EVALUATION OF AN ACTUATING MECHANISM
FOR THE ELECTRICAL INDUSTRY

lan David Wiggins

A research report submitted to the Faculty of Engineering and the Built Environment,
University of the Witwatersrand, Johannesburg, in partial fulfilment of the requirements for
the degree of Master of Science in Engineering.

Johannesburg, 2012



DECLARATION

| declare that this research report is my own unaided work.

It is being submitted to the Degree of Master of Science to the University of the
Witwatersrand, Johannesburg. It has not been submitted before for any degree or
examination to any other university.

(Signature of candidate)

day of year




ABSTRACT

A class of electrical devices reacts to fault conditions by disengaging from the circuit.

A particular sub-system of the device, the actuating mechanism, was identified as having
potential for improvement in the first pass yield achieved for its manufacturing and assembly
process. The critical characteristic of the actuating mechanism, its sensitivity or “lock load”,
was found to be within functional limits in 94% of mechanisms tested at the end of the
production line. An increase in this value to a tentative target of 99% was proposed. Such an
increase in first pass yield has typically been shown to translate into a financial advantage,
offsetting any investment required for its implementation. It was conjectured that a
modification to the actuating mechanism design might be indicated to enable the target to be
achieved.

In order to examine the feasibility of improving the process, models were developed to
represent two variations of the current actuating mechanism design. The models were
implemented by means of vector loop analysis, and were used to predict the lock load
distribution of the mechanisms. The accuracy of the models was first validated by comparison
with parametric CAD models of the mechanisms, and then with actual lock load distribution
data derived from measurement of production samples. An interactive computer application
was developed to facilitate the manipulation of individual model variables within their
tolerance bands, and to evaluate the effect of such manipulation on the calculated value of the
lock load. A Pareto analysis was conducted to identify the independent component variables
that were the most critical for control of the correct functioning of the mechanism, and thus
where the priorities lay for further optimisation.

The results were analysed, and a comparison of the strengths and weaknesses of the two
existing designs suggested that a third variation of the mechanism had the potential of
achieving the process yield target.

The mathematical model was adapted to predict the behaviour of the third actuating
mechanism variation. The first pass yield predicted by the new model was 99.36%. The
implementation costs of the new design were estimated, and offset against the potential
savings resulting from the improved first pass yield. A payback period of 2.7 years was
projected.

It was recommended that the accuracy of the critical data used in the analysis be refined by
means of larger scale testing, and that ancillary recommendations stemming from the Pareto
analysis be implemented. Finally it was concluded that based on the currently available data,
the design modifications proposed for the actuating mechanism were both financially and
practically feasible, and should be implemented.
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1 INTRODUCTION

1.1 Overview.

The subject of this study is a mass produced device, widely used in the electrical industry.! The
device is comprised of several sub-systems, as shown in Figure 1.1. One of these sub-systems,
the motive unit, is configured to detect the presence of electrical fault conditions. When such
a fault condition is detected, a sequence of events occurs culminating in the operation of an
actuating mechanism. This actuating mechanism in turn releases an engagement mechanism,
thereby rendering the system safe.

MOTIVE
ACTUATING FORCE MOTIVE FALLT
MECHANISM UNIT CONDITIONS
SIGNAL

STATE 11
ENGAGEMENT iz::::::ij SAFE
MECHANTSM STATE 2.

OPERATTONAL

Figure 1.1 Device schematic showing main sub-systems.

The device as a whole is somewhat variable in construction, but usually consists of
approximately fifty components. Most of these components are produced in-house by the
manufacturer, while a few are imported in finished or semi-finished form from specialized
suppliers. All of the components are fully defined in terms of geometry, material and
properties, with tolerances specified as deemed appropriate both to the requirements of the
assembly and to the capabilities of the applicable production processes. The actuating
mechanism is currently manufactured in two versions, which will be referred to in this study as
“Option 1” and “Option 2”. An obsolete variation “Option 0” is available if needed for
comparison purposes.

' The mechanism in question has been subject to widespread imitation and trademark infringement by
companies specializing in reverse engineering. In order to protect the intellectual property rights of the
manufacturer, certain details of the mechanism and its manufacturing processes which do not affect the
outcome of this report have been expressed in generalized terms.



The actuating mechanism sub-system is also variable in component count, but an initial
examination shows that all variations can be represented by eight active components. The
interrelationship between these components is examined later in this report.

In-house component manufacture is controlled by means of a statistical process control
regime integrated into the manufacturing process, and pre-acceptance inspection procedures
are enforced for components and raw materials produced by outside suppliers.

Due to the device’s status as both a safety critical item and as a product certified to
international standards, it is subject to rigorous final assembly testing. One of the main
performance tests carried out on the device evaluates its “lock load” - the force required to
operate the actuating mechanism. This lock load has well defined functional limits. The upper
limit ensures that the force required to operate the mechanism is always lower than the
motive force supplied by the motive unit, while the lower limit prevents spurious actuation
caused by vibrations or rough handling. Actuating mechanisms whose lock load falls outside of
these limits are rejected, and moved to a re-work area for analysis and repair. This repair
process increases the manufacturing costs of the assembly line at a rate proportional to the
volume of re-work required.

In today’s highly competitive manufacturing environment there is continuous pressure to
improve quality and to reduce costs in order for any product to remain competitive. In the
case of the device being studied, one area which has been identified as having a significant
potential for cost reduction is in the costs associated with fault finding and re-work on the
assembly lines, and in the assembly process of the actuating mechanism in particular. The
specific area chosen for attention is the performance testing procedure which identifies units
with lock loads falling outside of the required specification limits. It is felt that the number of
devices that are rejected for having incorrect lock loads is excessive, and represents an
unnecessary cost to the company. The establishment of a realistic target for improvement in
this area is one of the first objectives of this study.

The obvious solution to the problem of reducing this cost is to reduce the need for re-work: in
other words to increase the first pass yield of the assembly process. This in turn implies the
need for an improvement to one or more elements of the actuating mechanism assembly.
Such elements could be component or process related, and might involve adjustment of
design tolerances or changes to process methods. The device is however a mature product,
and much work has already been done in optimizing component quality within the limits of the
existing manufacturing methods. Any significant changes to the components or processes
would therefore not be a trivial exercise, and would need to be fully justified in terms of cost
and benefit.

Note that merely tightening component tolerances in order to increase the first pass yield of
the assembly process might succeed in increasing the pass rate at the end of the line, but are
likely to imply a reduction in the first pass yield of the individual component manufacturing
processes. This further implies that changes would then be necessary to the manufacturing of
the components if the exercise was not to become one of merely shifting failure rates from



one department to another. Although the component first pass yields are not explicitly
included in this study, the interrelationship of the manufacturing and assembly processes were
kept in mind throughout.

In order to examine the feasibility of increasing the first pass yield of the assembly process for
this device, a number of questions needed to be answered. In particular, for any financial
analysis to be carried out it is necessary to know the current production cost per unit, including
any required re-work. This must then be compared to the predicted future production cost per
unit of an improved process or processes, and the difference offset against the cost required
to implement such improvement.

Most of the information required for such an analysis is already well known, or easily
obtainable. A brief examination of the problem revealed that there were four main questions
remaining unanswered.

e ltis accepted that the in-line process control system ensures that all components used
on the assembly line are manufactured within design tolerances. Therefore, if faulty
units are found at the end of the production line, does this mean that the design itself
is not capable of achieving a sufficiently high first pass yield?

e Assuming this to be so, then where should attention be directed, in order to derive
maximum benefit in terms of first pass yield?

e How can the theoretical answers obtained for the first two questions be translated
into a practical and feasible change to the specification of the assembly process, and /
or the design?

e What is a realistic prediction for the improvement in first pass yield deriving from such
a proposed solution?

Further questions stemming from the answers to the above, such as the tooling costs
associated with any proposed changes, raw material costs, the costs of changing assembly
methods and so forth, can easily be determined once the details of the proposal have been
finalized and specified.

1.2 Literature survey.

An initial examination of the actuating mechanism showed it to be essentially planar and, due
to a tension spring forming part of the assembly, of closed form. Although the actuation of the
mechanism is a dynamic process, the limiting case of the lock load value occurs in the static
state immediately prior to actuation. Consequently, it was considered that a problem of this
sort was best examined with the help of a closed form planar static model.



The usual approach in problems of this nature is to describe the mechanism under evaluation
as a set of related vector loops. See for example Gau et al Y. Following the approach of Hansen
and Tortorelli ', the independent geometric variables associated with each design element are
reduced by observation to the minimum necessary to specify the geometry of the mechanism.
These variables are specified in terms of the particular design element’s own local coordinate
system. The location and orientation of each local coordinate system is then parameterized in
terms of the global coordinate system, or possibly of an intermediate coordinate system as
appropriate.

After construction of the initial model, a number of equations describing dependent variables
are derived. These variables describe geometrical mechanism characteristics such as tangent
points, locations of joints on sliding surfaces, and the location and orientation of the local
coordinate systems. These equations are solved to express the dependent variables in terms of
the independent variables.

Several methods for solving such equations have been proposed, for example both an iterative
approach and the use of CAD models to solve for the dependent variables are suggested by
Chase and Parkinson . For this study it was preferred to solve the equations explicitly to
facilitate the later manipulation of the variables during the analysis. Such manipulation was
felt to be necessary in order to predict the effect of the accumulation of tolerances in the
assembly.

The solutions to the dependent variable equations can be complex, and should be checked
thoroughly. In order to check the validity of these solutions, a simple and convenient method
is to use the suggestions of Chase and Parkinson for a different purpose: that is to use an
accurate CAD model of the mechanism as a template for comparison with the results obtained
from the set of equation solutions. For this study a fully parameter driven CAD system
(Unigraphix NX) was available, thus the solutions could be checked and confirmed over a range
of input values.

Once the geometry of the system is fully described in terms of its factors, it is straightforward
to expand the definition to include the forces in the system. Unknown forces are found by
setting the net force within the system and the sum of the system moments to zero. As all
surfaces in the model are nominally homogeneous and the loads in the system are relatively
low, and only the static case is being considered, simple Coulomb friction was considered

adequate for use during the force analysis “.

In order to adequately describe the real world situation, the elements of chance and
uncertainty must be introduced into the model. Rao and Reddy ), in a related study of linkage
optimization methods, advocate the use of stochastic techniques in which “some or all of the
parameters are described by random variables rather than by deterministic quantities”. This
approach is echoed by Mallik and Dhande ®, who find stochastic approaches to be more
suitable for analysis of mechanical error than deterministic methods. Rao and Cao ) expand
on this and treat each parameter as having a distribution which can be determined either by



measurement or alternatively approximated by the use of a normal distribution if the actual
distribution is unknown.

Once the facility for manipulation of variables is introduced, the sensitivity of the assembly to
changes in variable values can be examined. Such sensitivity analyses reveal which tolerances
have the most influence on the overall accuracy of the assembly, and direct where tolerance
tightening can most advantageously be applied. These analyses typically involve deriving an
assembly function to represent the mechanism, and expressing the sensitivity of the assembly
to variations in individual dimensions as a set of partial derivatives representing the sensitivity
of each variable ©.

Numerous techniques have been demonstrated which minimize mechanism error while
maximizing allowable tolerance. For example, if the variables are simultaneously set to the
appropriate limits of their tolerances, then the two “worst case scenarios” for the resultant
values on both sides of the mean can be determined. Mallik and Dhande ® find however that
such deterministic worst-case analyses give highly conservative estimates of mechanism
functionality, and do not reflect the overall behaviour of mechanisms. In addition, such an
approach, if used for more than a few variables, tends to result in the component tolerances
becoming unrealistically small when the method is used in reverse to determine required
tolerances from a pre-defined result distribution . This is echoed by Wu and Rao ®, who
consider a statistical approach to be by far the most widely used in practical applications.

A statistical approach can be implemented in a number of ways. For example, the overall

tolerance can be calculated as the root sum squares of the product of the individual variable
tolerances and sensitivities. This method tends in practice to give overly optimistic results
and so further refinements have been proposed such as the use of various correction factors

to accommodate mean shifts, biased distributions and the like.

The statistical approach can also be formulated as an optimization problem. For example, Shi )

takes the approach of minimizing a “cost function”, defined in terms of the reciprocals of a set
of tolerances, constrained by a “reliability function” which represents the minimum functional

(10)

requirements for the assembly. In a variation of this approach Sharfi and Smith "’ expand the

problem to describe the changes in variable sensitivity over time during a machine cycle.

A drawback of all of these statistical methods for determining the sensitivity of the mechanism
to dimensional or other tolerances is that they are mostly applicable to the design phase of a
project, where no tolerances have yet been implemented in practice. They pre-suppose that
the tolerances derived by the methods are free to be implemented, obtainable in practice, and
that there is a substantially linear relationship between tolerance and cost. In addition, the
geometry of the system and its associated dimensional tolerances are usually considered in
isolation, without reference to the effect of such geometrical variation on the forces within the
system. It is felt that in the context of a pre-existing system, where a resultant force is to be
examined as a function of geometric variation, an empirical approach is of more value.



The empirical method proposed in this research was to create an interactive computer
application where all independent and dependent variables, both geometric and force, were
simultaneously displayed, and where the effect of manipulation of the independent variables
was immediately reflected in the values of the dependent variables and of the resultant
mechanism lock load. This method would facilitate the examination of “what if” scenarios, and
enable the user to selectively manipulate values chosen as a result of criteria other than purely
optimization factors. Such criteria might reflect such factors as tooling age, standardization of
component inventory, component processing times or manufacturing difficulties and so forth.
It was felt that the manipulation of such an application would provide insight into the
characteristics of the mechanism and its components warranting the effort involved in its
development.

The use of such a freely manipulable application would also make the development of a Pareto
analysis, defining the sensitivity of the lock load to the extremes of the tolerance band of each
variable, straightforward to derive. Pareto analysis is one of the most commonly used and

(11) (12)

valuable techniques for directing effort in problem solving , and has thus been selected

for use in this project.

Using the tools described above, it was now possible to examine the effect of allowing the
actual values of the independent variables to vary in a manner which reflected the real-world
situation. As detailed above this can be accomplished purely statistically, however to reflect
the real-world nature of this problem it was decided to use a sampling technique, in this case
the Monte Carlo method.

Monte Carlo analysis is a technique whereby each independent variable is allowed to vary
randomly within a distribution defined by its own mean and standard deviation. The resultant
value of the objective function is recorded, and the process repeated a large number of times.
After many repetitions a realistic distribution is obtained for the value under investigation 2.
Where the actual distribution of the independent variables is not known, a normal distribution
is often assumed. In such cases the mean of the distribution is assumed to coincide with the
nominal value of the variable, and the standard deviation is related to its specified tolerance. A
very common rule of thumb is to set the standard deviation such that the tolerance limits are
at +3 standard deviations, or sigma (o), from the mean value *® ™) There is a trend in
modern companies, following the lead of Motorola Inc., to work towards increasing this value
to 6 sigma, (with an allowance of 1.5 sigma for process drift resulting in an effective value of
+4.5 sigma) Y. However, for the purposes of this study a 3 sigma value was chosen as a
convenient starting point.

Monte Carlo analysis is considered by many authors, see for example Shi ), Xu and Zhang *¥
and Chase and Parkinson ®, to be a powerful technique for computing mechanism reliability,
but its use has often been rejected in the past because of its intensive computational
requirements. However, the massive increase in computer power and availability in recent
years has made this argument against Monte Carlo methods less relevant than was once the
case. The ease of formulation and great flexibility of Monte Carlo analysis makes it attractive,
and thus it has been chosen as the simulation tool for this analysis.



A further question relating to Monte Carlo studies involves the appropriate number of
iterations needed to result in an accurate determination of, in this case, the distribution of lock
load values. Recommended iterations vary widely in the literature, ranging from 300 @9 300-
3000, right up to 100000-400000 *'. Once again, the optimum number seems to depend on
numerous factors, not least of which is the required accuracy of the derived distribution (28),
An approach which takes into account the required accuracy of the results is used by Dunn and
Shultis **”, who use the Weak Law of Large Numbers to derive the number of iterations
needed. It was decided to use this approach in this study. However, as computing power is not
expected to be an issue in this case, it was decided that whatever results were obtained would
be rounded up to a convenient figure, and possibly be further modified by examination of the
perceived smoothness of the resultant graphs. It was decided to consider this further once
initial results had been obtained.

A further question to be considered in this review was to define what could reasonably be
achieved by the application of these methods. The overall aim of tolerance analysis is defined

) as “design improvement... (by) systematically selecting tolerances

by Chase and Parkinson
throughout an assembly to ensure that design requirements will be met.” What is not
mentioned in this definition is that the ideal situation, that of all products meeting all
requirements, is not always obtainable in practice. Instead, only a proportion of the
manufactured assemblies will typically be completely satisfactory on testing or inspection at
the end of the production line. This proportion is known as the first pass yield of the process.
The remaining non-complying production is usually re-worked or scrapped depending on the
characteristics of the product in question. This represents a significant cost to the
manufacturer; not only in the direct costs of fault finding and repair, but also in increased
product cycle time, delivery delays, and the cost of in-process inventory ®. According to

19)

Pyzdek and Keller ™®, companies operating at between three sigma and four sigma typically
spend 25-40% of their revenue fixing problems. In companies operating at six sigma this figure
comes down to 5%. These figures may be somewhat misleading, as no mention is made of the
complexity of the products being made. Final product failure rates are typically a function of
both component failure rates and component count. Nevertheless, it is clear that the point

made by the authors is still valid.

Other authorities have conducted research into first pass yield targets, and these vary widely
according to assembly complexity, number of variables, industry type and so forth. Some
examples are:

e World class companies should have a first pass yield exceeding 99% 8.

e Atypical circuit board with around 1000 components has a benchmark first pass yield
of 97.5% 7.

o The average first pass yield for “Best in Class” Engineering companies is around 91%
(although this figure includes rejects from the manufacture of the individual

components and reflects multiple processes running at an average of 5.04 sigma) 2



After consideration of these figures, it was decided that the initial target for the first pass yield
of the device assembly, after optimization of the actuating mechanism, would be 99%.

Finally, particular note was taken of a series of reports prepared by Dr A. Hay, relating to the
mechanism under investigation as well as other similar mechanisms. In these reports,
investigations were conducted into various aspects of the definition and analysis of the
mechanism’s characteristics.

Hay first demonstrated 22) 3 method of determining the static friction coefficient of the torque
link / actuator interface by experimental methods. In his work the friction coefficient was
derived from lock load measurements performed using an apparatus of known dimensions.
This method was felt to be appropriate for the current study. His work, however, employed an
idealized representation of the mechanism, with a limited number of independent geometric
variables being used in the positional analysis. In addition, certain of the interfaces between
the components had been idealised, and no allowance was made for process capabilities in the
manufacture of the components. In particular, the number of samples measured in the trials
was very small compared to the likely variability in results, and all gecometric dimensions were
set to their nominal value without reference to their manufacturing tolerances. For the current
study, the number of samples will be significantly enlarged to accurately describe the
geometry of the mechanism. The process capabilities used in the manufacture of components
and the variation of manufactured dimensions within tolerance bands will also be taken into
account.

In an extension to his work *, Hay proposed a method for automating the generation of
solutions to a set of kinematic constraint equations defining a mechanism. Hay’s approach was
initially considered appropriate for the current project, but was ultimately not used. As
explained in the text, it was felt that deriving general solutions for the dependent variables
offered greater flexibility for subsequent manipulation of the system.

Hay finally applied the above developed techniques to perform a sensitivity analysis >

ona
static model of a mechanism similar to the one under investigation in this project. The
variables thereby identified as having the most influence on the correct functioning of the

mechanism were then subjected **to a dynamic sensitivity analysis using MSC ADAMS.

These sensitivity analyses demonstrated the applicability of the various techniques described
in Hay’s earlier works. Several of the recommendations contained in these reports, such as the
use of vector analyses in the modelling phase and the experimental derivation of friction
coefficients, were thus adopted as a starting point for this project.



1.3 Objectives and Methodology.

Due to the complex nature of the mechanism under investigation it is appropriate to present

the objectives of the research and the detailed methodology together.

Two existing mechanism configurations will be considered initially. Once insights have been

gained, a third mechanism will be proposed and analysed.

13.1

Analyse the design of actuating mechanism Option 1.

Create an analytical model of the actuating mechanism.

Develop a planar, closed form analytical model representing the static equilibrium
state of the actuating mechanism Option 1. Formulate the model using vector loop
analysis.

Validate the model.

Confirm the geometrical validity of the model by comparison with a parametric CAD
model, constructed using the same independent variable values. Repeat this check
several times using different variable values to confirm the accuracy of the derived
variables.

Confirm the validity of the force calculations and of any assumptions made during the
model’s development. Use the following method:

o  Convert the model to a stochastic version by allowing the value of each
independent variable to vary randomly within a normal distribution defined by its
nominal value and tolerance.

o Set each variable distribution mean to the nominal value of the variable, and
define its standard deviation such that the variable tolerance limits are +3c from
the mean.

o  Perform a Monte Carlo analysis on the model, and derive a distribution for the
resultant actuating mechanism lock load predicted by the model.

o Compare the predictions of the model with historical lock load data to obtain an
initial impression of the validity of the model.

o Compare the lock load functional limits to the distribution predicted by the
model. Evaluate the capability of the design to maintain the actuating mechanism
lock load within the required functional limits.



1.3.2

133

Determine variable sensitivities.

Perform an empirical analysis to determine the sensitivity of the actuator mechanism
lock load to variation in the values of each independent variable. Develop an
application to facilitate this analysis. Set all independent variables individually to their
upper and lower limits, while fixing all other variables at their nominal values.
Ascertain the effect on the actuator mechanism lock load of each manipulation.

Analyse the sensitivity by means of a Pareto chart, and identify priorities for further
investigation.

Analyse the actual performance of the Option 1 mechanism.

Update the model to determine its behaviour using actual component distributions.

Obtain actual variable distributions for the components used in the assembly. These
may be obtained from historic statistical process control data or from direct
measurement, as appropriate.

Substitute the actual component variable distributions for the theoretical distributions
previously used in the model, and derive an updated prediction for the distribution of
the Option 1 actuating mechanism lock load.

Obtain actual performance data for the Option 1 actuator mechanism.

Obtain actual Option 1 lock load distribution data by direct measurement. Compare
this distribution with the predicted lock load distribution derived in the previous step.

Compare the model’s predictions to the actual performance and analyse the results.

Compare the two sets of results, and reconfirm the validity of the model now that
actual component variable distributions are used. Evaluate the distribution of the
actual actuator mechanism lock loads and compare to the target of 99% falling within
the functional limits.

Analyse the actual performance of the Option 2 mechanism.

Update the model.

Reconfigure the model to accommodate geometrical and other differences between
the Option 2 and Option 1 actuating mechanisms.
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Validate the geometrical integrity of the model as previously accomplished for the
Option 1 variation.

Obtain additional actual component variable distribution data, where required.
Obtain actual performance data.

Obtain the predicted and actual performance data for the Option 2 actuating
mechanism in the same manner as for Option 1.

Compare the model’s predictions to the actual performance and analyse the results.

Compare the actual and predicted distributions for Option 2 and contrast these with
those previously obtained for Option 1.

Analyse any differences found. Evaluate the implications of the analysis, in particular
any design or performance insights to be gained from the exercise.

1.3.4 Propose a design for a new Option 3 actuating mechanism.

The following assumes that the results of the analysis of Options 1 and 2 indicate that a
modification to the design of the actuating mechanism has the potential to achieve the
targeted increase in first pass yield.

Develop a proposal for an improved design.

Use the insights and results obtained in Section 1.3.3 to propose a solution to the problem

of increasing the first pass yield of the actuating mechanism.

Predict the behaviour of the new design.

Using the models previously developed predict the behaviour, lock load distribution and

first pass yield of the proposed improvements.

Estimate financial implications.

Estimate the costs associated with implementation of the new design and the length of the
payback period.

11



2 DESCRIPTION OF THE ACTUATING MECHANISM

The following section presents an overall description of the purpose and design of the
actuating mechanism. The differences between the Option 1 and Option 2 actuating
mechanism variations are discussed, as well as general requirements and limitations imposed
on any future Option 3 proposal. The design of the obsolete “Option 0” variation is given for
comparison purposes.

2.1 General principals of operation.

As discussed in the introduction, and as shown in Figure 1.1, the presence of a fault condition
causes the motive unit to apply a force to the actuating mechanism. This motive force
overcomes the actuating mechanism’s lock load, triggering its actuation. This in turn causes
the engagement mechanism to collapse, thereby rendering the device into a safe mode.

The motive unit is considered for the purposes of this study to be a fully independent sub-
system having no influence on the performance of the actuating mechanism. In particular, the
motive force supplied by the motive unit is considered to be constant.

In contrast to this, the geometric details of the engagement mechanism contribute to the
position and orientation of elements of the actuating mechanism. In addition, the tolerances
applied to the housing base, the mechanism frame, the handle and various other elements all
contribute to the precise definition of the actuating mechanism’s geometry.

Consequently, this study is confined to the control of the actuating mechanism lock load, but
subject to the geometric and force influences of the device as a whole.

An overall schematic view of the device is given in Figure 2.1. Various sections of the
mechanism will be described and illustrated in more depth later in the study.

12
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Figure 2.1 Schematic view of actuating mechanism Option 1.

Notes:

Revolute joints 1 and 2 are fixed relative to the base, subject to the tolerances on the boss
locations. The corresponding hole locations on the bottom frame are similarly subject to
tolerances. The precise relationship between the base and the bottom frame and their relative
orientation is thus tolerance dependent.

Revolute joints 3 and 4 are fixed relative to the bottom frame, subject once again to the
applicable tolerances in the location of the joints.

The knife edge joint 5 has, in practice, a small radius on the actuator shoulder. Itis therefore
treated as a revolute joint, with a precise location subject to tolerances in the base, bottom
frame, and link frame.

Revolute joint 6, between the handle and the engagement arm, is free to move along a radius
centred on joint 3, limited by stop 8 and other limitations not relevant to this study.

The translational joint 7 is kept in engagement by the main spring.

Features 8 and 9 are located on the base, with their precise locations once again subject to
tolerance.
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Item 10 is a pressure pad, and is part of the non-moving portion of the engagement
mechanism. For the purpose of this study it is assumed to be attached to the base, subject to
positional tolerances. The fixed and moving pressure pads are required to be held together by
a substantial force in order to maintain the device in an operative condition. The moving
pressure pad, item 11, is attached to the end of the engagement arm.

2.2 Actuating mechanism operation.

The actuation of the mechanism is achieved as follows.

Actuotor \?L\] ~— Link frome

1 1 ¥

Knife edge

Catch foce tronslotional joint

Revolute joint

Torque link

Actuotor flange

Main Sprmgjg
T

Engogenent Torgue derived
mechanisn fron notive force

Figure 2.2 Actuating mechanism schematic view: option 1.
(Note that the actuator return spring is omitted for clarity).

1. The actuator pivots on a knife-edge arrangement against the link frame. (Note that in
practice there is a small radius on the actuator shoulder, thus rendering the actual
joint position dependent on the radius value).

2. Aspring loaded pivoting torque link is mechanically retained by the actuator. The
spring additionally supplies the engagement force to the pressure pads.

3. When the actuator flange is attracted to the motive unit as described in Section 2.1,
the catch face of the actuator slides upon the end of the torque link until the torque
link disengages from the actuator.
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4. The torque link is now free to move under the influence of the main spring, and the
resultant movement of the torque link causes the engagement mechanism to collapse,
rapidly opening the pressure pads.

5. The fault condition is cleared, the magnetic field collapses, and the actuator returns
under the influence of its own (weak) return spring to its rest position.

6. The mechanism is now ready to be reset when the handle (not shown) is next
operated.

The design as detailed above is very efficient in terms of component count and thus cost, but
in situations such as this where certain components have several different functions, the
optimization of their design becomes challenging.

For example, a primary function of the torque link is to anchor and locate one end of the main
spring. This main spring has to be fairly strong, as it provides both the engagement force
applied by the pressure pad, and the motive force behind the acceleration of the engagement
arm upon actuation of the mechanism. Both the engagement force and engagement arm
acceleration should ideally be as large as possible for optimum functioning of the device. The
strong main spring results, however, in a large torque being applied to the torque link.

This large torque results in a large normal force being present in the translational joint
between the catch faces of the actuator and the torque link. Friction in this joint opposes the
action of the relatively weak magnetic force generated by the motive unit. This friction also
leads to wear in the catch faces which may have long term consequences. Long term effects
are not considered further as part of this study.

The control of the system of moments applied to the actuator is of paramount importance for
the correct operation of the actuation mechanism, and requires constant monitoring and
specialized manufacturing processes to achieve.

This design challenge has several potential solutions.

The two solutions which are currently used in production actuating mechanisms of the type
under consideration can be described as Option 1 and Option 2. The similarities and
differences between these two solutions are discussed in the next sections.

2.3 Control of catch face friction: Option 1.

2.3.1 Force and moment diagrams.

Free body diagrams of the active components of the actuation mechanism are shown below.

The following conventions are used in the diagram:

15



Constraint forces vectors: force vector exerted by body 3 on body 1. (f')

/2= force vector exerted by body 1 on body 2. (f™)
/3= force vector exerted by body 2 on body 3.
External force vectors: f™ = main spring force vector.

f™€ = motive force vector.

f* = actuator spring force vector.
Moments = actuator torque from f“? acting on angled catch face.
= actuator torque derived from catch face friction.
= actuator torque from actuator shoulder friction.
= actuator torque derived from .
= lock load torque.

= torque link torque derived from friction at point A.

All vector quantities are shown in bold face. The approximate orientations of the components’
coordinate systems are indicated in the diagrams. The definition of these coordinate systems is
necessary for the vector loop analysis shown later in this study.
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Figure 2.3 Free body diagrams: system at equilibrium, at point of actuation.

Note that certain of the constraint force vectors are assigned descriptive names later in the
study, where this is felt to aid in a better understanding of the model. The moments
experienced by body 2 are shown separately in Figure 2.4.
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From the forces shown in the above diagram, a group of moments are applied to the actuator.
These moments are illustrated in the following diagram.
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Figure 2.4 Moments applied to the actuator: system at equilibrium, at point of actuation.

The forces and moments illustrated in Figures 2.3 and 2.4 are discussed in the following
section.

2.3.2 Description of forces and moments.

1. The torque link tip exerts a force f/ (from now on named f or catch face force) upon an
angled catch face within the body of the actuator at point B. The force f is derived from
the main spring force f™, reduced slightly by the reactive torque stemming from £/* (from
now on named f'). This force vector " has a component f,“ normal to the angled actuator
catch face, which exerts an anti-clockwise reactive torque (t°) on the actuator. This torque
is dependent both on the magnitude of the force " and on the length of the moment arm
over which it acts. This moment arm length is itself dependent on the precise orientation
of the angle catch face relative to the knife edge.

2. The friction in the joint between the actuator and torque link exerts a clockwise reactive
torque (t°f) on the actuator when an attempt is made to rotate the actuator in an anti-

clockwise direction towards the motive unit.

3. Similarly, friction in the actuator shoulder joint exerts a clockwise reactive torque (t™") on
the actuator when an attempt is made to rotate the actuator anti-clockwise.

4. The actuator return spring exerts, in the static case, a constant clockwise torque (t*) on
the actuator.

5. The magnetic attraction between the actuator flange and the motive unit (f"*¢) exerts an
anticlockwise torque (t™°€), which has to overcome the sum of the previous four moments

in order to actuate the mechanism.

6. This overall arrangement is referred to as actuating mechanism “Option 1”.

17



The resultant of the normal force, the two frictional forces and the actuator return spring force

is the lock load of the unit, which is traditionally expressed and measured in gram-force acting

at a radial distance of 25.0 mm from the actuator shoulder (point Cin Figure 2.3).

2.3.3 Control of forces and moments.

In order to control the forces and moments in this system, it is necessary to control the

following factors:

1.

The coefficient of friction p at the actuator / torque link interface. This can be achieved
by:

e Post manufacturing treatment of the engagement surfaces of the interface to enhance
surface quality.

e Wear resistant plating.

e Material selection.

e Quality control procedures to continuously monitor the production process.

e Alternate manufacturing processes for the torque link.

Note that there are currently two manufacturing processes which can be used for the
Option 1 torque link, process A and process B. Process A is considered obsolete in the
context of the Option 1 actuating mechanism, which uses the preferred process B. Torque
links manufactured using the old process A were used for the now obsolete Option 0
mechanism, and were in fact the only difference between these two variations.

The angle ¢ between the catch face translational joint normal vector and the vector
between the catch face translational joint and the knife edge (see Figure 3.3). This angle
defines the length of the moment arm over which f, is applied. The angle can be
controlled by:

e Precise control of the actuator catch face angle by means of post-processing.
e Maintenance of the knife edge and thus the precise location of the revolute joint.

The force applied by the actuator return spring This can be achieved by:

e Tightening the tolerance on actuator spring material thickness and composition.
e Tightening the tolerance on the actuator spring geometry.
e Provision of alternative preload spring location points. (See feature 9 in Figure 2.1).
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2.4 Control of catch face friction: Option 2.

The second actuating mechanism design, Option 2, is in fact a variation on the Option 1 design.

Actuotor \7:-\] Link frane

Knife edge

Catch face tronslotionnl joint

Revolute joint

Tarque link

Actuotor flonge

Main spring

Engogenent

mechonisn Torque derived

fran motive force

Figure 2.5 Actuating mechanism schematic view: option 2

In this variation, the angled actuator catch face is replaced by a stainless steel roller pin,
located within a housing mounted on the actuator. The translational joint angle, which defines
the moment arm length over which the catch face force acts and which was implemented on
the actuator catch face in mechanism Option 1, is now transferred to the torque link catch
face, while retaining a similar function. This arrangement is referred to as “Option 2”.

This solution is perceived to have the following advantages, the extent of which is examined
later in this study.

1. The surface finish of the stainless steel roller, and thus its coefficient of friction, is more
consistent than the angled actuator catch face it replaces.

2. Variation in the quality of the wear resistant plating on the actuator catch face is avoided.
3. Itis easier to accurately maintain the required angle on the torque link catch face (which is

formed directly from the tooling), than on the actuator catch face (where the angle is
formed in a post manufacturing process).

There are, however, certain drawbacks to this design.
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1. The assembly of the roller into its housing is time-consuming, labour-intensive and difficult
to automate.

2. Without special surface treatments, wear in the torque link catch face where it engages
the roller can become a problem.

3. As this solution is implemented on a small scale for specialized applications, the torque link
used for Option 2 cannot currently be manufactured using the preferred type B process
used for the Option 1 solution.

4. The production processes associated with this design are not currently optimised for high
volume production, and such optimisation would require significant capital investment.

2.5 Control of catch face friction: Option 3.

It is assumed at this point that the need for a third design option will become apparent during
the course of the study. Should this be the case, then consideration will have to be given to the
specification, requirements and limitations of the design.

Any hypothetical third option for the design of the actuating mechanism could potentially
involve increased costs. These might relate to increased component complexity or to increased
production or assembly costs. Such increased costs would have to be offset by some
advantage inherent in the updated design which led directly to an increase in first pass yield
for the actuating mechanism, and a corresponding reduction in the costs associated with
repair and re-work.

Alternatively, the third option could possibly have a reduced cost. In such a case, it would have
to be demonstrated that the quality of the final product would not be adversely affected by
the introduction of the new design.

These and other requirements and limitations pertaining to any proposed third option are
summarized as follows.

2.5.1 Option 3 design requirements and limitations.

The following requirements and limitations are imposed upon any potential design solution.

e The functional limits for the distribution of the lock load values must be consistently
met.

e No changes are allowed which may adversely affect the operation of the motive unit.
(Note that the actuator has a dual function, and is an integral component of both the
actuating mechanism and the motive unit).
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No changes are allowed which would require the mechanism to be recertified to
national or international standards. The definition of how extensive a design change
would have to be to necessitate recertification is somewhat loose, but it is accepted
that any changes to the overall method of operation or substantial changes to
magnetic or electrical circuitry would require recertification.

All proposed changes are required to pass internal testing equivalent to certification
testing, even if formal recertification is not required.

The physical dimensions and overall profile of the mechanism housing must remain
unchanged.

All proposed changes to be RoHS compliant.

The cost of all proposed changes must be justified in terms of the cost savings
associated with the improved first pass yield of the actuating mechanism.

Although this study is focused upon the control of the actuating mechanism lock load,
it must be remembered that this is only one characteristic of a fairly complex device.
No changes are thus allowed that would impact on the performance of any other
attribute of the device’s internal systems.
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3 ANALYSIS: MECHANISM OPTION 1

As stated in Section 1.3.1, it was decided to analyse the Option 1 actuating mechanism with
the aid of a static planar model. It was further decided to develop the geometric definition of
the model by means of vector loop analysis, in order to derive functions for all of the
dependent geometric variables. These functions were to be checked with the help of a
parametric CAD model of the mechanism.

The forces and moments were then to be introduced into the model to derive a definition of
the lock load as a function of the independent variables in the system.

The validity of the design was to be established with the aid of Monte Carlo analysis, and the
sensitivity of the design to changes in each independent variable to be investigated by use of
an empirical application.

Actual distributions for the independent variables were then to be introduced to evaluate the
performance of the model in a real-world situation in comparison with the actual performance
data.

3.1 Static analysis.

The relative positions of the components of the mechanism are determined by the nature of
their defined joints and by the physical sizes of the components.

The physical sizes are specified as:

e The nominal dimensions of the components, and

e The allowed tolerance in these dimensions.

The permitted variation in the sizes of the components causes variation in the orientation of
the mechanism. These positional variations in turn result in variation in the forces experienced
within the system. In particular, the force required to actuate the mechanism is influenced in
an as yet inadequately defined manner by such positional variations.

In order to determine the sensitivity of the lock load to the tolerance specified for each
dimension, and thus verify the suitability of the tolerances, it was first necessary to perform a
positional analysis of the mechanism by means of vector loop analysis.
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3.1.1 Positional analysis.

Schematic views of the planar mechanism designated “Option 1” are illustrated in Figures 3.1

& 3.2. The mechanism is illustrated in two diagrams for clarity.
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Figure 3.1 Assembly of Option 1 components, orientation of local coordinate systems (part 1).
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Figure 3.2 Assembly of Option 1 components, orientation of local coordinate systems (part 2).
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Notes:

The mechanism illustrated above is somewhat unusual in that the location and
orientation of the coordinate systems of each component is not fixed, but can vary
according to the tolerances applied to the location of the joint positions on both
elements of each joint. For example, the angle y between the nominally coincident
coordinate systems ig, jo and i3, jsrepresents the tolerances applied to the location
elements (or revolute joints) at O and P. Similarly, the exact positions of the nominally
fixed revolute joints at S, T, and A are tolerance dependent. The revolute joint at H and
the translational joint at C are allowed to move depending on the geometry and
position of their components. This is explained in more detail as follows.

The global coordinate system, indicated by the unit vectors (i, jo), is by definition
coincident with the coordinate system of the base.

The bottom frame and link frame can, due to the method used in their assembly, be
considered as one part. The combined part “frame” then has a coordinate system
indicated by the unit vectors (i, j3).

The frame locates onto the base via locating holes which engage with studs located on
the base at positions O and P.

The origins of the coordinate systems indicated by (i, j;) and (io, jo) are coincident.
The angle y represents the tolerances in joints O and P, and has a nominal value of 0°.
The stop located at joint B is an integral part of the base.

Joint A is considered to be a revolute joint.

The coordinate system of the handle, indicated by the unit vectors (is, js), is
constrained at an angle h; to the base by means of integral stops located in the shell.
This angle is considered have a tolerance of £0.5° for the purposes of this study.

The fixed pressure pad G is considered to be integral with the base.

The coordinate systems of the engagement arm, torque link and actuator, indicated by
(i, o), (i1, j1), and (iy, j,), are at angles &, a and B respectively to the global coordinate
system. These angles are to be determined.

The co-ordinate system of the link frame (i, j2) has been fixed relative to the bottom
frame and is thus not used further.

An analysis of the mechanism illustrated in Figures 3.1 & 3.2 indicated that the

mechanism’s configuration was defined by the following independent variables. (See
Figures 3.3 and 3.4)
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Table 3.1 Independent variables: mechanism Option 1.

t; | torque link length (mm)

t, | torque link tip radius (mm)

t; | torque link centres: spring notch to pivot point (local x) (mm)

t, | torque link centres: spring notch to pivot point (local y) (mm)

ts | torque link pivot point radius (mm)

a; | actuator shoulder to catch face (mm)

a, | actuator catch face angle length (mm)

as | actuator catch face angle value (°)

a; | actuator shoulder to flange length (mm)

as | actuator bend outer radius (mm)

as | actuator shoulder radius (mm)

p, | bottom frame plate centres: location 1 to location 2 (local y) (mm)

ps | bottom frame plate centres: location 1 to torque link pivot point (local x) (mm)
p, | bottom frame plate centres: location 1 to torque link pivot point (local y) (mm)
ps | bottom frame plate centres: location 1 to link frame location (local x) (mm)
ps | bottom frame plate centres: location 1 to link frame location (local y) (mm)
p; | bottom frame plate centres: location 1 to handle location (local x) (mm)

ps | bottom frame plate centres: location 1 to handle location (local y) (mm)
m; | link frame location centre to actuator location (local x) (mm)

m, | link frame location centre to actuator location (local y) (mm)

b, | shell base centres: location 1 to location 2 (local x) (mm)

b, | shell base centres: location 1 to location 2 (local y) (mm)

b; | shell base location 1 centre to actuator stop (local x) (mm)

bs | shell base location 1 centre to fixed pressure pad (local x) (mm)

bs | spring location centre (local x) (mm)

b, | spring location centre (local y) (mm)

by | spring location radius

c: | engagement arm centres: pivot point to spring location (local x) (mm)

C, | engagement arm centres: pivot point to spring location (local y) (mm)

c; | engagement arm spring location centre to pressure pad (radial dimension) (mm)
h, | handle centres: pivot point to actuator location (local x) (mm)

h, | handle centres: pivot point to actuator location (local y) (mm)

h; | handle angle relative to base(in the “on” position) (°)

s3 | main spring upper location (torque link) radius (mm)

s, | main spring lower location (engagement arm) radius (mm)

ss | actuator spring thickness (mm)

Se¢ | actuator spring width (mm)

s; | actuator spring flatness (mm)
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From the above independent variables, the following dependent variables were derived.

Table 3.2 Dependent variables: Mechanism Option 1.

torque link local to global coordinate system angle (°)

actuator local to global coordinate system angle (°)

bottom frame plate local to global coordinate system angle (°)

torque link / actuator catch overhang (mm)

actuator / actuator stop tangent point (global y) (mm)

main spring length (loaded) (mm)

engagement arm / engagement pad tangent point (global y) (mm)

main spring force vector angle 1 (°)

main spring force vector angle 2 (°)

engagement arm local to global coordinate system angle (°)

torque link/main spring moment arm length (mm)

torque link/actuator moment arm length (mm)

catch force vector angle (°)

catch face angle force moment arm length (mm)

cle|le|o|> - |||~ |on|< ||

catch face friction force moment arm length (mm)

bottom frame plate centres: location 1 to location 2 (local x) (mm)

e
firy

Additional variables relating to the orientation of the flexible member “actuator spring” will be

introduced later in the analysis.

3.1.1.1 Determination of mechanism configuration: Option 1.

Dimensions relevant to the alignment of the actuator and torque link are shown in Figure 3.3.
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Figure 3.3 Dimensions of Option 1 components, part 1.

Dimensions pertaining to the positioning of the handle and engagement arm are

illustrated in Figure 3.4.
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In order to determine the dependent variables, various vector loops were defined.

The vector loops were constructed in such a way that they formed a closed chain of vectors,
each leg of which was defined in terms of the components’ independent variables plus one or
two of the dependent geometric variables. The applicable coordinate system was noted.

The notation used for the vectors was as follows:
r,”" indicates the vector to A from T, expressed in terms of coordinate system O.

As many of the individual vectors were initially expressed in terms of other coordinate
systems, they had to be converted to the system used for the loop as a whole by means of a
transformation matrix 2.

Once all the vectors were transformed into the same coordinate system, the vector loop was
described by summing the vector equations. Two equations, representing the sums of the X
and Y coordinates respectively, were thereby obtained. These equations were set equal to
zero, describing the closed nature of the loops. The two equations now contained either one
or two unknowns, which were determined by individual or simultaneous solving of the
equations as appropriate.

The following vector loops were solved for this analysis.
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Figure 3.5 Option 1: Vector loop 1.
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Figure 3.6 Option 1: Vector loop 2.

Figure 3.7 Option 1: Vector loop 3.
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Figure 3.9 Option 1: Determination of y.

3.1.1.2 Determination of dependent variables.

Once the mechanism had been described in terms of the four vector loops and the diagnostic
diagram shown above, the vector loops were solved in order to determine values for the
dependent variables.

In his work examining a similar problem “*' Hay contends that “the most difficult and time
consuming part of performing an analytic static force analysis is determining a closed form
solution expressing the mechanism assembly in terms of its factors”. He then demonstrates
the use of a Matlab algorithm using the Newton-Raphson method to solve a system of
nonlinear kinematic constraint equations.
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This approach was considered carefully for this project. It was however decided to solve for

each variable explicitly. Obtaining general solutions for the dependent variables was felt to

offer greater flexibility for further manipulation of the system than would be possible using

unique variable solutions. (See Figure 3.15). The further refinement of Hay’s Matlab program

for use as a design tool for problems of this sort remains as a future challenge.

A detailed derivation of the dependent variables in given in Appendix A.

The equations of the dependent variables are summarised in Table 3.3 below.

Table 3.3 Definition of dependent variables for mechanism Option 1

Y= -arctan (bz/bi1) + arctan (p2 / /(b? + b? — p2) ) (A1)
(i) ) :
= arcsin| — — Y — arctan | ——— )
B aZ + (a, —as)? a4 —as (A.9)
€= (ps-mj)siny + (ps- mz) cosy +assin (f +v) +(as- as) cos (B +7v) (A.10)
i ZX + YVX?2 + Y2 — 72
a= arcsin X2 1 Y2 where
X=ttan(f+y-az3)-ti+t
Y=ti-ttan(B+v-a3)+t2
(A.30)
Z=Atan(B+vy-a3)-B
A =cosy (ps—p3-m1) - siny (ps+ps—mz) + t2sin (B+y-az) + ai sin (B+y)
- azsin (B+y) tan az
B =siny (ps- p3—-mi1) +cosy (ps+ ps—mz) —-tzcos (B +y-az)-aicos(f+7Y)
+ azcos(f3 +v) tan as
(t1 — t2) cosa + t2sina- A
S = , (A.20)
cos(B + y) + sin(B + y)tana3
t; —ty;) sina —tycos a + tycos(az; — B —
b= a3-PB-y + arctan (t — t3) 2€C 2% (az =B —v) (A.32)
(t; —ty) cos a + tysin a + tysin(az — B —vy)
. . 2
o= \/ ((t1 —ty)cosa + t, sina + t,sin (a3-f — y)) (A31)

+ ((t; — ty) sina — t, cosa + t, cos(az - B — v))?
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) (—p7 cosy + pgsiny + h; cos(h; +y) —h, sin(h; +y) +¢c; — b5>
arcsin

V(& +c3)

&= (A.40)
C2
+ arcos | ————

(x/ (cf+ 65))

n=  -pssiny-pscosy+ hisin (hs+vy) +hzcos (h3+7vy) +cisin§ + czcos § (A41)

¢= J(Sf +55) — 83 + 54 (A.50)

L= arctan (s1/s2) (A.51)
—tzsin a - t, cos « — s3cos (arctan(s; /s S

0= arctan( & r e ( 51/ 2))) + arctan (—1) (A52)
—tzcos a + t, sina — szsin (arctan(s;/s;)) S,

\= (—tgcosa + t,sina — s5 sin(arctan(s; /s;)))? (A53)

+(—tgsina - t,cosa — s; cos(arctan(s;/s;)))? '

The above equations were checked against several parametric CAD models of the mechanism,
and were found to hold for a range of input values extending well beyond the tolerances
specified for the independent variables.

The equations were thus considered to be free from derivation errors.

3.1.2 Force analysis.

With the planar geometry of the mechanism defined in terms of its variables, it was possible to
examine the force required to operate the mechanism.

This force is a function of the mechanism’s geometry, the force exerted by the main spring
(f™), the torque applied to the actuator by the actuator spring (t°°), and the friction in the
mechanism’s joints.

This resultant force is known as the lock load (f**) of the mechanism, and is historically
expressed as a gram-force value applied perpendicular to the primary axis of the actuator, at a
distance of 25.0 mm from point A. For the mechanism to operate, this force must be less than
the available motive force (™).
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3.1.2.1 Determination of the static forces acting on the torque link.

Figure 3.10 illustrates the forces acting on the torque link, as well as certain of the geometric
variables which were used in the force calculations.

fmS

Figure 3.10 Static force vectors and moments acting on the torque link.

In Figure 3.10 the force applied by the main spring acts along the vector f™. A component of
that force, defined by the cosine of angle 8 and the length of the moment arm A, applies an
anticlockwise torque to the torque link. This torque is opposed by a moment of equal value
caused by the reactive force f* applied by the actuator on the torque link,the reactive frictional
torque T' present in the revolute joint T and the reactive frictional moment at C. The
magnitude of f* is primarily dependent on the original torque and the length of the moment
arm p. Note that the angles a and 4 represent the angles between the force vectors and the
global coordinate system.

The two forces f™ and f are balanced by the reactive force exerted by the bottom frame on
the torque link f'. This force, along with the radius ts and p',the static friction coefficient of the
revolute joint at point T define T', the reactive frictional torque at T.

The derivation of solutions for the unknown forces in the system is shown in Appendix A, and
the force equations are summarised in Table 3.4.
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3.1.2.2 Determination of the static forces acting on the actuator.

The forces applied to the actuator are illustrated in Figure 3.11 below.

Figure 3.11 Force vectors acting on the actuator.

The catch face force applied by the torque link f* has a component f,, the magnitude and
direction of which are partially dependent on the catch face angle as. This force applies an
anticlockwise torque to the actuator of a magnitude dependent on the length of the moment
arm . This torque is opposed by a frictional reactive force dependent on the catch face static
friction coefficient p“ and the moment arm length w.

The actuator spring applies a clockwise torque dependent on the spring force vector °and the
moment arm length L.

Finally, the reactive force f/* (see Figure 2.3) exerts a reactive clockwise torque t" on the

actuator, dependent on the joint radius ag and the actuator shoulder static friction coefficient
sh

Vil
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3.1.2.3 Determination of the static forces applied by the actuator spring.

Most of the variables shown in the Figure 3.12 below are self-explanatory. Factors not shown
are the actuator spring width ss, the actuator spring thickness sg, and a factor relating to the
actuator spring flatness W,.
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Figure 3.12 Variables relating to actuator spring displacement.

The displacement s of the actuator spring causes the force vector f* to be applied to the
actuator. This force, acting over the moment arm length L, applies the clockwise moment t*°to
the actuator at point A.

In the physical system there is an additional variation provided for the value of s, implemented
as a second spring location point, displaced along the local “x” vector from the point bg. This
variable (bg) was not considered further for this analysis.
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3.1.2.4 Determination of actuator spring flatness.

In addition to the actuator spring displacement defined by bgs — by, there was a further
variation to be considered, namely the effective addition or subtraction to the value of s
resulting from variations in the flatness of the actuator leaf spring, which either reduced the
effective displacement or induced a pre-load in the spring, depending on the orientation of the
curvature. This curvature was measured and limited by variable s; below. This variable,
measured at the mid position of the actuator spring, resulted in an effective displacement w,
at the operating position.
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Figure 3.13 Variables relating to actuator spring flatness.

Note that W; refers to the displacement at the spring end and W, refers to the displacement at
the spring actuation point.

The derivation of W, is shown in Appendix A2.4, and was found to be 2.83 s; This value was
checked against field observations, and was found to be consistent with the observed values.

Thus for all spring force calculations a value of 2.83 s; was added to the value of s.

Note that the sign of s;yindicates whether the curvature of the spring is concave or convex. A
positive value indicates that the spring is convex, while a negative value indicates that the
spring is concave.
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A detailed derivation of the forces variables is given in Appendix A.

The equations of the force variables in Appendix A are summarised in Table 3.4 below.

Table 3.4 Definition of force variables: Option 1

P= (p2+2ppcisind+(ue sind)’)- ((ts)2 (u"2)
—Q+.Q2—4pPR Where Q=-((t)* (u")22f (cos§cos a+ sinfsina))

fer= >p - (2X cos 6 fms(p + p<fsind) (A.57)
R= (Acos 8 )2 - ((ts)2 (WT)2 (f5)?2)
ff = £ cos(¢) (A58)
fos= k(- sf+ 0.85) (A.59)
3
ps—  SESeSs (A.60)
413
3
ws— SESeSs (A.61)
412
L= (ps + b7-mz) / cos B, (A.62)
S = bz — bg + bg+ W, (A.63)
W,= 283s; (A.69)

3.1.2.5 Determination of p<, p and p*".

The actual values for the three static friction coefficients are, as is often the case for
mechanical components, not explicitly specified. Their control is implicitly controlled by the
surface finishes, plating and other treatments specified for their manufacture. This was
considered to be inadequate for the purposes of this study, and an accurate determination of
the catch face friction coefficient was undertaken. (See Section 3.2.1). For the initial analysis
of nominal design values, historically accepted values of 0.15+0.03 for the catch face friction
coefficient and 0.20%0.10 for the torque link pivot point and actuator shoulder friction
coefficients were used.

With the values of u<, f™, £, f' & f." having been determined, it was now possible to
determine the theoretical lock load by evaluating the static forces acting upon the actuator.
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3.1.2.6 Summary of the static forces acting on the actuator.

The moments acting on the actuator immediately before it begins to move are required to
have a vector sum of zero. (See Figure 2.4). This requirement can be expressed using
previously derived variables as:

IR L L L Y ) (3.1)
ie
v fncf +25ft = Hwafan e Msh a6fcf (3.2)

Where, to recap,

u is the coefficient of friction of the catch face between the actuator and the torque link,
T is the coefficient of friction of the actuator shoulder and link frame joint,

Th is the coefficient of friction of the torque link revolute joint,

™ is the torque exerted on the actuator by the actuator spring (Nmm),

T is the torque exerted on the actuator by the torque link via the actuator catch face

angle (Nmm),

o is the frictional torque of the catch faces (Nmm),

Tl is the frictional torque of the actuator shoulder (Nmm),

™ is the lock load torque (Nmm),

W is the angle force moment arm length (mm),

w is the friction force moment arm length (mm),

as is the actuator shoulder radius (mm),

£ is the catch force, ie the force exerted by the torque link on the actuator (N),
fan is the component of the catch force normal to the actuator catch face (N), and
f* is the lock load (N).
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3.1.3 Determination of lock load.

From the values determined in the preceding sections, the force required to operate the

mechanism Option 1 could be expressed as:

The independent variables considered in this analysis had the following nominal values with
respect to the mechanism Option 1.

fLL -

((H.Cf (.0)' LIJ)fan + _[as+ IJ.Sh aefo

25

Table 3.5 Variable distribution means (nominal).

Variable Nominal Variable Nominal

value value
ty 17.60 b, 4.60
t, 0.08 b; 23.06
t3 5.15 bs 3.04
ts 5.80 bs 21.14
ts 0.80 b, 19.30
a 10.30 bg 0.50
a, 1.20 C 4.30
as 40 G 20.80
ER 26.00 C3 5.10
as 2.10 h, 2.80
ae 0.05 h, 11.70
P2 4.60 h; 19.00
Ps 6.92 S3 0.40
Pa 3.77 Sq 1.00
Ps 25.20 Ss 0.192
Pe 6.31 S6 2.90
p7 4.26 Sy 0.125
Ps 5.00 e 0.15
m; 0.44 Tl 0.20
ms 0.80 ume 0.20
b, 15.82 ! 0.20

(3.3)
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Solving Equation (3.3) resulted in:
f' = 18.26 gf.

This agrees well with the historical values obtained on the production line, thus suggesting that
there are no major errors in the formulation of the model.

3.1.4 Evaluation of design tolerances.

It was indicated in Section 1.2 that the design tolerances would be evaluated by means of a
Monte Carlo analysis. Since the lock load had been expressed in terms of all the independent
variables (see Equation 3.3), it was possible to perform the Monte Carlo analysis by assuming
the following:

e The variable values were normally distributed,
e The variable mean values were equal to their nominal values, and

e The standard deviation of each variable was such that the production tolerance of the
(3)

variable was equal to the generally accepted 3 o from the mean ™.

e As mentioned above, the catch face friction coefficients are not explicitly specified as a
design variable, and were thus assumed to have the historically accepted value of 0.15
10.03 for the catch face friction coefficient and 0.2010.10 for the actuator shoulder
and the torque link pivot point.

When considering the number of iterations to perform for the analysis, the approach of Dunn
and Shultis "’ was used. Using their method, the Weak Law of Large Numbers can be
formulated as
o2
Prob{|xy —ul <e€}=21—-|—=]=1-6
{|XN U| } (NEZ (X))

Where Xy is the population mean, p the sample mean, € the error, 62 the population variance,
(1 — 68) the probability and N the sample size.

If the probability of the sample mean being within 0.1c of the population mean is required
(somewhat arbitrarily but based on Dunn and Shultis) to be 99.36%, then

o? o2

N>— = =
5€2 ~ (0.0027)(0.16)2  0.000027

= 37037

Rounding this up as proposed in Section 1.2 resulted in a sample size of 50000.
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A Monte Carlo analysis of the model was implemented, with the following results.

Lock Load Analysis: Mechanism "Cption 1" {variable distributions as per design), 50000 iterations
2500 T T T T

predicted lock load
18.26

=tdd deviation
1.547

2000
lock losdd + 3 sigma
23.81

Lavaer functional limit
Upper functional limit

lock load - 3 sigma
12.73

1500

Frequency

1000 -

500 - -

5 10 15 20 25 30
Predicted Lock Load (gf)

Figure 3.14 Predicted lock load distribution: Option 1.

As the functional limits for the lock load are defined to be 12 — 23 gf for the application
considered in this analysis, it can be seen that the predicted lock load distribution was fairly
well located between these limits, with a small portion of the distribution exceeding the upper
process limit.

The cumulative normal distribution calculated for the above mean and standard deviation
indicated that the samples exceeding the upper tolerance limit were expected to be around
0.56 per cent of production, while the samples exceeding the lower tolerance limit were
expected to be around 0.04 per cent. This agreed fairly well with a subjective view of the
distribution expected from experience with the real life production process.

The initial conclusions drawn from the Monte Carlo analysis were thus as follows:

e The mean lock loads predicted by calculation and by the Monte Carlo analysis are
identical at the precision used, confirming the absence of formulation errors.

e Closer inspection of historical records indicated that the model’s predictions were
somewhat optimistic, in terms of the proportion of production rejected for exceeding
both of the functional limits. It was decided that further clarity on this opinion was to
be obtained by experimentation and refinement of the model. (The results of such
model refinement can be seen in Figure 3.25, and lock load measurements from a
production sample are given in Section 3.2.7).
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e The tolerances specified for the independent variables seemed to be largely
appropriate for achieving a high first pass yield, but left little margin for error.

The model thus appeared to be adequate as a starting point, and the next stage of the project
was focused upon its refinement.

Note that the choice of 50000 as the number of iterations to be performed by the Monte Carlo
analysis has resulted in a graph having adequate smoothness without any excessive random
artefacts. A trial run using 200000 iterations was performed, and the values obtained were
identical to the previous results at the number of significant figures used. It was thus decided
to retain 50000 as the chosen iteration value for the rest of the analysis.

3.1.5 Sensitivity Analysis.

In order to ascertain the degree to which each variable contributed to the lock load
distribution, it was necessary to perform a sensitivity analysis.

A spreadsheet was developed as a means of manipulating individual variables within their
tolerance bands, in order to determine the relative effect of changes in the value of each
variable on the lock load. A screen shot of the application, with all variables set to their
nominal values, is shown in Figure 3.15.

The spreadsheet displays all factors relevant to the mechanism.

Each independent variable is equipped with a slider control, whereby its value can be adjusted
within a band defined by its tolerance limits. The independent variables are all initially set to
their nominal design values, and can be reset to these values by pressing the reset button
provided.

Manipulation of the independent variables, individually or in combination, causes an update in
the value of all affected dependent variables, up to and including the lock load. In this way all
the effects of adjusting the value of any variable or variables can immediately be seen.

Certain variables are de-activated on the sheet, as they are applicable only to the Option 2
actuating mechanism. A separate spreadsheet page is provided for the Option 2 variation,
where the appropriate variables are available for manipulation.

Certain values not directly applicable to this project, such as the engagement force between
the pressure pads, are provided for their utility value outside the context of this project. In
addition, a feature is included for examining the effects of specific classes of catch face surface
defect. (See Appendix B for further explanation).
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Figure 3.15 Lock load manipulation spreadsheet.
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Each variable was individually adjusted to the limits of its tolerance field while fixing all other

variables at their nominal values, and the predicted effects on the lock load noted. A Pareto

chart, illustrating the relative influence on the lock load of maximising or minimising each
variable, is shown in Figure 3.16 below.
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Figure 3.16 Relative effect of deviation of variables from nominal values.

It is evident from Figure 3.16 that the friction coefficient of the catch face had by far the
largest effect on the mechanism lock load. The top five contributors to lock load variation
were:

Catch face friction coefficient (26.0%),
e Actuator spring flatness (8.4%),

e Actuator stop position (7.9%),

e Actuator catch face angle (7.9%),

e Actuator spring thickness (7.9%),
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These five variables alone together contributed nearly 60% of the lock load variation, and gave
a very good indication where future efforts regarding component manufacturing control
should be concentrated.

An initial examination of the definition of these five variables showed that the spring flatness
and thickness, the stop position and catch face angle were all well defined, and had been given
dimensional tolerances that were appropriate to the processes used in their manufacture and
their relative importance to the mechanism. While the tightening of these tolerances was
noted for future study, it was felt impractical to attempt such process changes in this project.

The catch face friction coefficient by contrast was less well defined and controlled, and with a
lock load variation contribution of 26.0% it was the obvious candidate to be addressed in order
to improve the first pass yield of the mechanism.

3.2 Model Validation: Option 1.

The method used to validate the model was as follows.

e Actual values were obtained for the catch face friction coefficient. (After the initial
experimental results had been obtained, this section was expanded to include the
modelling of catch face surface imperfections).

e Actual values were obtained for the mean and distribution of all geometric variables
used in the model.

e These measured values were substituted into the model, replacing the values obtained
from the design parameters. The model then represented actual production
mechanisms, rather than the design.

e A representative sample of production mechanisms was measured, and the
distribution of the measured lock loads plotted.

e The measured lock load distribution was then compared to the predictions obtained
from the model.

3.2.1 Determination of catch face friction coefficient u‘f.

It was mentioned in Section 3.1.2.5 that the coefficient of friction of the catch face was
assumed to be in the range 0.12-0.18.

Since it had been demonstrated how important this coefficient actually is, it was necessary to
determine the actual distribution of its value under production conditions.
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3.2.1.1 Measurement method: catch face friction coefficient: Option 1.

The equation for determining the lock load derived in Section 3.1.3 could be used to determine
the catch face friction coefficient if all the other variables were known.

As the mechanism components were subject to dimensional variation as detailed in the
previous sections, it was necessary to substitute the majority of the mechanism with a gauge
of known and fixed size.

The gauge illustrated in Figure 3.17 ** was developed prior to the commencement of this
project for the purpose of evaluating the interface between the catch faces of the torque link
and the actuator.

The gauge fulfilled all functions of the mechanism with the exception of the actuator, actuator
spring, main spring and torque link.

The dial gauge was located such that its measuring arm engaged directly with the actuator.
Rotation of the body of the gauge thus exerted a load on the actuator, substituting for the
motive force normally provided by the motive unit. The gauge was gradually rotated,
increasing the force applied to the actuator, until the mechanism disengaged. The force that
was required to trigger the specific actuator / torque link pair, its lock load, was then read
directly from the gauge.

YDiQ gouge

Torgue link

Moin spring

Figure 3.17 General arrangement: lock load gauge.
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The lock loads of 270 actuator / torque link pairs were measured by the above method over a
period of three months, in order to give as accurate a spread of results over time as possible.
(There is no significance to the number 270 other than the availability of samples for testing).

For each actuator / torque link pair the force required to begin to displace the actuator from
its rest position in the un-latched condition was also measured, thereby giving a direct
measurement for f°, and thence for ™. All other values, including f™, were measured directly
from the gauge.

(Note that the due to the use of process B in the manufacturing of the torque link, its
dimensions were very consistent. It was thus not necessary to perform profile measurements
on each individual component used in the exercise).

As shown in Equation (A.73) in Appendix A2.5, the coefficient of friction in the catch faces can
be calculated by:

p = 25f*-25F°  + 0.1026
36.02

The coefficient of friction was calculated for each actuator / torque link pair, and a summary of
the results is shown in Figure 3.18 below.

3.2.1.2 Measurement results: catch face friction coefficient: Option 1.

Distribution: catch face friction coefficient
Option 1.

80

70 1

60 -
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20 4

0.08 0.1 0.12 0.14 0.16 0.18 0.2 022 0.24 0.26

Friction coefficient
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Figure 3.18 Distribution: catch face friction coefficient: Option 1. (270 samples).

When Figure 3.18 was examined, it was evident that the use of a normally distributed friction
coefficient to describe the interaction between the actuator and the torque link would be
inadequate, and that the range 0.12 — 0.18 was not sufficient to characterise the coefficient of
friction. The peaks to the right of the mean are too extensive to be artefacts of the relatively
small sample size, and the reason for their existence had to be investigated.

This inadequacy is addressed in more detail in the next section.

3.2.2 Modelling of catch face defects and imperfections.

Since the graph of measured friction coefficients appeared to represent a combination of
several superimposed distributions, it was conjectured that the combined distribution
represented both the friction coefficient and a set of extraneous effects caused by damage or
imperfections in the catch faces.

In order to examine this possibility, a study was conducted on the likely effects of various catch
face imperfections. The results of this study are detailed in Appendix B.

A variety of case face imperfections of different forms were modelled, and the conclusion
drawn that was of interest here was that the catch face imperfections could be treated as local
variations in the actuator catch face angle at the point at which they interfaced with the tip of
the torque link. The catch face imperfections typical of an Option 1 actuator are shown in a
magnified section view in Figure 3.19 below.

Figure 3.19 Microscopic photograph of catch face surface imperfections: Option 1 actuator.
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Using this technique it was now possible to replicate the observed catch face friction
coefficient distribution by using a combination of an actual friction coefficient distribution and
one or more catch face imperfection distributions.

Note that this technique takes no cognisance of the shape, size or any other characteristic of
the defect itself, but merely on the effect that such defect has on the perceived catch face
friction coefficient.

Using the sample lock loads obtained in Section 3.2.1.1, the data was rearranged to represent
the lock load minus the actuator spring force, giving a distribution for the forces derived only
from the torque derived from the torque link.

It was now necessary to represent this data distribution as the optimized sum of several
discrete normal distributions.

These normal distributions were derived using the Matlab simplex search algorithm
fminsearch'® to minimize the difference between the data and the summed normal
distributions.

The best optimisation results were obtained when using 3 discrete distributions as illustrated
in Figure 3.20. (Note: all lock loads are shown in gf).

60 T T T T T T T

""""" Actual data
Constrained best fit

50

mean1 =3.739
std devl =1.258
frequency1 =0.521

mean2 =6.665 =
std dev? =1.268
frequency2 =0.344

40

mean3 =10.38
std dev3d =1.258
frequency3 =0.135

Frequency
w
o

20

1 |
B 8 10 12 14 16

Lock load (without actuator spring)

Figure 3.20 Lock load data approximated by the sum of 3 normal distributions.
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The derived distribution (solid line) was more clearly illustrated when it was separated into its
component parts as shown in Figure 3.21.

0.35

03 /\\
—— Main distribution
Defect 1
0.25 /

VN

N R VA
N S\
REVAYA NV

8 10 12 14 16

combined

Relative frequency
o
=
w

Lock Load (without actuator spring)

Figure 3.21 The lock load distribution separated into its component parts.

The graphs shown in Figures 3.20 and 3.21 were interpreted as follows.

The primary distribution, representing variation in the friction coefficient, had a mean lock
load contribution of 3.739 grams with a standard deviation of 1.258 grams, and no influence
from catch face imperfections. This combination had a relative frequency of 0.521.

The remaining two distributions were attributable to the presence of catch face imperfections
or damage, and were interpreted as follows:

e A minor defect resulting in an average of 2.926g being added to the 3.739g lock load,
with a total lock load standard deviation of 1.268 g and a relative frequency of 0.344;
and / or

e A more severe defect resulting in an average of 6.621g being added to the lock load,
with a total standard deviation of 1.2589g and a relative frequency of 0.135.

Any of these defects may or may not occur in any particular mechanism.

Note that the use of algorithm fminsearch initially resulted in an even more accurate
approximation of the actual sample values of 3.1.6.1. However, an initial examination of the
results showed that the following constraints were required to keep the results realistic.
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e The standard deviation of each of the “lock load + defect” combinations was

constrained to be greater than or equal to the standard deviation of the lock load
alone, on the basis that the addition of a variable was unlikely to reduce the overall

standard deviation.

e The frequency of any combination was constrained to be greater than or equal to zero.

The above graphs were optimized subject to these constraints.

3.2.3 Re-evaluation of the catch face friction coefficient distribution.

The primary lock load distribution was converted to a set of catch face friction coefficients by

means of Equation A.75 derived in Appendix A2.5.

K and o were then estimated by use of the following equations

n

A=x=1/n 3 x
i=1

and

n
6°=1/n S
i=1

(26).

(xi—x)?

Application of these formulae resulted in the values displayed in Table 3.6.

Table 3.6 Derivation of primary friction coefficient mean and standard deviation.

% ° 32 S g S 3 8 2 g
S < 2 * 8 g = E E x
£ iy &

0 0.00382754 0.10255 | 0.000392514 0.000648661 | 2.48278E-06
1 0.02963926 | 0.109359663 0.00324134 0.000348165 | 1.03193E-05
2 0.12199635 | 0.116169325 | 0.014172234 0.000140411 | 1.71296E-05
3 0.26690584 | 0.122978988 0.03282381 2.54E-05 | 6.77941E-06
4 0.31038526 | 0.129788651 | 0.040284484 3.13227E-06 | 9.72209E-07
5 0.19185622 | 0.136598313 | 0.026207236 7.36075E-05 | 1.41221E-05
6 0.0630351 | 0.143407976 | 0.009039736 0.000236826 | 1.49283E-05
7 0.01100831 | 0.150217638 | 0.001653643 0.000492787 | 5.42475E-06
8 0.00102186 | 0.157027301 0.00016046 0.000841491 | 8.59885E-07
9 5.0419E-05 | 0.163836964 8.26047E-06 0.001282939 | 6.46843E-08
10 1.3223E-06 | 0.170646626 2.25644E-07 0.001817129 | 2.40277E-09

f= 0.127983942 5=  7.30855E-05
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Thus the primary distribution of the friction coefficient had a mean of 0.128 and a standard
deviation of 0.00855.

3.2.4 Derivation of values for catch face imperfections.

The derived catch face friction distribution illustrated above was then substituted for the
theoretical values in the Monte Carlo analysis.

Running the updated Monte Carlo analysis resulted in the following graph.

Model Werification: Mechanistn Option 1 (ho defects), 50000 iterations
3000 T T T

2800
predicted lock load
3797

std deviation —
1.363

2000

catch face angle

4.040, std deviation: 0.154
1500 - catch face friction coeff.
0128, st deviation: 0.00855

Frequency

1000

a00 -

-8 o 4 10 15
Predicted Lock Load (without actuator spring)

Figure 3.22 Monte Carlo analysis: option 1, actual variable values, no imperfections.

The mean lock load predicted by the model (3.797g) differed from the value derived from the
actual measurements (3.739) by less than 0.06g; well within the measurement error of the
lock load data. The standard deviation was predicted to be 1.363g as opposed to the measured
1.258g; once again small when compared to the measurement error.

Following the approach of considering the catch face imperfections to be local variations in the
actuator catch face angle, it was possible to use an iterative method to derive means and
standard deviations for the two local effective catch face angles which resulted in lock load
distributions matching those measured in the three superimposed distributions illustrated
above.

Application of this method resulted in the graphs shown in Figures 3.23 and 3.24.
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Model Werification: Mechanism Option 1 {"Defect 1), 50000 iterations

3500 T T
3000 - B
predicted lock load
500 b BEST i
std deviation
1.279
catch face angle
2000 - 3001, std deviation: 0167 —
>
§ catch face friction coeff
EX 0.128 | std devistion: 0.00776
o
L -

m
]
=]

1000

500

0 g 10 18
Predicted Lock Load (without actuator spring)

Figure 3.23 Monte Carlo analysis: imperfection 1.

Model Werification: Mechanism Option 1 ("Defect 2"), 50000 iterations

3500 T T
3000 -
predicted lock losd
10,360
2500
std deviation
1254
catch face angle
. 2000 1624, std devistion: 0.134
é catch face friction coeff.
El 0128, SD:0.00776
z
1500+
1000 -
500 -
o 1
1] g 10 15

Predicted Lock Load {without actuator spring)

Figure 3.24 Monte Carlo analysis: imperfection 2.

A comparison of the predicted and the measured values illustrated above is given in Table 3.7.
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Table 3.7 Comparison of values derived from model and from actual measurement.

Values derived from Values derived

measured samples (gf) | from model (gf)
Main distribution mean 3.739 3.797
Main distribution standard deviation 1.258 1.363
Imperfection 1 mean 6.665 6.657
Imperfection 1 standard deviation 1.279 1.279
Imperfection 1 mean 10.38 10.36
Imperfection 1 standard deviation 1.254 1.254

The following values for the distribution of the Option 1 catch face friction coefficient and for
the derived local variations to the catch face angle were used for the rest of this analysis.

Mean p": 0.128 o: 0.00855

Mean catch face angle 4.04° o: 0.154°

Defect 1 mean angle: 3.001° o: 0.167° Probability: 34.4%
Defect 2 mean angle: 1.624° o: 0.137° Probability: 13.5%

3.2.5 Actual values of geometric variables.

Samples of all applicable components were measured, and their variable distributions were
recorded. In most cases, random samples produced over a period of several years were
selected, in order to give as representative a sample as possible. The actuator and torque link
samples were taken from current production. The sample size was varied primarily according
to the relative importance of the variable being measured, but also on occasion due to such
factors as the relatively low probability of a particular variable changing in size over time. For
example, where the centre distance of two holes is fixed in a tool, it is of more value to obtain
the dimensions obtained from each individual tool set or mould cavity used in production,
than it is to examine the (non) change of such dimension over time. In such cases the value of
the dimension was obtained from the qualification measurements performed during the tool’s
commissioning.

The values obtained for all variables are shown in Table 3.8, with notes pertaining to the
measurement methods used and the sample sizes. The variables are listed in order of
importance as per the Pareto chart (Figure 3.16).

The actual variable distribution values and tolerances were used in all further analyses;
however their specific numerical values are not required outside of such analyses and are thus
not explicitly presented in Table 3.8.

55



Table 3.8 Variable distribution means and standard deviations (actual).

Theoretical Actual

Var. | Relative nominal | tolerance | mean Standard Derived Sample

influence deviation | tolerance | size,

percent - rank (30) method
e | 26.04% 1 0.15 * 0.128 * * 271 (a)
S7 8.43% 2 0.125 * 0.160 * * 45(d)
b; 7.95% 3 23.06 * 22.94 * * 16 (c)
a3 7.93% 4 4.0 * 4.040 * * 30 (f)
Ss 7.90% 5 0.192 * 0.191 * * 50 (b)
m; 4.77% 6 0.44 * 0.482 * * 30 (d)
ER 450% 7 0.05 * 0.098 * * 30(f)
1, 438% 8 17.60 * 17.61 * * 36(e)
Ps 3.49% 9 6.92 * 6.915 * * 20 (d)
b, 2.94% 10 4.60 * 4.620 * * 16 (c)
Ps 2.87% 11 | 25.20 * 25.24 * * 20 (d)
be 238% 12 |21.14 * 21.04 * * 16(c)
S 2.28% 13 2.90 * 2.906 * * 50 (e)
P, 1.97% 14 | 4.60 * 4.598 * * 20 (d)
t, 1.60% 15 0.08 * 0.103 * * 30(d)
by 1.19% 16 0.50 * 0.505 * * 16(c)
b, 1.00% 17 19.30 * 19.38 * * 16(c)
ut 1 0.78% 18 |0.20 * - * * -
bs 0.66% 19 3.04 * 3.149 * * 16 (c)
Pa 0.65% 20 3.77 * 3.801 * * 20 (d)
S3 0.63% 21 0.40 * 0.406 * * 20(d)
Ps 0.62% 22 | 6.31 * 6.274 * * 20 (d)
C 0.61% 23 20.80 * 20.85 * * 30(e)
a 0.54% 24 10.30 * 10.38 * * 30 (d)
ty 0.54% 25 | 5.80 * 5.799 * * 20(d)
t; 0.51% 26 | 5.15 * 5.134 * * 20(d)
w1 043% 27 |0.20 * - - - -
hs 0.35% 28 | 19.00 * 17.04 * * 30(d)
Cs 0.34% 29 |5.10 * 5.157 * * 30(e)
S4 0.31% 30 1.00 * 0.963 * * 50 (e)
h, 0.28% 31 11.70 * 11.69 * * 30(c)
as 0.26% 32 2.10 * 2.143 * * 30 (g)
m, 0.15% 33 0.80 * 0.794 * * 30 (b)
h, 0.15% 34 2.80 * 2.746 * * 30(c)
EN 0.14% 35 26.00 * 26.07 * * 50 (e)
Cq 0.12% 36 4.30 * 4.347 * * 30(e)
Ps 0.12% 37 5.00 * 4.987 * * 20 (d)
ts 0.10% 38 0.80 * 0.811 * * 20(d)
a, 0.08% 39 1.20 * 1.148 * * 20(d)
p7 0.02% 40 4.26 * 4.270 * * 20 (d)
b, 0.00% 41 15.82 * 15.80 * * 16 (c)
uV 1 0.00% 42 |0.20 * - - - -
bg not used 18.90 *
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The following equipment was used in obtaining measurements: (See Table 3.9).

Table 3.9 Measuring equipment used during experiments.

Reference | Instrument type Make & model
a Catch force gauge E2316A
b Digital micrometer Mitotoyo 293-521N
c Digital 3D machine Aberlink Axiom
d Digital shadowgraph Sigma M HF500
e Digital vernier calliper Sylvac S225
f Video microscope Nikon SMZ800
g Radius gauge Mitotoyo 186-105

Note that no feasible method was found to measure the remaining friction coefficients u", p*",
and u™, thus their nominal design values were used for the remainder of the study. This was
justified due to their low effect on the lock load distribution: 0.78%, 0.43% and 0.00%
respectively.

3.2.6 Updated Monte Carlo analysis.

The value distributions of the independent variables measured in Section 3.2.5, and presented
in Table 3.8, were substituted into the Monte Carlo analysis derived in Section 3.1.4. These
actual distributions replaced the theoretical distributions used up until now.

In addition, the updated catch face friction coefficient distribution derived in Section 3.2.1 was
substituted for the previously assumed values.

Finally, a probability function regulating potential local catch face angle modification was
introduced to simulate the effects of catch face damage or imperfections, according to the
parameters derived in Section 3.2.4.

The resulting Monte Carlo graph represented a prediction for the results which should be
obtained when measuring the lock load distribution of a population of actual mechanisms.

The results of the Monte Carlo analysis are given in Figure 3.25.
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Model Yerification: Mechanism Option 1 (including defects), 50000 iterations
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Figure 3.25 Monte Carlo analysis: actual variable values, all imperfections: Option 1.

As is evident from Figure 3.25, the model predicted that a significant portion of the actuating
mechanism lock loads would exceed the upper functional limit, with a smaller portion
exceeding the lower limit. This had been expected, as the perception that the first pass yield of
this process was inadequate had been the reason, as explained in Section 1.1, that the
actuating mechanism lock load had been selected for investigation in this study.

Note that the predicted lock load and standard deviation shown in Figure 3.25 assumes a
normal distribution which, as can be seen, is not quite the case. First pass yield predictions
based on the mean and standard deviation must thus be used with care.

Taking first pass yield figures directly from the model run data, the model predicted a first pass
yield of 94.12%, with 4.95% falling above the maximum functional limit and 0.93% below the
minimum.

The next section compares the model’s prediction with measurements taken from actual
actuating mechanism samples.

58



3.2.7 Measurement of actual lock loads for model verification.

An initial sample of 200 mechanisms was selected from 22 batches having various housing
profiles, performance ratings and production dates ranging over the previous five years.

All mechanisms were manufactured to Option 1 specification, including torque links
manufactured using process B.

In addition, 140 new mechanisms were sampled directly from 3 different production lines in
assembly plants around the country.

Once again, the number 340 represent the availability of samples rather than any specific
sample size optimization.

The mechanisms were opened, and the lock loads measured using an adjustable tension gram-
force gauge. At this point, a potential problem was noted. It was realized that with the gauge
discrimination being at the level of one gram, the accuracy of the measurements could never
be more accurate than £0.5 grams, compared to a bin width of 1.0 grams. In addition, the first
four or five times that the mechanism was actuated gave erratic readings for the lock load.
This was interpreted as being the effect of surface contamination / dust on the catch faces.
After several actuations, the lock load settled down to a consistent value, which was recorded
as the measurement for that particular actuator / torque link pair. All of the measurements for
all of the mechanism variations were carried out by one person (the author) in order to
minimise any subjectivity in the lock load readings. This was considered to be generally
satisfactory, but an area where improvement is recommended if further experimentation is
undertaken.

The distribution of the measured lock loads is shown below. Note that the frequency has been
scaled up by an appropriate factor to bring the scale in line with that of the Monte Carlo
analysis.
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Figure 3.26 Measured lock load distribution: option 1 (340 samples).

The above measured samples had an actual first pass yield of 95.9%, with 2.6% of the samples

falling above the maximum functional limit and 1.5% below the minimum.

3.2.8 Comparison of distributions.

The distribution of the measured samples was superimposed over the distribution predicted

by the model.

The comparison is displayed in Figure 3.27.
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Model Werification: Mechanism Option 1 (including defects), 50000 iterations
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Figure 3.27 Measured lock load distribution vs predicted lock load distribution.

The two graphs were compared using the following criteria:

e Distribution essentially normal.

e Small proportion of distribution below lower functional limit.
e larger proportion of distribution above upper functional limit.

e Distortion in the graph to the right of the mean.
e Shape of graph.

25

Predicted

Actusl

30

35

In addition, the specific predictions of the model were compared with the results obtained

from measurement. (See Table 3.10).

61



Table 3.10 Model predictions vs actual measurement: Option 1

Criteria Model Actual
Mean lock load 17.53 gf 17.11 gf
Lock load std. deviation 2.888 gf 3.356 gf
First pass yield 94.12% 95.89%
Above maximum lock load | 4.95% 2.64%
Below minimum lock load 0.93% 1.47%

When the error factor described in Section 3.2.7 is taken into account, the model and the

actual measurements correspond fairly well.

The catch face imperfections, although not completely understood at a fundamental level,

have been adequately accounted for in the two supplementary distributions, and their effect

in the model closely resembles the actual measurements.

The two graphs were thus considered to be a good match according to these criteria, and the
model was considered to be validated.
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4 ANALYSIS: MECHANISM OPTION 2

The design of the second actuating mechanism, Option 2, was discussed in Section 2.4

To recap, the angled actuator catch face was replaced by a stainless steel roller pin, while the
translational joint angle was transferred to the torque link catch face.

The difficulties inherent in controlling the actuator catch face surface in the Option 1 design
have been demonstrated by the results obtained in Section 3. The advantages of using the
roller pin to eliminate actuator catch face imperfections have thus become more apparent.

There are however several drawbacks to implementing this design on a large scale, including
the difficulty of assembling the Option 2 actuator and the lack of the improved type B
production process on the Option 2 torque link.

In the next section, the Option 2 mechanism was analysed using the same methods that were
employed for the Option 1 mechanism. The mechanism configuration was defined in terms of
its independent variables, and the theoretical lock load was determined. A Monte Carlo
analysis was used to establish the lock load distribution predicted by the model, and the model
updated to include the actual variable distributions. In particular, the actual static friction
coefficient for the Option 2 catch face was determined and included in the model.

The model was again validated by comparison with actual production lock load data.

4.1 Static analysis.

4.1.1 Positional analysis.

A schematic view of the planar mechanism designated Option 2 is shown in Figure 4.1 below.

Note the design differences present at point E, where the roller now forms part of the actuator
assembly and the catch face angle becomes a feature of the torque link.
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Figure 4.1 Assembly Option 2 components, orientation of local coordinate systems.

When the mechanism Option 2 was compared with Option 1, the following variables were
found to be no longer applicable. (See Table 4.1).

Table 4.1 Variables not applicable to mechanism Option 2.

t; | torque link length (mm)

t, | torque link tip radius (mm)

a, | actuator shoulder to catch face (mm)
a, | actuator catch face angle length (mm)
az | actuator catch face angle value (°)

In the Option 2 configuration, these variables were replaced by: (See Table 4.2).

Table 4.2 New variables applicable to mechanism Option 2.

ts | torque link catch face root distance (mm)
t; | torque link catch face angle (°)

a; | actuator shoulder to roller centre (mm)

as | actuator face to roller centre (mm)
ag | roller radius (mm)

a,o | actuator face offset (mm)
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The dependent variables were derived in a similar manner to those of Option 1, with the
following variations in the methods used.

4.1.1.1 Determination of Option 2 mechanism configuration.

Dimensions unique to the positioning of the Option 2 actuator and torque link are illustrated in
Figures 4.2 and 4.3 below.

J2
;i
iz
i
1-37 tﬁﬁ 07 P QQ
i] 04
Og
Tarque link (1) i
s —

Actuator (29

Figure 4.2 Dimensions of Option 2 components, where differing from Option 1.

Figure 4.3 Option 2 derived dimensions, where differing from Option 1.
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The vector loops for mechanism Option 2 were constructed similarly to those of Option 1, with

the following variations to accommodate the dimensional differences.

i A
. J
Figure 4.4 Option 2: Vector loop 1
4 /7 N
;~ L
|:| JO I.OAT
i ry’
O
T E
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. J

Figure 4.5 Option 2: Vector loop 2
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4.1.1.2 Determination of dependent variables.

The methods employed to evaluate the following variables are shown in more detail in
Appendix C.

The equations derived are summarised in the following table. (See Table 4.3).

Table 4.3 Definition of Dependent Variables

. ( _K ) as + alo
B = arcsin — Yy — arctan ( )
J@s +a0)? + (a, —as)? a4~ as
g=  where (C.8)
K= (cosy (ps- m1) - siny (ps-mz) -as - bz).
. (—ag — t¢ sin t7) 4 arct <B> h
a = arcsin | —————— arctan | — ) where
VAT 1 B2 7 A
= C.20
a A= cosy (ps- p3—mi) - siny (pe+ pa—-mz) + agcos (B + y)+ azsin (B +y) ( )
B= siny (ps- p3—-m1) + cosy (pe+ ps— mz) + agsin (B +y) -az cos (B +y)
cost7(A-tscosa) +agsina
08 = cos (a- 1) (C.21)
0= ti-ts-08 (C.22)
p= tg+ 866 (C.23)
o= (C.24)
g = (a;+agcos (B+d-a))sin(B+d-a)+ag—agsin (B+d-a)—ag—agsin B (C.25)
w= (a;+agcos(B+d-a))cos(B+d-a) (C.26)

The remaining positional variables are derived as detailed in Section 3 and Appendix A. All
dependent variable derivations were verified using a parametric CAD model.
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4.1.2 Force Analysis.

The force analysis was conducted using the methods developed for Option 1, adapted for the
slightly different geometry of Option 2.

4.1.2.1 Determination of the static forces acting on the torque link.

The following diagram illustrates the forces acting on the torque link, as well as certain of the
geometric variables which are used in the force calculations. (See Figure 4.6).

Figure 4.6 Force vectors and moments acting on the Option 2 torque link.

As shown in Section 3.1.2.1, the force applied by the main spring f™ is balanced by the reactive
force " applied by the actuator on the torque link, the reactive force f', the friction in the
revolute joint T, and the reactive frictional moment at E.

The derivation of solutions for the unknown forces in the system uses the same methods as
shown for Option 1. The force equations are summarised in Table 4.4.
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4.1.2.2 Determination of the static forces acting on the actuator.

The forces applied to the Option 2 actuator are illustrated below. (See Figure 4.7).

Figure 4.7 Force vectors acting on actuator type 2.

As shown in Section 3.1.2.2, the catch force fis applied by the torque link to the actuator. In
the Option 2 case however, the direction of the normal force f," is dependent on the angle ¢,
which is itself partially dependent on the torque link catch face angle t;. All other force vectors
and moments are as detailed in 3.1.2.2.

The derivation of the unknown forces in the system are again as per Option 1, and the force
equations summarised in Table 4.4.

4.1.2.3 Determination of the static forces applied by the actuator spring.

The forces applied by the actuator spring, as modified by the tolerance on the spring’s flatness,
were derived in the same way as shown in Section 3.1.2.3 and 3.1.2.4 for the Option 1 actuator

spring.

For reference purpose the equations derived for the force calculations of Option 2 are
summarised in the Table 4.4. The equations are in fact identical to those used for the Option 1
case.
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Table 4.4 Definition of force variables: Option 2

P= (p*+2ppcising+(u sind))- ((t5)? (H12)
—Q+.Q2—4pPR Where Q=-((ts)* (u")22f (coscos a+ sinfsina))

fer= >p - (2X cos 0 fms(p + pef sind) (A.57)
R= (Acos B fr)2 - ((ts)* (W2 (f)2)
ff = £ cos(¢) (A58)
fos=  k(¢-sf+ 0.85) (A59)
3
fas — SEsg sz (A.60)
413
3
s— SESeSs (A.61)
412
L= (ps + b7 - mz) / cosB, (A.62)
S = bz — bg + bg+ W, (A.63)
W,= 283s; (A.69)

4.1.3 Determination of lock load.

From the values determined in the preceding sections, and as illustrated in the case of the
Option 1 actuating mechanism (see Equation 3.3), the force required to operate mechanism
Option 2 can be expressed as:

fLL - ((ucf w)_ l.IJ)fan + Tas+ lJ.Sh aGfo
25

(see Equation 3.3)

With the information derived in the preceding sections, it was now possible to perform a
Monte Carlo analysis on the predicted lock load distribution for the Option 2 design. As was
the case for Option 1 a nominal value of 0.15+0.03 was used for the catch face static friction
coefficient. The results of the Monte Carlo simulation are shown in Figure 4.8 below.
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Lock Load Analysis: Mechanism "Option 2" (Variable distributions as per design), 50000 iterations
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Figure 4.8 Predicted lock load distribution: Option 2

As can be seen, the prediction for the Option 2 design was very similar to that for the Option 1

design. This was to be expected, as both variations were designed to perform the same
function; that is to comply with the same lock load range.

It was anticipated, however, that the differences between the two options would become
apparent once the actual distributions for the independent variables, and for the catch face
friction coefficient in particular, were substituted into the model.

Values for these distributions were therefore obtained, as detailed in the following sections.

4.2 Model Validation: Option 2.

The method used for validation of the Option 2 model followed the same steps as the Option 1

model, that is

e  Obtain actual values for the catch face friction coefficient distribution,

e  Obtain actual values for the geometric variable distributions,

e  Substitute these values into the model,

e  Obtain actual lock load distribution figures, and

e  Compare the actual lock load distribution to the predictions of the model.
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4.2.1 Determination of catch face friction coefficient qu.

4.2.1.1 Measurement method: catch face friction coefficient: Option 2.

The catch case friction coefficient applicable to the Option 2 arrangement was determined in
the same way as used previously for Option 1.

Therefore, as shown in Equation (C.27)

u = 25(f- £) + 0.0920
37.249

A sample of 240 Option 2 actuator and torque link pairs were measured on the jig described in
Section 3.2.1.1. The number of samples was again dependent on their availability.

The distribution of the friction coefficient values obtained by application of Equation (C.27) to
the measurement data is shown in Figure 4.9 below.

4.2.1.2 Measurement results: catch face friction coefficient: Option 2.

80
Distribution: catch face friction coefficient Option 2

70
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400 A

30

Freguency

20

Friction coefficient

Figure 4.9 Catch face friction coefficient distribution: Option 2 (240 samples).
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The distribution shown in Figure 4.9 was closer to a normal distribution than had been the
case with Option 1.

The underlying reason for the difference in the Option 1 and Option 2 distribution patterns is
unclear. Option 1 features a high production volume actuator design with post-processed
catch face, together with a torque link manufactured using the preferred process B. “Option 2”
has a high quality but low volume roller type actuator, while its torque link is manufactured
with the less-preferred process A.

It appears that the actuator surface imperfections may be somewhat more complex than the
imperfections found on the torque link, presumably due to the post processing and
subsequent surface treatment applied to the actuator offering more opportunities for error
than is the case with the single manufacturing process of the torque link.

Microscopic photographs of the Option 1 and Option 2 actuator catch faces and torque link
catch faces manufactured using Process A and Process B are shown in Figures 4.10 and 4.11.

The differences in quality between the various production processes are clearly seen.

Note that all of the photographs were taken at the same magnification.

Figure 4.10 Actuator catch face comparison: Option 1 (L) vs. Option 2 (R)

In Figure 4.10 it can be seen that the stainless steel pin used for the Option 2 actuator has a
much finer surface finish than the post-processed actuator catch face used for Option 1. The
vertical striations of Option 1 in particular are thought to contribute significantly to the portion
of the lock load attributed to surface imperfections. These catch face defects have a somewhat
random effect, depending on the severity of the imperfections as well as their precise
orientation and location relative to the torque link tip.
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Figure 4.11 Torque link catch face comparison: Process A (L) vs. Process B (R)

When the Option 1 and Option 2 torque link catch faces are compared, there is a similarity in
the overall type of surface finish present. The quality of the finish produced by Process B is
however noticeably finer than that produced by Process A, contributing to a lower incidence of
excessive lock loads in mechanisms featuring the Process B torque link.

4.2.2 Modelling of catch face defects and imperfections.

Following the method developed in Section 3.2.2, the measured lock load was split into
discrete distributions. The best results were obtained with just one catch face imperfection
distribution superimposed onto the frictional distribution.

The combined distribution is shown in Figure 4.12 below.
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Figure 4.12 Lock load data approximated by the sum of 2 normal distributions: Option 2.
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The combined distribution is shown separated into its component parts in Figure 4.13.
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Figure 4.13 The Option 2 lock load distribution separated into its component parts.

The main lock load distribution was converted to a friction coefficient distribution as per the
method demonstrated in Section 3.2.3.

The friction coefficient was found to have a mean of 0.1299 and a standard deviation of
0.00877.

Substitution of this catch face static friction coefficient mean and standard distribution into the
Monte Carlo model resulted in the following prediction of the distribution for Option 2 lock
loads - without the actuator spring and without any influence from catch face imperfections.
The distribution shown is thus a prediction of the characteristics of the theoretical lock load
distribution if it was influenced by the catch face friction coefficient only, free of any catch face
imperfection effects. This distribution is shown in Figure 4.14.
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Lock Load Analysis: Mechanism Option2, 50000 iterations
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Figure 4.14 Lock load distribution resulting from catch face friction coefficient distribution.
(Relative frequency 0.8804).

4.2.3 Derivation of values for catch face imperfections.

This distribution was again augmented by inclusion of the effects of the catch face
imperfections as previously described in Section 3.2.4. The local catch face angle variation
corresponding to the catch face imperfection distribution was determined iteratively, as
described in Section 3.2.4, and is illustrated in Figure 4.15.

This distribution modelled the effect that the manipulation of the derived local catch face
angle had on the predicted lock load, replicating the secondary distribution noted in Figures
4.12 and 4.13. This new distribution definition was now available for augmentation of the main
distribution illustrated in Figure 4.14 according to the relative frequency of defect occurrence
shown.
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Lock Load Analysis: Mechanism OptionZ, 50000 iterations
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Figure 4.15 Lock load distribution resulting from defect 1.
(Relative frequency 0.120).

The following values for the distribution of the Option 2 catch face friction coefficient, and for
the derived local variations to the catch face angle for modelling of the Option 2 catch face
imperfections, were extracted from the above and used for the rest of this analysis.

Mean p": 0.1299 o: 0.00877
Mean catch face angle 6.55° o: 0.00518°
Defect 1 mean angle: 5.08° o: 0.00517°  Probability: 12.0%

It is interesting to note that the improved lock load distribution of Option 2 appears to be
almost entirely due to the reduced incidence of catch face imperfections in this arrangement.
In fact, the underlying friction coefficient has a slightly greater standard deviation in Option 2
than in Option 1. This is believed to be caused by the process A manufacturing process of the
Option 2 torque link providing a greater number of opportunities for deviation from the

optimal state.
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4.2.4 Actual values of geometric variables.

Samples of all components that differed from the components examined for Option 1
were measured, and their variable distributions recorded. The measuring methods
shown in the right hand column refer to the list of measuring equipment referred to in
Table 3.9.

The mean values of the variables unique to Option 2 are shown in Table 4.5.

Table 4.5 Option 2 specific variable distribution means (actual).

Theoretical Actual
Var. | nominal | tol. mean o (or SD) | Derived sample
tolerance (30) | size, method
" [ o0.15 * 0.127572 * * 241 (a)
13 5.15 * 5.14395 * * 20 (d)
t, |5.80 * 5.74289 * * 20 (d)
ts 0.80 * 0.80027 * * 20 (d)
ts 16.38 * 16.41689 * * 20 (d)
t, |6.5° * 6.5512° * * 20 (d)
ER 26.10 * 26.09736 * * 20 (d)
as | 1.70 * 1.76872 * * 20 (d)
ER 0.05 * 0.079965 * * 20 (d)
a; | 10.05 * 10.0186 * * 20 (d)
ag 0.30 * 0.250595 * * 20 (d)
a, |0.35 * 0.350225 * * 20 (d)
ap | 0.40 * 0.41912 * * 20 (d)

All other variable distributions remained as per the standard catch face.

4.2.5 Updated Monte Carlo analysis.

The actual variable distributions and the measured catch face friction and surface imperfection
distributions derived in the previous sections were substituted for the nominal values
previously used in the Option 2 model. The methods used for the substitution were as
described in Section 3.2.6. Running a Monte Carlo simulation using the new data resulted in
the following prediction for the actual lock load distribution. (See Figure 4.16).
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Lock Load Analysis: Mechanism Option 2, 50000 iterations
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Figure 4.16 Monte Carlo analysis: option 2, actual variable values, all imperfections.

When the Option 2 lock load distribution shown in Figure 4.16 is compared with that of the
Option 1 distribution shown in Figure 3.25, it can immediately be seen that the proportion of
lock loads outside of the functional limits has been reduced substantially in Option 2.

The predicted first pass yield, taken directly from the Monte Carlo iteration data, is 98.69%,
with 1.08% falling above the maximum functional limit and 0.23% falling below the minimum.

The two distributions will be compared in more depth in Section 6.

4.2.6 Measurement of actual lock loads for model verification.

200 mechanism samples equipped with Option 2 actuating mechanisms were opened, and
their lock loads measured using an adjustable tension gram-force gauge. Again, the number of
samples measured reflects the availability of the samples.

The distribution of the measured lock loads is shown in Figure 4.17. Note that the frequency
has again been scaled up by a factor to bring the scale in line with that of the Monte Carlo
analysis, to which it will be compared.
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Distribution: Measured lock loads - Mechanism Option 2.
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Figure 4.17 Measured lock load distribution: Option 2 (200 samples).

Lock Load

The actual measurements resulted in a first pass yield of 97.5%, with 1.5% falling above the
maximum functional limit and 1% below the minimum.

4.2.7 Comparison of distributions.

The distribution of the measured samples was superimposed over the distribution predicted
by the model.

The comparison is displayed in Figure 4.18.
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Lock Load Analysis: Mechanism Option 2, 50000 iterations
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Figure 4.18 Predicted lock load distribution vs. Measured lock load distribution: Option 2.

The two distributions were compared using the same criteria as used in Section 3.2.8.

Once again there is a good match between the two distributions in terms of the locations of
their general features. The slight difference at the lower end of the lock load range is not
considered significant given the relatively small sample size used.

The comparison between the predicted and actual values is shown in Table 4.6.

Table 4.6 Model predictions vs actual measurement: Option 2

Criteria Model Actual
Mean lock load 17.28 gf 16.38 gf
Lock load std. deviation 2.119 gf 2.487 gf
First pass yield 98.69% 97.50%
Above maximum lock load | 1.08% 1.50%
Below minimum lock load 0.23% 1.00%

Once again the correspondence of the predicted and actual figures was fairly good. The Option
2 model was thus considered to be validated.
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4.3 Review of options 1 and 2.

The ana

lyses of options 1 and 2 were reviewed, and the following conclusions were noted.

The overall design of the actuating mechanism, as specified by the nominal sizes and
tolerances given in the design documentation, was capable of consistently producing
products having a lock load within functional limits. This statement was qualified
however due to the indirect specification of the friction coefficients in the system,
which added an element of uncertainty to the evaluation of the design. The predicted
performance of the actuating mechanism, subject to the friction coefficient
assumptions detailed in the text, is illustrated in Figures 3.14 and 4.8.

Most of the variable sizes pertaining to the design were well maintained within their
functional limits during manufacture.

The Pareto analysis revealed that the variable contributing by far the greatest amount
to variation in the lock load was the catch face friction coefficient.

The perceived friction coefficient included a component attributable to damage or
imperfection in one or both of the catch faces. These imperfections manifested
themselves in the distortions to the right of the mean in both of the lock load
distributions analysed, and have been modelled by means of local variation in the
effective catch face angles.

The Option 2 actuator appeared to have more consistent lock load measurements
than the Option 1 actuator, and the torque links manufactured by means of process B
appeared to have more consistent lock load measurements than those manufactured
by means of process A. The reasons for this are illustrated in Figures 4.10 and 4.11, and
discussed in Section 4.2.1.2.

The Option 1 actuating mechanism model predicted a first pass yield of 94.12%.

The Option 2 actuating mechanism model predicted a first pass yield of 98.69%.

From the above, it was clear that there was the potential to improve the first pass yield of the

manufacturing process by improving the consistency of the torque link / actuator interface.

The des
section.

ign of such improvement, as well as the quantification thereof is the subject of the next
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5 PROPOSAL AND ANALYSIS: MECHANISM OPTION 3

5.1 Proposal for option 3.

When the design constraints of Section 2.5.1 were considered, it became evident that there
was the potential for a major improvement in the torque link / actuator interface by combining
the Option 2 actuator with a modified Option 2 torque link having an improved catch face. This
upgraded torque link catch face could be provided by means of using the process B
manufacturing method.

This solution was perceived to comply with the following limitations:

e No changes to the geometry of the existing design Option 2.
e This implied very low risk in the introduction of the proposal.
e No certification implications.

e No implications for the motive unit.

The advantage inherent in this solution was anticipated to be an immediate increase in first
pass yield for the actuation unit assembly process, and consequently in the costs associated
with rework.

There were however certain perceived disadvantages. These included:

e The introduction of this solution to those products currently using the Option 1
actuating mechanism would introduce the added assembly complexity of the Option 2
actuating mechanism across the product range.

e This would imply increased costs, which would offset the gains associated with the
reduced rework.

e Introducing the improved process B into the Option 2 torque link across the product
range would also increase costs.

The disadvantages of the proposed solution would have to be outweighed by the cost savings
associated with an increased first pass yield.

For the financial calculations to be performed, it would be necessary to establish a reliable
prediction for the magnitude of such a first pass yield increase.

In order to develop such a prediction, the proposed Option 3 was evaluated following the
same techniques employed for Options 1 and 2.

Note: To avoid clumsiness in terminology, the current Option 2 torque link manufactured using
process A will henceforth be referred to as the “Option 2A” torque link, while the same
component manufactured using process B will be referred to as the "Option 2B” torque link.

Similarly, reference will be made to “Option 1A” and “Option 1B” torque links.
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5.2 Static analysis.

The proposed Option 3 actuating mechanism had an identical geometrical arrangement to the
Option 2 mechanism.

For an examination of the predicted lock load distribution of such an arrangement, it was thus
not necessary to respecify the geometric arrangement of the mechanism, but only to establish
the distribution of its catch face friction coefficient and surface imperfections.

An Option 2 torque link manufactured using process B, and thus suitable for use with the
Option 2 actuator in order to embody the proposed Option 3 arrangement, does not currently
exist. It was however possible to use the “Option 1B” torque link in order to predict the friction
coefficient distribution of the “Option 2B” torque link.

The catch face angle of the Option 1 torque link was entirely inappropriate for use with the
Option 2 actuator. However the same methodology as previously employed could still be used
for determination of the friction coefficient, and extrapolated for a suitable torque link catch
face angle.

5.2.1 Determination of catch face friction coefficient p°.

For the Option 2 actuator / Option 1B torque link combination the following values were used
with respect to the lock load measurement jig. (See Table 5.1).

Table 5.1 Variables relating to lock load measuring jig: option 3.

Variable (relating to roller catch actuator) Value

ue = | the coefficient of friction in the catch face Unknown

" = | the coefficient of friction in the actuator shoulder 0.2

u' = | the coefficient of friction in the torque link pivot 0.2

1) = | catch face angle force moment arm 0.0312 mm

w = | catch face friction force moment arm length 10.40 mm

f* = | lockload. To be measured
f* = | actuator spring force To be measured
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f™ = | main spring force 11.46 N

p = | torque link/actuator moment arm length 17.24 mm
A = | torque link/main spring moment arm length 8.046 mm
0 = | main spring force vector angle 1 47.28°

[0) = | catch force vector angle 0.1714°

4 = | main spring flexed length 19.20 mm

Using these values, the catch face friction was determined from the lock loads and spring

forces of 300 samples measured on the lock load jig as shown in Appendix D.

The catch face friction is calculated using Equation (D.1) as follows:

u = 25(f- ) + 0.00203

37.6277

The distribution of the friction coefficient values obtained by the use of the above equation is

shown in Figure 5.1 below.

Distribution: catch face friction coefficient
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Figure 5.1 Catch face friction coefficient: actuator Option 2, torque link Option 1B

85



The above distribution was compared with a true normal distribution having the same mean
and standard deviation. (See Figure 5.2).

Distribution: catch face friction coefficient
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Figure 5.2 Comparison: distribution of measured values vs normal distribution.

The catch face friction distribution shown in Figure 5.2 closely approximated a normal
distribution. This implied that the catch face imperfections, which tended to distort the
distribution to the right of the mean, were not present in this case. This further implied that
the combination of the Option 2 actuator with a torque link produced using process B largely
eliminated catch face imperfections from the system. This was the scenario that was hoped
would be achieved by this catch face combination. Attempts to define distributions for catch
face imperfections to model the slight discrepancy between the results and a true normal
distribution gave trivial results, and thus were not included in the model for Option 3.

5.2.2 Lock load prediction.

When the catch face friction distribution derived in Section 5.2.1 was substituted into the
Option 2 model, and the catch face angle adjusted to a more appropriate 6.1°, a model was
thereby created for the proposed Option 3 solution.

A Monte Carlo analysis of the new Option 3 model was performed, resulting in the following
prediction for the Option 3 lock load distribution. (See Figure 5.3).
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Lock Load Analysis: Mechanism Option 3, 50000 iterations
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Figure 5.3 Predicted lock load distribution: actuator Option 2, torque link Option 2B.

The shape of the distribution shown in Figure 5.3 is closer to a normal distribution than those
shown in Figures 3.25 and 4.16. In addition, a greater proportion of the distribution is situated
between the process limits.

The predicted first pass yield for the Option 3 variation is 99.36% with 0.09% falling above the
upper process limit and 0.55% below the minimum.

Using a preliminary costing for the estimated capital expenditure required to implement an
Option 3 solution across the entire product range of the device, offset against the cost saving
associated with the increased first pass yield, an estimated pay-back time of 2.7 years was
predicted.

A detailed comparison of the predictions for Option 3 and those of Options 1 and 2 is given in
the next section.
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6 COMPARISON OF RESULTS

For the sake of completeness, the obsolete “Option 0” actuating mechanism arrangement
mentioned in Section 1.1 was analysed using the same methodology developed for Options 1,
2 and 3.

It is superfluous to repeat the details of the analysis in this report, so only the results are
included for comparison purposes.

6.1 Comparison of static analyses.

The histograms representing the Monte Carlo analyses of the various models developed in the
previous three sections were combined in the following graph. (See Figure 6.1).

The combined graph depicts individual line graphs derived from the previously developed
Monte Carlo analyses, and indicates the functional limits of the mechanism.

Lock Load Comparison: Various Mechanisms, 20000 iterations
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Figure 6.1 Comparison of lock load distribution predictions.
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It was evident from Figure 6.1 that the models predict a steady improvement in yield when
moving from the obsolete Option 0, through the currently employed Options 1 and 2 and on to
the proposed Option 3. While there was minimal improvement at the lower functional limit,
associated with spurious mechanism actuation, there was significant improvement at the

upper limit, associated with correct mechanism operation. This indicated that the rework rate

will be significantly improved.

The expected first pass yield values determined from the Monte Carlo models are summarised

in Table 6.1 below.

Table 6.1 Predicted first pass yield values per construction type.

Option 0 Option 1 Option 2 Option 3
Option 1 Option 1 Option 2 Option 2
actuator, actuator, actuator, actuator,
Construction Option 1A | Option 1B Option 2A Option 2B
torque link. | torque link. torque link. torque link.
Mean lock load (gf). 19.39 17.54 17.28 16.95
Lock load SD (gf). 3.680 2.889 2.119 1.946
Predicted below
- 2.24% 0.93% 0.23% 0.55%
minimum F.L.
Predicted above
. 16.32% 4.95% 1.08% 0.09%
maximum F.L.
Predicted first pass
yield 81.45% 94.12% 98.69% 99.36%
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7 DISCUSSION

The geometric models of the Option 1 and Option 2 versions of the actuating mechanism were
successfully constructed using vector loop analysis. It was found possible to express the
unknown dimensions and the position and orientation of the individual component coordinate
systems fully in terms of the independent variables.

The geometric models were checked against parametric CAD models of the mechanisms to
confirm that the results predicted by the model for the dependent variables were accurate.
The CAD parameters for the independent input variables were varied numerous times to
confirm the accuracy of the models over a range of input values. All results agreed, and the
geometric models were considered to be validated.

These models were then expanded to include the forces and reactive torques present in the
system. The two input forces (those supplied by the main spring and by the actuator spring),
were calculated from first principles and confirmed by direct measurement. The resultant and
reaction forces were calculated with all variables set to their nominal values, and the resultant
predicted lock loads derived. These predictions were compared with historical lock load data,
and found to be consistent with expectations.

An application was developed to facilitate the manipulation of the independent variables while
observing the effect on all the dependent variables, up to and including the lock load. Use of
the application enabled the sensitivity of the lock load to variations in each individual
dimension to be established. Examination of the Pareto chart developed from this data proved
to be enlightening in terms of the relative importance of certain variables to the lock load of
the mechanism. The overriding significance of the catch face friction coefficient was expected,
although the extent of its impact upon the lock load had not been fully anticipated. A
comparison of the relative importance of each variable to its specified tolerance and control
procedures highlighted several anomalous areas, which were noted for future evaluation and
study. The catch face friction coefficient was chosen as the focus for the rest of this project,
due to its relatively deficient specification combined with its overriding importance to the
mechanism’s function.

The models for the Option 1 and Option 2 versions of the actuating mechanism were then
modified to represent each independent variable as a distribution of values rather than as one
unique value. These distributions were assumed to be normal, to have a mean value
corresponding to the nominal value of the dimension, and to have a standard deviation equal
to one third of the allowed tolerance on the dimension. Note that certain of the dimensions
and tolerances required were not directly specified on the engineering documentation, and
had to be derived as the sum of two or more constituent dimensions and tolerances, with the
associated tolerance stacking implications. (These inadequately specified dimensions
represent examples of the anomalies discussed in the preceding paragraph). The discovery and
correction of certain non-optimal dimensioning on the engineering specifications was not
included in this project, but is of practical benefit to production.

90



A Monte Carlo analysis was then performed on the above model by allowing each dimension
to vary randomly within a normal distribution defined by its mean and standard deviation, and
recording the resultant lock load of the mechanism. 50 000 lock load calculation iterations
were performed for each Monte Carlo analysis, resulting in the derivation of a distribution for
the lock load values expected from the design.

This distribution showed that the design of the actuating mechanism appeared to be quite
reasonable in its overall specification, assuming that each component dimension could be
maintained within its plus or minus three standard deviation tolerance band. There was, as
mentioned earlier, one major omission from the theoretical model: the absence of a direct
specification for the static friction coefficient present in the catch face. This specification was
not entirely absent, but was indirectly specified in terms of the surface finish, post processing
and surface treatments applied to the catch face surfaces. A direct measurement of a
component’s friction coefficient is not practical to implement in a production environment,
and any measurement is in any event only valid for the particular actuator / torque link pair
being measured and thus cannot be used as part of a mass production component
manufacturing process in any meaningful way. An assumed mean and standard deviation was
used for the catch face friction coefficient in the Monte Carlo analysis which, given the
importance of this value, was not satisfactory.

Despite this failing, the model indicated that the theoretical design, as it stands, is capable of
producing a high proportion (around 99.4%) of functional products, subject to adequate
control of the catch face friction coefficient.

The next stage in the refinement of the models was to substitute the actual means and
standard deviations of the variable distributions for those derived from the engineering
specification. These were obtained by direct measurement of component samples, or from
historical records as appropriate to the individual dimension. Normal distributions continued
to be assumed for these values. The exception to this was in the catch face friction coefficient
distributions, where the shape of the distribution curves was not normal. In this case the
distributions were approximated as the sum of two or three discrete distributions, comprising
a main distribution corresponding to the catch face friction coefficient and an additional
distribution or distributions corresponding to catch face imperfections. These imperfections
were modelled as local variations in the effective catch face angle, the distributions of which
having their own means and standard deviations as well as a defined probability of occurring in
any one particular actuator / torque link pair. While the exact nature of the imperfections was
not considered, the effect of such imperfections on the measured lock load distributions was
described reasonably well by the model. The numbers of samples measured to obtain the
means and standard deviations of the components, as well as the characteristics of the catch
face angle variations, were considered adequate for this study. Follow up studies using larger
sample sizes are however recommended to improve the accuracy of the predictions.

Substitution of the actual variable values into the model resulted in a lock load distribution
prediction which attempted to model the real world scenario. When the model’s predictions
were compared to the results of measuring several hundred actuating mechanisms it was
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found that there was a close match between the distributions, for both the Option 1 and
Option 2 mechanism variations. The first pass yields predicted by the model for the actuating
mechanism lock load were 94.12% for Option 1 and 98.69% for Option 2. The measured first
pass yields for the same mechanisms were 95.89% and 97.50% respectively. It was felt that a
closer match, and greater confidence in the results, could again have been obtained with a
larger sample of actual production units. This was not practical for this study, but should be
undertaken in the future before any decision is made regarding possible implementation of
the recommendations of this report. On the basis of the comparisons made using the available
data, it was accepted that the models gave reasonably accurate predictions of the first pass
yield of the assembly process, and would continue to do so when any of the parameters of the
model were adjusted.

The predictions of the models and the measured lock load distributions were below the
tentative 99% target set in Section 1.2., but provided a benchmark against which future
improvements could be measured.

The comparison between the performance of the two actuating mechanism versions indicated
that the Option 2 arrangement performed better in terms of catch face friction coefficient
consistency, and hence of maintaining the lock load distribution within the process limits.
Observation of the samples suggested that the increased yield was due to the improved design
of the Option 2 actuator, which overrode the negative effect of the sub-optimal process A used
for the Option 2 torque link.

The obvious design improvement implied by the above was an Option 2 arrangement that was
equipped with a torque link manufactured using the improved process B. This straightforward
proposal was named “Option 3”.

A torque link suitable for Option 2, but produced by means of process B, does not currently
exist. In order to predict the performance of this component, an Option 1 torque link with the
appropriate manufacturing process B was tested in combination with an Option 2 actuator.
The results of this test were extrapolated to predict the first pass yield for the Option 3
mechanism.

The results predicted a first pass yield for the Option 3 mechanism of 99.36%.

Using the preliminary costing for the estimated capital expenditure required to implement an
Option 3 solution across the entire production of this particular device, an estimated payback
period of 2.7 years was predicted. This figure was perhaps rather conservative, as it included a
quotation for the (difficult) automatic assembly of the option 2/3 actuator as it currently
stands, without any attention being paid to redesign of the actuator to facilitate automatic
assembly. Such a “design for assembly” study and subsequent redesign would be conducted
before any final decision was made regarding actual implementation, and would be aimed at
reducing the capital outlay required for such assembly equipment, and thus the payback
period required.
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As this study was concerned with only one aspect of a complex device, the proposed Option 3,
being based upon the already proven Option 2, has the powerful advantage of not introducing
any changes which could potentially impact negatively on any other performance
characteristic of the device. The definition of the advantages inherent in performing this
optimisation exercise, in terms of the increased first pass yield and thus the monetary savings
associated with the implementation of Option 3 across the product range, has been addressed
in this study.

8 CONCLUSIONS

Models describing the existing actuating mechanism designs were developed using vector loop
analysis to determine the mechanism lock loads as a function of geometric and other variables.

The geometric predictions of the models were validated by comparison with parametric CAD
models of the mechanism. The force predictions were evaluated by comparison of the lock
load distributions predicted by the model with the functional limits for the mechanism, and
with historical records of actual mechanism performance. The models were found to be valid.

The models were re-implemented in a spreadsheet format to facilitate the manipulation of
independent variables within their tolerance band. By the use of this method, a Pareto analysis
of the sensitivity of the lock load to variation in each variable was developed. The catch face
friction coefficient was found to have by far the greatest influence on the lock load, and was
defined as the priority for further investigation.

Investigation of the catch face friction coefficient led to the development of a method for
more accurately defining the catch face friction. This was implemented as the combination of a
primary friction coefficient distribution combined with one or more supplementary
distributions representing imperfections or damage in the catch faces. This method of
describing the existing catch face friction was combined with the actual geometric variable
distributions derived from sample measurements to refine the models. The predictions of the
revised models, when compared with data taken from the measurement of production
samples, indicated that the models were capable of predicting the behaviour of the actual
mechanisms.

The insights gained from examination of the Option 1 and 2 models and performance data led
to the proposal of a new Option 3 design. The models were updated to predict the behaviour
of Option 3, and predicted a first pass yield of 99.36%. Preliminary analysis of the costs
involved in implementing the Option 3 design indicated a pay-back period of 2.7 years.

It is thus recommended that Option 3 should be formulated as a formal implementation
project.
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9 RECOMMENDATIONS FOR FUTURE WORK.

During the course of this study, there were several occasions where it was evident that further
work to improve the accuracy of the results appeared to be desirable. It was not feasible to
undertake much of this additional work during the course of this study however, so the
proposals were noted for future evaluation. If it is desired to implement the recommendations
of this study, the resources of the company should be employed to complete a number of
supplementary studies. Recommended future work includes:

9.1 Accuracy of data.

The number of samples measured should be increased and the accuracy of such
measurements improved. Samples should be taken from all available toolsets or mould
cavities, and be representative of all variations that could occur in practice. In particular, the
actual catch face friction coefficient measurements should be done on a considerably larger
scale, and employ an automatic lock load measurement system to eliminate any subjectivity
from the measurements. In addition, it should be established if there is in fact any difference
evident in mechanical actuation of the mechanism with a force gauge compared to magnetic
actuation using the motive unit.

The gathering of data should be performed over a long enough period to accommodate any
long term trends in the component characteristics, particularly over the duration of the tooling
maintenance cycle.

The costs involved in introducing the Option 3 mechanism across the product range should
also be refined, to increase the accuracy of the predicted amortisation period.

9.2 Suggested modifications to mechanism: Options 1, 2 and 3.

It was evident from the Pareto analysis that there were a number of areas where the
specification of dimensional and other tolerances was not optimal. The tightening of
tolerances in certain areas, as well as the possible relaxation of tolerances in others, could be
undertaken in light of the information derived from the Pareto analysis.

The assembly of the Option 2 actuator should be thoroughly examined in light of the proposal
to introduce it across the product range. Automation of the assembly process, including the
possible re-design of the actuator with emphasis on “design for assembly”, should be
considered. Calculation of costs and pay back periods can be estimated more accurately using
the first pass yield predictions established in this study.
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APPENDIX A: MECHANISM ANALYSIS OPTION 1

Note: for convenience, where figures in the main text are referred to, the relevant portions of
the figures are repeated here.

Al Positional analysis.

Al.1 Determination of y.

Assuming that the frame plate is assembleable onto the base, i.e. the centre dimension of the studs
is equal to the centres of the holes, then from Figure 3.9:

bi + b = p? +p3

The relative angles of the frame plate and the base are driven by the dimensions b; & p», therefore
for a given by:

pi = bf + b5 —p3

also, as shown in Figure 3.9,

y1 =arctan (b2 / b1)

Y2 = arctan (p2 / p1) and

Y=-Y1tY2
thus
y = -arctan (bz/ by) + arctan (pz //(b? + b2 — p2) ) (A1)
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Al.2 Determination of B.

- “\
A
i
iO rEA
0 O D
From Figure 3.6, P80
0
B
L W,
HO 4+ A — e =0 )
- o =
Ry
From Figure 3.3(c), P Py ( [
L ¢
15'© = [ps- my, pe- mz]" Q ooy *
; <
O
AN S

— P}—u-—

Using the two dimensional rotation matrix to transform rZ© to the global co-ordinate system ),

A0 [ cos Y -siny (ps-mjy) ]
I, =
siny cosy (ps- m2)
ppo | COSY (ps-my) - sin’y (ps- m2) (A.3)
| siny (ps- m1) + cos y (ps- mz) ]



iz
Similarly, from Figure 3.3(b), _—

r2a = [((as-ascos (- -Y)), (-as + a5 - assin (- -y))]T iz

Then By

BA  _ [cos B+y) -sin(B+7Y) ] [(as -ascos (-p-y)) } a;k L o
\

Iy

sin(B+y) cos(B+Y) (-as + as - assin (-f -y))

2

_ [ cos (B+v) (as-ascos (- -y)) - sin (B + v) (-as + as — as sin (-3 -y)) j

| sin(B+y) (as-ascos (-B-y)) +cos (B +V) (-as +as - assin (-B-y))

[ascos (B + ) - ascos?(B +Y) + assin (B + y) - assin (B + ) - assin?(B +y)
assin (B +y)-ascos (B+y)sin(B+y)-ascos (B+y)+ascos (B+Y)

| +ascos (B+Y)sin (B +7))

[ascos (B+ V) + (as-as) sin (B + y) - as (cos2(B + y) + sin2(B +y))

assin (B +7) + (as-as) cos (B +y) +ascos (B +7y) sin (B +v))
| -ascos (B+y)sin(B+7Y)

(BA _ _ascos B+vy)+ (as-as)sin(B+vy)-as
: =
| assin(B+y) + (as-as)cos(B+y) (A4)
' N
b’.
by
i ¢ o
Finally, from Figure 3.3(e), €

S
@]
I
1
) o
™ ]
L
s
C
\,

(A.5)
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Thus from Equations (A.2,A.3,A4 & A.5:
cosy (ps-m1) - siny (pe- m2) +ascos (B +7vy) + (as—as) sin (B +y) -as-bs

siny (ps- m1) + cosy (ps- mz) + assin (B +y) + (as-as) cos (B+7y) + ¢

Using Equation (A.6), let (cos y (ps- m1) - siny (pe- m2) - as- bz) = K

Then ascos (B +vy) + (as—as) sin (B+7vy) = -K.

Dividing both sides by aZ + (a, —ag)? gives

ascos(B+y) (as— as)sin(B+y) -K

+ =
(B +@ma [+ @imagt [+ @u-a)

(as—as)

— Z 4 _ 2
Now let cosZ = ,aé + (a, — ag)? /as (as — as)
as

as

. - as
then sinZ = a + (a, — as)?

substituting in Equation(A.8):

-K

sinZcos(B+y) + cosZsin(B+y) =

thus
-K
sin(B+y+7Z) =
and
-K
Z+B+ = arcsin
Bty a2 + (2, —a5)?

Therefore

0

0

(A.6)

(A7)

(A8)
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. ( k ) as
arcsin | — —y — arctan < )
B = Jvai + (a, —as)? s —as

(A9)
Al1.3 Determination of €.
From Equation (A.7), and from inspection of Figure 3.3,
€= (ps-my) siny + (ps- mz) cosy +assin (f +y) +(as- as) cos (B +7Y) (A.10)
Al.4 Determination of a and 6.
Let point E be the centre of radius t2.
Then from Figure 3.5 roAT + rofA - rofT =0 (A11)
From Figure 3.3(c): 38T = [ps- pz-my, ps+ ps—mz]T
' A
Pe
pL
v [ !
to i
6 |
I o P
1 L
p— P]—n—
"L
: o it
. J
then
FAT _ [ cos Yy -siny (ps- p3—-m1)
| siny  cosy (ps + pa-myz)
— _(ps—p3-m1)COSY-(p6+p4—m2)siny
| (ps—p3-mu)siny + (ps + pa-mz) cosy (A12)
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From Figures 3.3(b) and 3.5:
r2BA = [(8 - tzsin az),(-a1 + (az- §) tan az- tzcos az)]T

" cos (B+Y) -sin (B+Y) 6 -tzsinas

rOEA

|_sin (B+Y) cos (B+Yy) -a1+ (az- 6) tan az- tycos a3

_(8 - tzsinas) cos (B +y) -sin (B +y)(-a1+ (az- §) tan az- t2 cos as)

_(8 —tzsin az) sin (B +v) + cos (B + y)(-a1 + (az- §) tan az- tz cos as) (A.13)

L))

4
t
g
. 1
From Figures 3.3(a) and 3.5:
it = [(t-t), ()]"
£ET _ | cosa -sin a (ti-t2)
sina cosa -t2
£ET _ (t1-t2) cos a +tz2sin «
(ti-t2) sina-tzcos a (A14)

Then from Equations (A.11, A.12,A.13 & A.14):

cosy (ps—- p3—mi1) - siny (ps+ pa—my) + (6 - tzsin az) cos (B +7v)

-sin (B +vy) (-a1 + (az- ) tan az- tz cos a3) - (t1- t2) cos a - tz sina _ 0
siny (ps- pz-mi) + cosy (ps+ pa— mz) + (8 - t2sin az) sin (B +v) 0
+cos (B+7Y) (-a1+ (az- 8) tan asz- tzcos a3) - (t1- tz) sin a + tz2 cos a

let

A= cosy (ps- p3—- m1) - siny (ps + pa— mz) - tzsinascos (B +y) + aisin (B + )

—-azsin (B +7v) tanaz+ tzcos azsin (f +v)
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then, as -tz sin az cos (f+Y) + tz cos azsin (B+Y) can be simplified to t; sin (f+y-az),

A= cos Y (ps—p3-m1) - siny (ps+pa—mz) + t2sin (B+y-az) + ai sin (B+y) - azsin (f+Y) tan a3
then let
B= siny (ps- pz-mi) + cosy (pe+ pa- my) - tysinazsin (B +y) -aicos (B +7v)

+ azcos (B + y) tanaz- tocos azcos (B +v)

similarly to the above,

B =siny (ps- p3-mi) +cosy (ps+ pa—mz) —tzcos (B + y-az) -aicos(f +v) +azcos(B+7v)tan az

then
A+8cos(B+y)+6sin(f+y)tanaz- (t1-t2) cosa-tzsina _ 0 (A.15)
B+6sin(B+vy)-6cos(B+y)tanas- (ti-t2) sina + tz2cos a 0 (A.16)

From Equation (A.15):

(ti-tz) cosa + tzsina - A

cos(Bry) +snBryana; O (A17)

Substituting into Equation (A.16):

((t1-t2) cosa + tzsin a - A) sin (B+y) - ((t1-t2) cosa + tz sin a - A) cos(Bf+y)tanas
(cos (B+7Y) +sin (B +v) tan a3)

B+

-(t1-t2)sina +tzcosa =0

Then, re-arranging terms,

sin(B+y) (ti-t2)cosa + sin(B+y)tzsina - Asin(B+y) -((ti-t2)cosa + tzsina - A) cos(B+Yy)tanas
(cos (B+y) +sin (B +v) tan a3)

B+

-(t1-tz)sina+tzcosa =0

and, expanding factors,

sin(B+7Yy) (ti-tz) cosa+sin (B+7y) tzsina-Asin (f +7v)
B+ -cos(B+y)tanaz(ti-t2) cosa-cos (B +y)tanastysina+ Acos (B+y)tanas
(cos (B +v) +sin (B + y) tan a3)

- (ti-t2) sina + tzcosa = 0
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Let

sin (B + ) (ti-tz)

€= cos (B+7vy)+sin(B+vy)tanas
E sin (B +Y)
cos (B+7vy) +sin (B +7vy)tanas
G= cos(B+y)tanasty
cos (B +7v) + sin (B + y) tanas
Then

B+Ccosa+Dsina -AE-Fcosa -Gsina+ AH- (ti-t2) sina + tzcosa =0

Collecting factors,

_ sin(B+y)t
D= cos (B+7v) +sin (B +v) tan as
___cos(B+y)tanaz(ti-tz)
F= cos (B+7v) +sin (B +v) tan a3
H= cos (B+vy)tanas

cos (B+7vy)+sin(B+vy)tanas

(C-F+t2)cosa+(D-G-t1+t2)sina-AE+AH+B=0

Let D-G-t1+t2) =X
(C-F+1tp) =Y
-A(H-E)-B =7

Then Xsina+Ycosa=7

Dividing both sides by /X2 + Y2

X'sin a Ycosa = Z
VX? + Y? [X2 + vz Xz + y2
X
Letcos Q =
VX2 4+ Y?
Y
thensin Q =

VX2 + y2

Substituting in Equation (A.18),

Z
cos Qsina + sin Q cos a =

VX2 + Y2



Z

VX2 + Y2

Thus sin (Q + o )=

Z
a= arcsin (—) -
VX2 4 Y? Q
Substituting back into Equation (A.17),

(t1-t2) cos a + tzsina - A
cos (B+7vy)+sin(B+vy)tanas

Note:

(A.19)

(A.20)

Experience has shown that the above equations need to be simplified in order to minimize

excessive rounding errors in calculations on an excel spreadsheet.

Therefore: Simplifying C,

(ti-t2)sin(B+Y)
(cos (B+7Y) +sin (B + v) tan a3)

Dividing top and bottom by sin(+y) gives

(ti-tz)
= cos(B+y) + _sinas
cos (B+7Y) cos a3

(t1-t2) sin (B +v) cosaz

cos (B +v) cos az + sin (B + v) sinas

(ti-t2) sin (B +y) cos a3

C= cos(B+vy-az)
Similarly,

po s rness
. sin (B + y) cos a3z

cos (B+v-a3)

(A21)

(A22)

(A.23)
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Simplifying F:

cos (B+vy)tanas(ti-t2)

F=

cos (B+7v) +sin (B +v)tan az

Dividing top and bottom by cos(f3+y) gives

(t1 - tz) tan as

1+ tan (B + v) tan az)

(tl - tz) sin as

cos (B +y)cos a3

= COoSs a3z

(ti-t2) sinazcos (B+y)

cos (B +7v) cosaz +sin (B +v) sinaz

cos (B +7v) cos az + sin (B + y) sinaz

F (ti-t2) sinaszcos (B+7Y) (A.24)
cos (B+vy-as)
Similarly,
tzsinazcos (B+7Y) d (A.25)
cos (B+vy-as) an
H= sinazcos (B +Y) (A.26)
- cos (B+vy-as)
Simplifying X,
X= D-G-t1+t;
tz2 sin (B + y) cos az tzsinazcos (B +v) it
cos (B+y-as) cos (B+v-as) "tttz
t2 (sin (B +y) cosaz -sinazcos (B +7Y))
cos (B+v-as) "tttz
tzsin (B +y-as)
cos(Bt+y-a;) ot
X =ty tan (B +v- 33) -t1+ b (A27)

similarly,
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Y=t -ty tan (B +v- 33) + t2 (A28)

Simplifying Z:
Z = -A (H-E) - B

sinaz cos(B+vy) —sin(B+y)cosa
Z = _A ( 3 (B Y) (B Y) 3> _ B

cos(B+vy—as)

—sin(B+vy—a

Z = _A ( (B Y 3) ) ) B
cos (B+y—asz)

Z = Atan (B +7vy-a3)-B (A.29)
Simplifying «,

Z
arcsin | ———| -
(W> Q

z Y
arcsin | ————— - arcsin| ————

z__ V1i-Y2 y Vit zE
arcsin \ VXZ + Y2 X*+ Y2 Iy X+ Y2
. Z VZ+ Y2 - Y2 v IV
arcsin _
VXZ + Y2 X2+ Y? N Al TR

. ZX N YWXZ + Y2 = 72
arcsin
X2 + Y? X2 4+ Y2

7ZX + YVX2 + Y2 — 72
arcsin ( * + ) (A.30)

X2 + Y2
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Al1.5 Determination of ¢ & p.

From Figure 3.5, 3.3(a) and 3.3(b):

rofT = rofT + [tz sin (as- B -v), tz cos (az- B - y)]*

= _(tl-tz)cosa+tzsina +| tzsin(az-B-v)
(ti-t2) sina-tzcos o tzcos (az-B-v)

= _(t1-t2) cos o+ tysin a + tzsin (az- B -y) ]

(ti-t2) sina-tacos a + tacos (az- B -v)

[roCT]|

o
I

thus

p = V((t1- t2) cosa + tz sina + tzsin(az- B - ¥))2 + ((t1- t2)sin a - t; cosa + tz cos(az - B - )2

(A.31)
Also, from examination of Figure 3.3,
t; —t,)sina—t,cosa+ t,cos(a; — B —
¢ = az3-B-y+arctan <(1 2) 2 2 (a; — P Y)) (A.32)
(t; —ty) cos a + tysin a + tysin(az — B —vy)

108



Al1.6 Determination of { & n.

From Figure 3.7: 1050 + 1oHS + rofH + roGF - 160 = 0 (A.33)

From Figure 3.4(c): 1350 = [p7, ps]”

ﬁ%h

Transforming this vector to the global co-ordinate system:
rs¢ = [ cos Yy -siny p7
siny cosy ps

res¢ = _p7 cosY - pssiny (A.34)

p7siny + pscosy

From Figure 3.4(b): rsHS = [-hy, -hy]T

Transforming this vector to the global co-ordinate system:

rofs = cos (hs+7y) -sin (hs+7) -hs

sin (h3+7vy) cos (hz+vy) -h;
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rofs = -h1 cos (hs + Y) +hzsin (hs + ) (A35)

-hysin (hz+ y) - hzcos (hz + v)

From Figure 3.4(d): reéfi = [-cq, -c2]T

Transforming this vector to the global co-ordinate system results in

roft = cos& -sin& -C1
sin  cos§ -C2 T2
ks
Cy
roflt = -c1cos & +cz2sin § (A.36)
-c1sin§-czcos §
From Figure 3.7: ro&f= [-c3, 0] (A.37)
and ro%0= [-bs, n]T (A.38)
Thus from Equations (A.33 - A.38):
prcosy - pgsiny - hicos (h3 +y) +hzsin (hs+y) - ci1cos § + c2sin € - c3+ bs =0
p7siny + pgcosy - hisin (hs +y) - hzcos (hs+ y) -c1sin§ - c2cos € +1 0 (A.39)

Let prcosy -pgsiny - hicos (hs +v) +hzsin (hs+vy) -cz3+bs =X

Then -cicos&+cysing=-X;

Dividing both sides by ,( 2 4 2)
G T¢C

c,siné C,COS¢E X,

Vt+c) - Y+ = J(f+cd)
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C2 C1

Now let cosQ; = then sinQ; =
[CEXS /(C% +c3)

Then substituting in Equation (A.38):

-Xz

sinfcosQ; - cos&sinQ; =
(¢} +¢3)

-Xz

sin (§-Q2) = \/m

Thus

_XZ

& = arcsin (\/ﬁ) +Q:

—p7 cosy + pg siny + h; cos(h; +y) — h, sin(hy +y) + c3 — bg

&= arcsin( (cf = c%)

Substituting back into Equation (A.39),

N = -p7siny-pscosy+ hisin (hs+vy) + hzcos (hs+y) + cisin§ + czcos §

) + arccos (

V(e + c%))

(A.40)

(A41)
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Al.7 Determination of .

From Figure 3.8: roT0 + roT + 1ol + roGF - ryt® =0 (A.42)

From Figure 3.3(c): 1370 = [ps, -p4]”

P
P
4 =1
p4 Pg
b !
Fan ¥ 4
b il {:’
} Fan Y
I " L r y,
- p,—
Iy’
Transforming this vector to the global co-ordinate system:
ry = cosy -siny p3
siny cosy -P4
r™ = p3cosy + pssiny (A.43)

p3siny - pscosy

From Figure 3.4(a):

rdT = [-t3, -t4]T

Transforming this vector to the global co-ordinate system:
rJtT = cosa -sina -3

sina cosa -ty
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7T = -tz cosa + t4sina

-tz sina - t4 cosa

From Figure 3.8:
rofl = [-s1, -52]T
roCF= [_C3’ O]T
rof0= [-bs, 'T]]T

Thus from Equations (A.42 - A.47):

p3cosy + pssiny-tscosa+tasina-si-c3+bs | | 0
p3siny-pscosy-tssina-tscosa-sz+1 0
Therefore

S1 =p3cosy + pasiny-tzcos a + tysina - c3+ bs, and
S2 = p3siny-p4cosy - tzsina-tscosa+n

Thus

¢= /(sf+s§) -S3+ 54

In addition, § can be defined as:

L = arctan (s1/ s2)

(A44)

(A.45)
(A.46)

(A47)

(A.48)

(A.49)

(A.50)

(A51)
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A1.8 Determination of 6 & A.

From the above, and from Figures 3.4(f) and 3.7: T

IoKT = ro)T 4 1ok

LA
Thus X" =[ -tscos « + tysin « + | -szsin (arctan (s1/s2))
-t3sin a - t4 cos -s3cos (arctan (s1/sz2))

= | -tscos a+ tysina-sssin (arctan (s1/s2))

-t3sin a - t4 cos a - s3 cos (arctan (s1/s2))

Therefore, from Figure 3.7:

—tzsina - t, cos a — szcos (arctan(s;/s,))
—tzcos a + t, sina — szsin (arctan(s;/s;))

) + arctan (s—l) (A.52)

0= arctan(
S2

Similarly,

A= \/(—t3cosa + t,sina — szsin(arctan (s;/s,)))? + (—tssina - t,cosa — szcos(arctan (s;/s;)))?

(A53)

114



A2 Force analysis Option 1.

A2.1 Determination of f and f,".

Summing moments about T,
From Figure 3.10, using the previously derived geometric variables and T = tsf7 ut
A cos O fins = p fef + tsfTuT + pef fof sing (A.54)

Where pTis the coefficient of friction at point T,

fef is the force vector at the catch face, and

fT is the force vector at point T, and

¢ is the angle between f,f and ff (see Figure 3.3)

Examining the X and Y components of the forces relative to the global coordinate system:

From Figure 3.10,

fms cos 4+ ff cos a = fxT and (A.55)
fms sin 4 4 fcf sin a = fyT (A.56)
using fT = V(xT)2 + (fy7)2

and substituting in Equation (A.54),

Acos B s = tspuTV/(fns)2 4 (£eh)2 + 2 fins cos 4 fof cos o + 2 fms sin & fef sin o + (p+ pef sing) fef
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Acos O fms - (p+pcfsing) ff = ts T V(fns)2 + (F)2 + 2 fms cos 4 fef cos a + 2 fms sin 4 fef sin o

(Acos 6 fms - ((p+pcfsingd) f))2 = (t5)2 (uN)?2 ((fms)2 + (fef)2 + 2fms cos 4 f<f cos a + 2fms sin 4 ff sin a)

(A cos B fms)2 + (p2+2ppctsing+(uef sing)’)( f)2 - 2 A cos 6 fms (p + pcf sind) fef =
(ts)2 (U2 (fms)2 4+ (t5)2 (uN)2 (fH)2 + (t5)2 (uT)?2 2 fms fef (cos 4 cos o + sin 4 sin o)
rearranging factors:

(p?+2ppcisind+(ue sind)’)- ((ts)2 (WD) (ED? - ((ts)2 (W1)? 2 75 (cos 4 cos a + sin 4 sin )
- (2A cos 6 fms(p 4+ pefsing) fof + (A cos 0 fms)2 - ((ts)2 (uM2 (fms)2) = 0

thus

ff = -Q+VQ*-4PR (A.57)
2P

Where

P = (p2+2ppising+(uef sind)’)- ((ts)2 (u)2)
Q=-((ts)2 (M2 2 fms (cos 4 cos a + sin 4 sin a)) - (2A cos 0 fms(p + pef sing)
R= (Acos 8 frs)2 - ((ts)? (T2 (fr=)2)

(note: examination of the results determined that the negative root is applicable in this case).

It follows directly that f," = £ cos(d) (A.58)

where f,f is the component of vector ff normal to the actuator catch face, and ¢ is the angle
between f,<f and fef (see Figure 3.3).

A2.2 Determination of f™.

(Force exerted by the main spring under the geometric conditions determined in 3.1.1)
The pre-load present in the tension spring varies according to the spring rate; however it has been
found that this pre-load consistently corresponds to an initial elongation of 0.85mm.
Thus
fms = k (T - sf + 0.85) (A.59)

where k = spring rate, (1.75 N/mm) and sf = spring free length (13.5mm).
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Note also that there are two main springs available for the mechanism, with differing rates and free
lengths. For this study only the weaker “standard” main spring will be used.

A2.3 Determination of t*.

(Torque exerted by actuator spring on the actuator)

Botton fmme*\ Link frome ‘\ /7 hcbunkor
- \/ Base
il

I

pe | Y

o

b=
o)

Actgutor
b, \ Spring J L

Y
N7

/
Ll s

As shown in Figure 3.12, the actuator spring acts as a simple cantilever where:

L = (ps + b7 - my2) / cosp, (A.60)
s =bz - bg + bo+ wy, (A.61)
ss and sg are independent variables,

w> is derived below, and

E = 120 GPa. (Standard for the grade of phosphor bronze used).

fas was then determined from the standard formula for leaf spring calculation, thus

fas = S E sg s53

RE (A.62)
The torque resulting from the deflection of the actuator spring t2s is fasL
thus Tas = s E s6 553 (A.63)

412
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A2.4 Determination of W5,

As shown in Figure 3.13, the following variables were used in the derivation of W,

e L, =spring active length,

e S7 = curvature value measured at spring centre, ie length L3 from the spring end,
e L; =distance from end of active portion of spring to the s7 position

e W, = spring pre-displacement due to the spring curvature at the s; position.

e W, = spring pre-displacement due to the spring curvature at the end of the active portion
of the spring.

e W3 = spring pre-displacement due to the spring curvature at the end of the spring.

L3

Ly

Wy

Lo

S_"—E- H

L5

AAEZ
B

The torque on the actuator is constant, thus if fx is the force required to straighten the actuator

spring at point Lx then:
L1P1 = LZPZ
ie L1.3EIW1 = L2.3EIW2
L3 L,3
Thus W2 = Lzz W1 (A64)
L12

In the case under discussion

L1=10.4745,L, = 25.0720 and L3 = 16.8
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Thus W;=0.1745W,

Now from the triangle described by the actuator, the actuator spring and length W3,

W3 = 2(W1 + S7).

From Figure 3.13 it can be seen that

W» = W3
Ls + (Lz - L1) 2L3
Thus
W, = W3 + Ws3 (Lz - L1)
2 2L3

From Equation (A.62), substituting 2(W1 + s7) for Wa:

W, = Wi+sy + (Wl + 57) (Lz - Ll)
L3
thus
W, = Wi+sy + (Wy) (L2-L1) +  (s7) (L2-L1)

L3 L3

From Equation (A63), substituting W, for W1 and values for L; - Ls:

w, = 0.1745W; + s7 + (0.1745w2)(0.89555) + 0.89555 s

Thus W, = 2.83 s7

(A.65)

(A.66)

(A.67)

(A.68)

(A.69)

A2.5 Determination of p°.

The following is the method used for deriving the catch face friction coefficient distribution of the

standard actuator / fine blanked torque link combination.

From Equation (3.3):

fLL — ((qu (,0) - q_,) fncf + tas 4 ush as fcf
25
Thus
25 fLL - Tas- p_sh ae fcf + LIJ — qu
W fncf w

(A.70)
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Now as 12 is eliminated from the data during measurement, it is set to zero in the above equation.

Thus
25 fLL - ush as fcf + lp — qu
w fiof W
Where
fof — catch force = A cos 6 fins (A71)
"~ (disregarding torque link and catch face friction) p
fuf = catch force normal = ff cos(p) (A.72)

The variables applicable to the above equations are given in the table below.
Values, where given, are the actual values relating to the measuring jig.

Table B.1 Variables relating to lock load jig: option 1.

Variable Value
put = | the coefficient of friction in the catch face Unknown
push = | the coefficient of friction in the actuator shoulder 0.2
U} = | catch face angle force moment arm 1.065 mm
W = | catch face friction force moment arm length 10.194 mm
fi.. = | thelockload. To be measured
fas = | actuator spring force To be measured
fms = | main spring force 11436 N
p = | torque link/actuator moment arm length 17.528 mm
A = | torque link/main spring moment arm length 8.046 mm
0 = | main spring force vector angle 1 47.458°
@ = | catch force vector angle 5.487°
= | main spring flexed length 19.185
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Therefore:

fef = 2 Acos 0 fms
2p

124.427
35.056

3.549N

then

fuf = ff cos(p)

= 3.533N
thus
25 fLL - Tas- ush a6fcf + Llj — ucf
w fief w
pef = 25 (il —fas) - psh g ff 4+ 1.065
10.194 * 3.533 10.194

Setting psh to its nominal value of 0.2, and as to its measured mean value of 0.09763, the above
equation becomes:

pef = 25 (fil- f5) - 0.069298 +  0.1044732
36.015
pef = 25 (fil-fa) 4 0.10255 (A73)
36.015
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APPENDIX B: SURFACE IMPERFECTIONS

B1 Modelling of surface imperfections.

The distribution of measured catch face friction coefficients derived in 3.2.2 indicated that the
actuator torque resulting from the friction in the actuator / torque link translational joint was
sometimes augmented by a further torque deriving from imperfections in the actuator catch
face. (Note once again that the possibility of imperfections in the torque link was disregarded,
due to the consistency of the type B process used in their manufacture).

Microscopic photographs of various catch face imperfections can be seen in Figures 3.19, 4.10
and 4.11.

It was proposed that these imperfections be considered to alter the catch force vector angle ¢
by an angle &, resulting from a localised change in the actuator / torque link interface.

Various types of imperfection were considered, namely
e wide shallow grooves with rounded profile,
e narrow deep grooves with rounded profile,
e ridges with rounded profile,
e wide shallow grooves with rectangular profile,
e narrow deep grooves with rectangular profile,
e ridges with rectangular profile, and
e wavy surfaces with sinusoidal profile.
Various assumptions were made with respect to the profiles, namely
e the profiles were of perfect geometrical form, and

e the profiles were positioned at the worst possible position with respect to an increase
in lock load.

From an examination of the diagrams below, equations were derived for the value of a.
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WIDE SHALLOW GRODVES

| IfR>r
il & = arccos((R-H)/R)

RIDGES

Figure B.1 The values of angle & caused by imperfections of rounded profile.

& = arccos((R+r-H)/(R+r))

MARROW GROOYES

Ifr>R
& = arcsin(V(R2-(R-H)?)/r)

The derivation of the values of & in the cases of the rounded ridges and grooves shown above,

and of the rectangular ridges and grooves shown below followed directly from the diagrams,

and are given in Table B.1
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#IDE RECTANGULAR GRODVES

If H2+(w/2)2-2RH > 0
& = arccos((r-H)/ r)

RECTANGULAR RIDGES

& = arccos((r-H)/ r)

Figure B.2 The values of angle & caused by imperfections of rectangular profile.

Table B.1 Formulae for the calculation of &.

If H+(w/2)>-2RH < 0
& = arcsin(W/2r)

NARROW GROOVES

Case Condition Equation

Grooves with rounded profile R>r a = arcos((R-H)/R) (B.1)
Grooves with rounded profile r>R & = arcsin(V(R>(R-H)?)/r)  (B.2)
Ridges with rounded profile All a = arcos((R+r-H)/(R+r)) (B.3)
Grooves with rectangular profile | H*+(w/2)>-2RH >0 | & = arcos((r-H)/r) (B.4)
Grooves with rectangular profile | H*+(w/2)-2RH <0 | &= arcsin(W/2r) (B.5)
Ridges with rectangular profile All a = arcos((r-H)/ r) (B.6)
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tantal = (ZepirAl /P

Figure B. 4 The values of angle & caused by imperfections of sinusoidal profile (case 2).

The case of the sinusoidal profile was more complex.
From Figure B.3,

tan(a) = (2mtA/P)*sin(2ntRsin(d)/P) (B.7)

125



Note: the above equation was solved for & by means of an iterative algorithm implemented in
Matlab, and held true while tan (&) <2 mt A/P.

If tan (&) > 2 t A/P, then as shown in Figure B.4, &, occurred when
& = arctan (2 T A/P) (B.8)

With the value of a known for various sizes and shapes of surface imperfections, the effect on
the lock load could now be determined.

The torque on the actuator resulting from the angle on the catch face t° was calculated by the
equation:

©=f"cos(p) * ( (sin(as)(a;-a,tanas))-ag+ %@,) (B.9)

Replacing ¢ with (¢- a) and sin(az) with sin (as- &)

ta = ff cos (@ - &) * ((sin (as- &)(ai-aztan az))-as + ) (B.10)

Cos az

Note:

The cos (a3) and tan (as) terms establish overall position and are not localized force vectors,
thus they were not replaced by (as- @)

Substituting (¢ - @) for ¢ and sin (a;- @) for sin (a3) as detailed above, and setting all other
variables to their nominal values, the following surface graphs of the lock loads resulting from
variations in the details of the actuator catch face imperfections were drawn.

The lock load modification effects caused by the presence of square grooves and square ridges
located on the actuator catch face, as illustrated in Figure B.5, demonstrate the following.

e For square ridges, the increase in lock load is dependent entirely on the ridge height.

e For wide, square grooves, the increase in lock load is entirely dependent on the groove
height.

e For narrow grooves, the lock load increase is dependent on the groove width.

An examination of Figure B.2 suffices to confirm the validity of the above.
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Square Grooves

120 -

80 -

Lock Load
g

-~ 00800
40 -
209 0.0400

0.0200 Helght

Square ridges

1200 -

Lock Load
)
=1

~0.1000

“0.0800
400 -

Height

00 ~

0.0200

0% om0 0300 ' 00000
: 0.400 L
Width 0500

Figure B.5 The effect of imperfections of rectangular profile on nominal lock load.

Rounded Grooves

120 -

80 -

60 -

Lock Load

~ 0.0800
40 -

Height
0.0200 %

0.200
0.300 ~ 0.0000

0.500
Radius

Rounded ridges

1200 -

100.0 -

-0.1000

+ 0.0800
400 -

200
Height

0.200

Radius

Figure B.6 The effect of imperfections of rounded profile on nominal lock load.

The lock load modification effects caused by the presence of rounded grooves and ridges
located on the actuator catch face, as illustrated in Figure B.6, follow a similar pattern to that
of the square ridges and grooves. The transition between the regions of feature height
predominance and feature width predominance is however more gradual in the case of the

rounded features.
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Sinusoidal surface T80

70

Lock Load

20

10

—+0
/- 0.007

/£ 0.006
/0,005
/ 0.004

! 0.003
Ra value (mm)

0.00-
0.02-
0.04

&
=]
=5

0.08+

Wavelength (mm)

Figure B.7 The effect of imperfections of sinusoidal profile on nominal lock load

Finally, the imperfections of sinusoidal profile show an almost complete indifference to the
height (or Ra value) of the imperfections at short wave lengths, contrasting with the Ra value
being completely dominant at longer wavelengths. This is, in effect, a special case of the
rounded profile of Figure B.7, but with a much more gradual transition between the regions.

The above diagrams demonstrate that if the shape and size of any particular imperfection is
known, it is possible to predict its effect on the lock load by application of the above formulae
and / or consultation of the above graphs.

More importantly in this case, if the details of the imperfection are not known, then any
reasonable lock load increase, of any type, can be converted into a local catch face angle
variation having an equivalent effect on the lock load. The details of the actual form of the
imperfection are not in fact required in order to model their effects.

It was thus considered justified to treat all extraneous lock load effects as generic local catch
face angle variations.
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APPENDIX C: MECHANISM ANALYSIS OPTION 2

C.1 Positional analysis.

C.1.1 Determination of B.

From Figure 4.4: 1oA0 + roBA - 180 =0 (C.1)
As in Appendix A:
roA0 = cosy (ps- my) - siny (pe- my) (C2)
siny (ps- m1) + cos y (ps- mz)
e )
\ /
From Figures 4.5 and 4.2: B4 = [(as - ascos(-B-y)+aio),(-as + as - assin (-B-y))]”
J2
Qg [ ]
12
07 L — g
0y
Og— =

QlD
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Then
roBA = [ cos (B+y)  -sin (B+y) (as - ascos(-B -y) + ao)
| sin(B+y)  cos (B+Y) (-as + as - assin (-f -y))

= [ cos (B+7v) (as-ascos (- -y) + awo) - sin (B + y) (-as + as — as sin (-B -y)) J

_sin (B+7v) (as-ascos (-B-y) + ai0)+ cos (B +v) (-as + as - assin (-B-y))

= _(as + ai0) cos (B+vy)-ascos?(B+7y)+ assin (f+7v) - assin (B + v) - assin2 (f+y)

(as+aio) sin (B+7v)-ascos (B+7y)sin (B+7y)-ascos (B+7Yy)+ascos (B+y)
| +ascos (B+y)sin (B+7Y))

= _(as + a1) cos (B+v) + (as-as) sin (B +v) - as (cos? (B + y)+ sinz (B +7Y))

(as+ a10) sin (B +Y) + (as- as) cos (B +Y) +ascos (B +y) sin (B +7))
| -ascos(B+y)sin(B+Y)

roBA = _(as +ap)cos (B+7vy)+ (az-as)sin(B+vy)-as ]

_(as +aio) sin (B +v) + (as-a4) cos (B +7v) (C3)

Finally, as in Appendix B:

bs
rOBO =
[-s] (C4)

Thus from Equations (C.1, C.2, C.3 & C4):

cosy (ps-mi) - siny (ps- mz2) + (as+ ai) cos (B +v) + (as—as) sin (B+7Y) 0 | (C5
-das- b3 _

siny (ps- m1) + cos y (ps- mz) + (as + aio) sin (B +v) + (as- as) cos(B+y) 0 | (C6)
+&

From Equation (C.5): let (cos Y (ps- m1) - siny (ps- mz)-as- b3) = K.

Then (as+ aio) cos (B +v) + (as-as) sin (B+7y) =-K

Dividing both sides by V((as+a10)? + (as-as)?) gives
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ascos (B+7Y) + (as-as)sin(B+7vy) = -K

V((as+ a10)? + (as- as)?) V((as+a10)? + (as-as)2)  V((as+aw)? + (as-as)?)  (C.7)
(as-as)
Now let cosZ = V((as + a10)2 + (as- as)?) (asrame + (arad))
(as - a10) as+a;
thensinZ = V((as + a10)2 + (as- as)?)
dg-ds
substituting in Equation (C.7): sinZcos (B +y) +cosZsin (B+vy) = -K

\/((as +a1)? + (a4 - as)z)
thus

K
V((as+ a10)? + (as- as)?)

sin(B+v+72) =

K
V(as +ai0)? + (as- as)?)

Z+p+y = arcsin

Therefore
. -K as +agg
B = arcsin — Yy — arctan (—) (C8)
V(@s +a)? + (a, —as)? a4~ 35
C.1.2 Determination of o, 8, and 66.
Let point E be the centre of radius ao.
then from Figure 4.5: roAT + rofA - rofT =0 (C.9
As shown in Appendix B:
At = cosy (ps—ps—m) - siny (ps + ps-mz)
siny (ps- ps—mi1) + cosy (ps+ pa—my) (C.10)
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From Figure 4.2:

Og
r2fA = [ag, -a7]" _‘ Iz

i /

f% ]

07 0y

Og

Torque link (1) i
Os -
Actuator (2)
rofA = [ cos B+v) -sin (B +v) [ as
|_sin B+v) cos (B+7vY) | -a7
= [ agcos B+y)+arsin(B+y) B
|_assin (B+vy)-azcos(B+Y) B (C11)
From Figure 4.2:
rifT =[(ts+ 85), (-68 tan t; + ag/cos t7)] T
rff = | cos () -sin (a) (te + 86)
| sin (a) cos (a) (-85 tan t7 + ag/cos t7)
rofT = _(t6 + 68) cos a +(68 tan t7- ag/cos t7) sin a
| (ts+88) sin a-(86 tan t7- ag/cos t7) cos (C12)
Then from (C.9, C.10, C.11 & C.12):
cosy (ps- p3—-m1) -siny (ps+ ps— mz)+ agcos (B +7Y)
+azsin (B +v) - (ts + 68) cos a - (-ag/cos t7 + 68 tan t7) sin a 0
siny (ps— ps—-mi1) + cosy (pe+ ps+— mz+ agsin (f +y) 0
-aycos (B +7v) - (ts+ 68) sin a + (-ag/cos t7; + 68 tan t7) cos a
let A= cosy (ps- pz—-mi) - siny (ps+ ps—mz) + agcos (B + y)+ azsin (B +v)
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andlet B= siny (ps- pz-m1) + cos Yy (ps+ ps— mz) + agsin (B +y) -az cos (B +v)

then
A-(te+ 88) cosa +(assina /costy) -8dtantysina | 0 (C13)
B - (ts+ 80) sin a - (a9 cos a/cos t7) + 86 tan t7 cos a 0 (C14)

From Equation (C.13):

a9 sin a .
A-(ts+88)cosa+ ——— - S8tantysina =0
cos t7
Then
a9 sina )
A-t¢cosa-66cosa+ — - OS6tantysina = 0
cos ty
and
a9 Sin a .
A-tscosa+ —— = 466 (tantysin a + cos )
cos ty

Solving for 66 gives:

A te cos a a9 Sin a
tantysina+cosa - tantysina+ cosa +  costy (tan tysin o + cos a) =688
thus

A cos ty te cOs a cos t7 a9 Sin
sin tysin a 4+ cos tycos a - sintssina+ costycosa T sintysin o + cos ty cos =88
then

costy (A-tscosa) + agsina
66 = ( ) (C.15)

cos (a-t7)
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Similarly, from Equation (C.14):

cost7(B-tssina) -agcosa
86 = 7(B-tesina) - a (C.16)
sin (a - t7)

Combining Equations (C.15 and C.16):

cos t7 (A -te cos a) + as sin cos t7(B-tesina) - ag cos a

cos (o - t7) - sin (a - t7)

Cross-multiplying gives:

A cos tysin (a - t7) - ts cos a cos t7sin (a - t7) + a9 sina sin (a - t7)= B cos t7 cos (a - t7) - ts sin a cos t7
cos (a - t7) - ag cos a cos (a - t7)

Re-arranging terms:

a9 (sin asin (a - t7) + cos a cos (o - t7)) + cos t7 (A sin (a - t7) - B cos (a - t7)) - ts cos t7 (sin (o - t7)
cosa-cos (a-t7)sina) =0

which gives:

a9 (cos (o - (a-t7))) + cos t7 (Asin (o - t7) - B cos (a - t7)) - te cos t7 (sin ((a-t7) -a)) =0
and thus:

ag cos t7 + cos t7 (A sin (- t7) -B cos (a-t7)) -ts cos tysint; =0

Re-arranging terms gives:

a9 cos ty - te cos tysinty = - cos ty (A sin (o - t7) - B cos (a - t7))
thus:
a9 +tssint; = -Asin (a-t7) - Bcos (a-t7) (C17)

Now let ag + tg sin t; = -K

Then dividing both sides by v (A2+B2) gives:

Asin (a-t7) Bceos(a-t7) = K (C.18)
VA? + B2 VA? + B2 VA? + B2
B
Now let sinZ = ————
VA2 + B2
A
thencosZ= ———
VA2 + B2

Substituting in Equation (C.18):
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K
cos Zsin (a - ty) + sinZ cos (a-t7) =

VA2 + B2
Thus sin (Z + o - t7 ) —L
us sin - e —
’ VA24+B?
_ K B
o = arcsin (ﬁ) + t7 + arctan (K) (C19)

Substituting back into Equation (C20):

. _ag - tﬁ Sln t7 B
o = arcsin <W) + t7 + arctan (K) (CZO)
and, from Equation (C.15):
cost7(A-tgcosa) +agsina (C.21)
66 =
cos (a - t7)

Directly from the above, the catch overhang 6 can be determined by

§ = ti-tg- 85 (C.22)

The remaining positional variables were derived as detailed in Appendix B or directly from the
appropriate diagrams as detailed in the text.
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C.1.3 Determination of remaining geometric variables.

Directly from Figure 4.3:
p = te+88 (C.23) - P ’
-9
and 7
® =t (C.24) @
£
Similarly,

U= (a7+ascos(B+@-a))sin(B+@-a)+ag-assin(B+ @-a)-as-assinfB (C.25)

and

w = (a7+ascos(B+e-a))cos(B+¢@-a)

(C.26)

C.2 Force analysis Option 2.
C.2.1 Determination of f, f., f™ 1* and W,.

The above variables were determined in the same manner as employed for Option 1.

C.2.2 Determination of u“.

As demonstrated in Equation (A.70)

25 fLL - tas - Hshachf + lIJ — qu
 foef N
Where
T3 = torque exerted on actuator by the actuator spring = 25 fas
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fif = catch force
(disregarding torque link and catch face friction)

f.ef = catch force normal

The variables applicable to the above equations are listed in the table below. Values, where
specified, are the actual values pertaining to the measuring jig.

Table C.1 Dependent variables pertaining to actuator type 2.

A cos0 fms

p

ff cos ()

Variable (relating to roller catch actuator) Value

u = | coefficient of friction in the catch face Unknown

uSh = | coefficient of friction in the actuator shoulder 0.2

u' = | coefficient of friction in the torque link pivot 0.2

1) = | catch face angle force moment arm 0.9514 mm

w = | catch face friction force moment arm length 10.3412 mm

f* = |lockload. To be measured
f* = | actuator spring force To be measured
f™ = | main spring force 11.4609 N

p = | torque link/actuator moment arm length 17.2439 mm

A = | torque link/main spring moment arm length 8.0456 mm

0 = | main spring force vector angle 1 47.2861°

(o) = | catch force vector angle 6.6803°

14 = | main spring flexed length 19.1991

Note that the above variables, due to the differences in geometry between “Option 1” and “Option
2”, were slightly different from those detailed in the case of “Option 1”.

Therefore:
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fcf = AcosOfims
p

= 62.5494
17.2439

= 3.627N

fuf = ff cos()

= 3.602N
Thus
pef = 25 fLL - 25 fas - pshqfef + 0.9514
10.3412 * 3.602 10.3412
pef = 25 (fiL - fas) - 0.07082 + 0.0920
37.249
pef = 25 (fik- fas) 4+ 0.0920

37.249

(c.27)
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APPENDIX D: MECHANISM ANALYSIS OPTION 3

D.1 Force analysis.

D.1.1 Determination of p“.

Using Equation (A.70) and following the method shown in Appendix A2.5:

25 fLL_Tas_ MShastf + lp -
w

w fncf

s = torque exerted on actuatorby  _ 25 fas
the actuator spring

catch force = Acos @ fms
fff = (disregarding torque link 0
friction)
f.f = catch force normal = f cos (@)
Therefore...

ff = Acos 0 fms
P

= 62.5494
17.2932

= 3.617N
then

fof = £ cos()

Which remains 3.617N.

Thus

pef = 25fll-25fas-pshagff  +  0.031117

10.4030 * 3.617 10.4030
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pef = 25 (fL.- fas) - 0.03617 + 0.002991
37.6277

uef = 25 (fiL- f5) + 0.00203 (0.1
37.6277
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