm Drowing No, USA 30036645
Recommended 5-16
Exciation Vollage ey VAC/DC %
Excitaton 1116 + 20
Terminol Resisioncs Outpul 1] 10002 3
insulafion Resistonce @50VDC MO > 5000
Breakdown Volloge VAC > 500
Spring Elernent 17-4PH slainless steel
—— Enciosure 304 slginiess siesl
Cable enty fifling 304 stainiess stesl
Cable e
Type sealed
Prolection IP Raling IPES. IPEOK
NEMA Raling NEMA 6/6P
Overload Protechion No
Sake 150
Load Limit S %RC. 0
Safe Side Lood %R.C. 100
Sale Dynomic Lood %R.C. 70
Faligue Lile oycles @R.C. 1,000,000
Direcion of Loading Baom
Deflection @ R.C___nomnal mm (in) 0.18 (0007 [ 0.5 (0. 0.18 (0.00 0.18 (0.00 0.22 (0.
nominal kg () 13(3)
Catle Langth m (i) 3(9.8)
Diometer mm (in) 6.2 (0.24)
Grode A4-70
Sze/ threod mm Méx|
Maunting Screw Engaged Lengih mm () 10(0.4)
Totque, nominal N.m (1-b) 10(7.4)
Max Plotier Size em x em (in x in) 40 x 50 (15.7 x 19.7)
Off Cerler Lood Enmar @33 %R.C. %ALfem (i) 0.0044 (0.011)

" Ermor due o the combined efiect of non-linearily and hysleresis

7 Typical values only. The sum d efors due 1o Combined Error and Temperalure Eflect on Sensiivily comply with the requirements of OML R60 and NIST HB44.
" AL = Applied Lood

4 Sas cerificate for complete nformation.

82



APPENDIX H: CALIBRATION CERTIFICATION OF SLP845 15KG

Calibration
Certificate

METTLER TOLEDO

METTLER TOLEDO GmbH ~ We certify that the product described below conforms to all applicable specifications for:

Im Langacher 44, oML C3
8606 Greifensee, Switzerland NTEP Il Sn:5
Load Cell Identification Model SLP845

Date of Packing 2019-05-06

st (AL RRN
o (IUIRIRIHNIIRN e

72244433 7288177287
Rated Capacity (R.C.) 15kg
Excitation Voltage, Recommended (5V~20) VDC
Terminal Resistance, Excitafion (1116£20) @
Terminal Resistance, Output (1000£3) @
Load Limit, Safe 150%R.C.
Load Limit, Ultimate 300%R.C.
Spring Element Maferial Stainless Steel

Tamperature Range, Compensated -1010 40 °C/ 14 to 104 °F

Calibration Data
Sensitivily @ (2.0+0.2) mvV

Acceleration due fo gravity, g, at sensitivity measurement  9.79457311  [m/s?]
METTLER TOLEDO Geo-value at sensitivity measurement 12

Color Code  Function
GREEN  + Excitation

BLACK - Excitation
WHITE  + Signal
@ RED - Signal
YELLOW + Sense
BLUE - Sense
[ H [ YELLOW-LONG Shield

® ©

METTLER  TOLEDO
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