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Abstract

This thesis presents two bodies of work, both related to automated optical

fibre positioning in highly-multiplexed astronomical instrumentation.

Part one concerns the development and prototyping of a pick-and-place
fibre positioner for WEAVE, a new 1000-fibre spectrograph for the 4.2m
William Herschel Telescope. This research has helped shape the posi-
tioner’s final design and has included development of three novel tech-
niques to enhance predicted performance: i) a scheme for automatically
calibrating the fibre measurement system; ii) an algorithm for finding the
centre of an imaged fibre with superior accuracy and speed; and iii) a
robot motion control scheme to greatly reduce field reconfiguration time.
Following these developments, and with rigorous testing of the proposed
industrial robotic components, it is found that the performance of the

positioner is likely to meet WEAVE’s scientific requirements.

Part two of this thesis presents a new design of piezoelectric motor for
‘tilting spine’ fibre positioners. Tilting spine technology already allows
simultaneous positioning of fibres in high-density fields, but has two sig-
nificant drawbacks: i) fibres are tilted, resulting in optical losses; and
ii) actuators require signal amplitudes of >100V, placing performance-
degrading limitations on the control system. The new motor has a more
efficient mechanism and a drive voltage of just £9V, allowing new control
approaches that vastly improve the technology’s capabilities. Prototyping
has shown a closed-loop positioning accuracy of <2.8 nm, lower than any
other published technique. A 50 % reduction in optical loss is shown to be
feasible by trading some accuracy for a spine length increase. It follows
that any survey using this motor would have a higher signal-to-noise ratio

and/or would complete faster than with the existing technology.
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Introduction






1 Spectroscopy with optical
telescopes

Spectroscopy is arguably the most useful technique in the astronomer’s toolbox. Its
power lies in our ability to infer some of the most fundamental properties of light-
emitting and light-absorbing objects from their spectra alone, such as their chemical
composition (from spectral lines) and radial velocity (from spectral Doppler shifts).

Spectroscopy plays an important role in practically every facet of astronomical re-
search, in revealing the nature and motion of stars and galaxies, mapping the structure
of the universe, and even detecting the presence of extrasolar planets.

This section of the introduction aims to familiarise the reader with modern day
telescope facilities and describe the emergence and evolution of multi-object fibre-fed

spectroscopy as a major observational method.

1.1 Present-day optical telescopes

By and large, professional optical telescopes are built as general-purpose facilities.
They are designed to be as versatile and flexible as possible, their basic function
being to deliver photons to a diverse range of exchangeable scientific instruments.
The anatomy of a typical reflecting telescope is shown in Figure [I.I} Such tele-
scopes are centred around their large primary mirror. The telescope’s on-sky field
of view is set by the (often interchangeable) optics after the primary mirror, so that
somewhere this field is focussed onto a virtual surface. This surface—sometimes flat,
sometimes curved, but in any case misleadingly called the telescope ‘focal plane{l|—
presents an image of the sky with which an instrument can do its specific job.
Reflecting telescopes tend to be classed by the diameter of their primary mirror,
with larger mirrors collecting more light than smaller ones. Table shows a gross
generalisation of the size of the most advanced telescopes through recent decades,

forming the widely-accepted notion of telescope ‘classes’.

Focal surface’ will be used throughout this thesis, in the interest of not being misleading.
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Figure 1.1: Large reflecting telescopes usually have a range of focus options to match
different instrument requirements. Common instrument sites are at prime focus (blue path),
Cassegrain focus (red path), and Nasmyth focus (yellow path). The telescope’s field of view
is set by the optics between the primary mirror and the instrument, and can be as wide as
a few whole degrees on the sky (several moon-widths). Star field image by .

Table 1.1: Recent decades have seen a rapid increase in the size of the largest available
telescopes, progressing from the ‘4 m class’ facilities of the 1970s to the ‘30 m class’ facilities
(ELTE) currently under construction.

Designation Mirror diameter Decade(s) Light-collecting area
4m class ~4m 1970s, 1980s ~10m?

8m class ~8m 1990s, 2000s  ~50m?

ELTk ~30m 2020s 500-1000 m?

The next generation of 30m class telescopes, more often referred to as the Ex-
tremely Large Telescopes ), will offer astronomers unprecedented light-collecting
power and optical resolution. Three such telescopes are currently at a mature stage
of development: the 25 m Giant Magellan Telescope , the 30 m Thirty Meter
Telescope (TMT]), and the 39 m European Extremely Large Telescope (E-ELT)).

While larger telescopes will allow us to probe deeper into the faint universe than
ever before, current- and past-generation facilities will not become irrelevant. Indeed,
many 4m class telescopes continue to be the workhorses of astronomical research,
hosting some of today’s newest and most important instruments. A substantial part

of this thesis is devoted to one project with this very purpose.
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1.2 The spectrograph

In its simplest form, an astronomical spectrograph comprises a dispersive element and
a camera (Figure and sits behind the telescope’s focal surface. Light from an
astronomical object is dispersed into its component wavelengths and this information
is extracted from a digitised image of the spectrum on an image detector.

A mask can be used at the focal surface to sample only a thin slice of an object.
This ‘slit” discards almost all of the image information in the direction of the spectral

dispersion, which provides a cleaner spectrum for a particular section of the object.

SLIT DETECTOR

DISPERSING
ELEMENT SPECTRUM

FOCAL
SURFACE

OPTICS OPTICS

Figure 1.2: A dispersive element such as a prism or a diffraction grating is at the heart of an
astronomical spectrograph. Incoming starlight is spread into a spectrum and then captured
by a camera. Slit masks are often placed at the focal surface to remove unwanted beams.

1.3 Multi-object spectroscopy using optical fibres

Multi-object spectroscopy enables simultaneous spectroscopic observations
of many objects, greatly increasing the data output of a single spectrograph. Long
camera exposure times (often >1h) make this all the more important, especially where
faint objects can only be observed on the darkest nights of the lunar cycle. Moreover,
large sky surveys are only feasible if spectra can be delivered at a constantly high
rate. Parallelisation has therefore become the norm for many major spectroscopic

instruments.
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While several methods of obtaining multiple spectra from a single observation have
been used throughout historyEL no instruments have been as successful at multiplexing
visible-wavelength spectroscopic observations as those fed with optical fibres.

Fibre-fed multi-object spectroscopy uses optical fibres to sample the light from
individual objects across a telescope’s focal surface and guide it to one or more spec-
trographs, as illustrated in Figure [1.3] The number of objects that can be observed
simultaneously is commonly called the ‘multiplex’ of the instrument, and modern-day
fibre MOS]| can support multiplexes in the thousands.

The fibre core diameter (commonly of the order 100 pm) can be chosen to match
the optical format of the telescope, the type of target, and the quality of seeing at the

observatory. The major advantages of fibre-fed multi-object spectroscopy are outlined

FIBRE
DETAIL
FOCAL

SURFACE DISPERSING DETECTOR

below.

ELEMENT
FIBRE
SLIT BLOCK SPECTRA
OPTICAL
FIBRES
OPTICS OPTICS

Figure 1.3: Optical fibres can be used to ‘pick off’ the light from individual objects within
a telescope’s field of view. These fibres can be arranged compactly at the spectrograph
entrance, making full use of the available detector area. Fibres can be run for tens of
metres without serious light loss, meaning that spectrographs do not have to be mounted
on the telescope itself.

2<Glitless’, ‘long-slit’ and ‘multi-slit’ spectrographs use physical masks to select targets across the
field of view. The number of observable objects is limited by the size of the image detector and
by spectral overlap. Contemporary multi-slit spectrographs are specialist cryogenic instruments for
observing near infrared wavelengths, and are limited to around 50 objects [1][2].
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e Very high multiplexes: Optical fibres are very fine, meaning that the practi-
cal multiplex limit is not the number of objects you can sample but simply the
size of your spectrograph(s). Modern day fibre-fed instruments have multiplexes

in the thousands.

o Efficient use of image detector real estate: Fibres can be efficiently aligned
in the spectrograph so that there is minimal wastage across the area of the image

detector.

e The option of an off-telescope spectrograph: Spectrographs can be housed
in purpose-built rooms with a fibre cable running from the telescope focus,

eliminating the mass and size restrictions of an on-telescope instrument.

A more recent evolution of fibre-fed astronomy is to bundle several single fibres
together in a closely-packed array while still obtaining separate fibre spectra. This
allows spatial as well as spectral sampling of galaxies and other extended sources,
allowing us to study the properties of different areas of the object. These fibre bundles
are called Integral Field Units (IFUs) and can comprise as few as seven fibres, or
many hundreds. Multi-object IFU instruments are currently gaining considerable

momentum in the community [3][4][5].

1.3.1 The evolution of fibre-fed spectroscopy

The first multi-object observations with optical fibres were made in 1979 at the Stew-
ard Observatory, soon resulting in the 37-fibre MEDUSA instrument of 1980 [6]. The
use of fibres in this way was quickly adopted across the world, with publications
reviewing the history of the technique appearing as early as 1988 [7].

Throughout the late 1990s, fibre-fed rapidly progressed in sophistication to
become one of the major observational strategies of our time. Multiplexes increased,
fields of view became wider, and the first massive ‘sky surveys’ began. Table
shows a cherry-picked selection of galaxy surveys made possible by highly-multiplexed
fibre spectrographs. These large datasets have enabled some of the most important
cosmological discoveries about the large-scale structure of the universe.

But there is still much more to see. Current and future surveys are routinely
targeting many millions of stars and galaxies in an attempt to understand the birth,

life and death of our own galaxy, our neighbouring galaxies, and of the entire universe.

To answer the biggest questions we must use our best technology.
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Table 1.2: A hand-picked selection of influential galaxy redshift surveys that relied on high-
multiplex fibre spectroscopy, showing the number of spectra recorded, the approximate
duration, the telescope size and field of view (FoV]), and the instrument multiplex (mux.).

Survey name Spectra Years Telescope Instrument  Mux.
26 000 1991-1996 du Pont 2.5m 2° — 50
230000 1997-2002 |AAT|3.9m 2° 2dF 400
125000 2001-2009 [UKST|{1.2m 6° 6dF 150
900000 2000-2008 Sloan 2.5m 3° (Dedicated) 640

1.4 Section summary

In this section we have reviewed the anatomy of modern optical research telescopes

and their increase in light-collecting power from the 4 m class facilities of the 1970s

to the 30m class {ELTF’ currently under construction. Despite this advance, the

basic design of reflecting telescopes seldom departs from a classic format, often with

selectable foci to accommodate a range of interchangeable instruments.

The concept of multi-object spectroscopy using optical fibres has been introduced,

with examples of historical surveys of up to a million objects that were only possible

with this technique. Having made the connection between technological advancements

and scientific output, it should now be clear that the future of astronomical research

will be shaped by our ability to produce cutting edge instrumentation.



2 Fibre positioning systems

This section of the introduction focusses on the technical aspects of multi-object

spectroscopy and the engineering challenges of reconfiguring fibre fields.

2.1 The need for fibre positioning

One of the major technical hurdles presented by multi-object fibre instruments is how
their fibres are physically placed on targets before an observation begins. Fibres also
have to be reconfigured afterwards, ready for the following observation.

High quality seeing conditions at most observatories mean that there is rarely
much room for positioning error on the telescope focal surface. Accuracy require-
ments for fibre placement on point sources (stars) are commonly of the order 10 pm,
otherwise a significant fraction of the light will miss the fibre core and be wasted.

Modern-day fibre numbers in the hundreds, or even thousands, make the system
used for fibre positioning absolutely critical to the success of the instrument. These
systems have two main functions: i) they must provide a way to place fibres at pre-
defined locationd!] across the field of the telescope, with minimal positional error; and

ii) they must minimise the time taken to switch from one field to the next.

2.2 The need for automation

Within five years of the first fibre-fed spectrographs going online, automated fibre
positioning systems were being developed with a view to reducing the overhead asso-

ciated with manual methods. But both approaches have their place, even today.

!Target selection depends on the motives of the observing programme and can be automatic or
specified by an astronomer. Translation of object sky coordinates into physical locations across the
telescope field depends on the time and place of the observation and the optics of the telescope;
these calculations are usually done by software.
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2.2.1 Manual ‘plug plates’

Fibre ‘aperture plates’—later becoming ‘plug plates’—have been used with success
since the first fibre-fed multi-object spectrograph, MEDUSA, commissioned in 1980
[6]. Plug plates are flat, interchangeable discs that are mounted at the telescope’s
focal plane. Fibres are mounted in holes that have been pre-drilled to a high accuracy.
A number of plates can be drilled ahead of time and queued up for the entire night, the
only remaining task being to unplug and re-plug the fibres between each observation.

It’s tempting to berate the labour-intensive nature of manual plug plates for large
astronomical surveys of a million or more objects, but this approach has been used
with undeniable success in various sky surveys at the Sloan telescope since 2000.
The ongoing Baryon Oscillation Spectroscopic Survey [12] has a fibre
multiplex of 1000, relying on human effort to fully populate each plate. The system
maintains a high duty cycle by buffering the plates, meaning that one set of fibres is
used for observing while the other is being prepared. Progressing to the next field is
simply a matter of swapping the plates.

An inherent disadvantage with a plugged fibre system is its lack of flexibility;
observations must be executed at the planned time else the holes in the plate will
be at incorrect locations due to changing atmospheric refraction. The method also
requires on-site machinery to drill the plates, and a trained technical staff to keep
things running. For these reasons, plug plates tend to be favoured by organisations
with an existing trained workforce, or simply for programmes of a short duration or

low multiplex.

2.2.2 Automated systems

Automated positioning systems are able to reconfigure fibre fields with minimal hu-
man input. The first robotic fibre instrument, the MX Spectrometer [13], was com-
missioned at the Steward Observatory in 1985 by the same group who pioneered
multi-object observations using manual aperture plates.

The major advantages offered by robotic positioning systems over manual plug
plates are listed below. It’s also important to remember that we may not want our
instrument to constantly march forth in the pursuit of huge datasets, but that small-

scale surveys or ad hoc programmes may need to be accommodated too.

10
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e Enhanced versatility: There is no commitment to an observation schedule
prepared in advance. The observer can take advantage of the current conditions
to optimise the schedule, which is particularly important at sites with imperfect

weather.

e Reduced labour overheads: The dependence on a trained technical work-
force is removed, as is the need for a workshop to produce drilled mounting

plates every day.

e Operation during observations: Exposure time limits can be increased by
fibres tracking objects throughout a spectrograph exposure, if the chosen posi-

tioning technology allows this.

2.3 Robotic high-multiplex fibre positioning
technologies

In the pursuit of efficient automated fibre positioning, a number of distinct techniques
have emerged for high-multiplex instruments. These techniques each have their own

strengths and weaknesses, having generally been optimised for a certain type of use.

2.3.1 The variation of technical requirements

Before reviewing fibre positioning technologies, we should first consider how the re-
quirements of an instrument can vary. The factors that affect the top-level technical
requirements of a fibre positioner have two main origins: i) the scientific goals of the
instrument; and ii) the optical design of the telescope that will host the instrument.

The main evaluation criteria for fibre positioning are as follows, with positioning

accuracy and reconfiguration speed being the two metrics most relevant to this thesis.

e Positioning accuracy: Fibre positioning technologies live or die by their abil-
ity to meet an instrument’s positioning accuracy requirements, with errors of a
few tens of microns often meaning that light from a star misses a fibre entirely.
An instrument’s tolerance of positioning errors will depend on the width of the
intensity profile of an object at the focal surface; this is set by a combination of
the quality of seeing at the observatory, the design of the telescope optics, and

the telescope’s plate ScaleE]. Accuracy requirements can be just a few microns.

2The plate scale of a telescope gives the relationship between angular distances on the sky and
real-world linear distances on the focal surface. Larger telescopes generally have physically larger
focal surfaces for the same field of view, meaning that on-sky object separations translate to larger
physical separations on-telescope.

11
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Positioning speed: All positioning technologies aim to minimise field recon-
figuration times as much as possible, but some observing strategies are more
tolerant to this than others. For example, a faint object survey that routinely
requires 2 h exposures will be fairly insensitive to a reconfiguration overhead of
5min. Naturally, there is always a trade-off between the reconfiguration speed

and the achieved positioning accuracy.

Target density: Some positioners naturally lend themselves to higher or lower
average fibre spacings. The overall density of candidate targets across the tele-
scope’s field of view will vary depending on the instrument’s science case and
the telescope’s plate scale. A higher target density will benefit from the choice
of a positioning technology that supports a high fibre density. Conversely, high

fibre densities will be wasted on sparse fields.

Closest approach: Some positioners are able to place neighbouring fibres
closer together than others. The science case and telescope plate scale will set
the minimum likely physical separation between targets, so choosing a technol-

ogy with a closer approach will benefit observations with smaller separations.

Clustering ability: Many positioners have a limited range of motion for each
fibre, so bringing many fibres together can be problematic. Field homogeneity
has a strong dependence on the phenomena we wish to understand. A pro-
gramme to study the kinematics of star clusters, for instance, would be hurt by

a positioner that is inherently restricted to highly uniform distributions.

Focal surface curvature: Telescope optics may or may not provide a flat
plane of focus, meaning that some fibre fields must accommodate an amount of

focal surface curvature. Some technologies are not well suited to this.

Angular position control: Some fibre positioners are able to provide angu-
lar position control of fibre units. The recent emergence of multi-object spec-
troscopy using fibre bundles means that the angular orientation of [[F'Us

on targets may be important, especially if asymmetric bundles are used.

Object tracking: Some technologies are able to move fibres without disturb-
ing an observation. Multi-object instruments with wide fields of view often
have their maximum exposure time limited by the differential motion of ob-
jects throughout the exposure due to atmospheric refraction. Some observation

programmes would therefore benefit from being able to track this object motion.

12
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e Optical losses: Some positioning technologies inherently cause optical losses
due to misalignment or defocus of the fibre as it is moved. It’s hard to think of a
scenario where this is a desirable trait, although the other advantages associated

with the technology may make the trade-off worthwhile.

We can now appreciate how the problem of multi-object fibre positioning can take

many forms. And naturally, different problems call for different solutions.

2.3.2 Description of major positioning technologies

The first automated multi-object spectrograph, the MX Spectrometer, used a novel
arrangement of actuated arms that surrounded the telescope’s focal plane [I3]. These
arms could swing and extend to reach different points across the field, bearing a
resemblance to fishermen standing around a small pond. But the multiplex of these
early instruments was rather low by today’s standards, and this pioneering application
of robotics to fibre positioning has not scaled well as multiplexes have increased.

If we now consider only the technologies that remain compatible with the modern
day and so-called ‘massively-multiplexed’ spectroscopic instruments (fibre numbers
in the hundreds or thousands), then we see four main types: i) pick-and-place po-
sitioners; ii) tilting spine positioners; iii) radial arm positioners; and iv) roaming
positioners. These are discussed in more detail below, along with their associated
strengths and weaknesses.

Conspicuously absent from the following comparison of technologies is any notion
of cost. While this is obviously a key driver in projects, true costs are often distorted
by contractual arrangements between consortium members, by fluctuations in the

currency market, or by the availability of student labour.

2.3.2.1 Pick-and-place positioners

Pick-and-place technology was the first to be used on an automated fibre-fed spectro-
graph with a multiplex exceeding 100. It was pioneered on the AUTOFIB instrument
(1987; [AAT}, 64 fibre units) [14] and later grew in size and sophistication to become a
fibre positioning standard. Notable examples include the Norris spectrograph (1990;
Hale; 200 fibre units) [15], AUTOFIB-2 (1994; WHT} 150 fibre units) [16][17], RdF
(1997; [AAT} 400 fibre units) [18], [6dF] (2001; [UKST}, 150 fibre units) [19][20], and
OzPoz (2003; [VLT]}, 170 fibre units) [21].
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Pick-and-place positioners generally comprise a set of mechanical fingers attached
to a robotic gantry above a flat magnetic ‘field plate’. The robot sequentially picks up
fibres and places them back down at the required position. Each fibre is terminated
with a small magnetic assembly that the robot can safely grip, and that holds the
fibre in place on the field plate. A small right angle prism is glued to the end of the
fibre to reflect the incoming starlight into and along it. The fibre runs to the edge
of the field plate where it is kept under slight tension by a spring-loaded system of
pulleys.

The [2dF| robot (Figure on the Anglo-Australian Telescope (AAT]) remains a
shining example of pick-and-place positioning technology. Over the last two decades
it has stalwartly caught the light from hundreds of thousands of stars and galaxies,
and is still going. It has 400 fibres and a wide 2° field of view focussed on a field plate
the size of a large pizza. Fibres are placed with an accuracy of a few tens of microns.

The sequential nature of pick-and-place positioning means that field reconfigura-
tions are rather slow. This can be mitigated by using a buffered system of two field
plates, each with its own set of fibres, so that one plate can be configured while the
other is observing. has a motorised field plate exchange mechanism for doing
just this.
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Photo by Angel R. Léopez-Sdnchez

Figure 2.1: The 2dF positioner robot sequentially positions 400 fibres that originate from
spring-loaded retractors around the perimeter of the field plate.
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Pick-and-place positioners place relatively few restrictions on where fibres are
allowed to go, and therefore are a good solution for a wide range of use cases. They
are particularly suitable for observing highly-clustered fields, and provide a close
approach for nearby object pairs.

Part [I] of this thesis will focus on a brand new 1000-fibre pick-and-place positioner

with a range of new features and enhancements over existing facilities.

2.3.2.2 Tilting spine positioners

‘Tilting spine’ technology, also known as ‘Echidna’ technology, was developed in the
early 2000s by the Australian Astronomical Observatory for the Fibre Multi-
Object Spectrograph instrument on the Subaru telescope [22][23]. Unlike
pick-and-place positioners, Echidna technology allows multiple fibres to be moved
simultaneously.

Figure2.2]shows the[FMOS}-Echidna positioner, which has 400 fibres spread across
a square field about the size of a football!l Each fibre is held in a rigid tube called a
‘spine’, which is 140 mm long and can freely tilt about a ball joint at one of its ends.
This ball is mounted on a small piezoelectric actuator that can move the spine in
discrete angular steps, therefore displacing the spine tip. The actuators are arranged
in a regular grid with a spacing (pitch) of 7.2mm. Every point across the field can

be reached by at least three fibres, as illustrated in Figure [2.3

Photo by Masayuki Akiyama

Figure 2.2: [FMOSHEchidna was the first instrument to use m tilting spine technology.
Each fibre is held in a rigid tube (spine) that can be tilted by a few degrees in all directions.
The positioner hosts 400 fibres on a pitch of 7.2 mm.

3Soccer ball.
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(a) Patrol radius = Pitch (b) Patrol radius = 1.2 xPitch

Figure 2.3: Tilting spine positioners have a large ‘patrol radius’. These diagrams show
seven spines (black spots) viewed from their tips; any point in the field can be accessed by
3 (purple), 4 (blue), 5 (green), 6 (yellow) or 7 (red) different fibres. The [FMOS}-Echidna
positioner has a spine patrol radius equal to the pitch @, whereas more recent designs set
the patrol radius slightly larger (]E[)

The Echidna concept has some unique strengths: it is able to support very high
fibre densities while tolerating moderate target clustering, thanks to its generous
overlap of the accessible ‘patrol areas’ of neighbouring spines; spines can also collide
without damage, simplifying software routing algorithms. In addition to these, there
are the natural advantages offered by a many-actuator positioner: all fibres can move
simultaneously, making full field reconfigurations very fast, regardless of fibre count;
and spines can also be moved during observations, albeit with limited accuracy.

An unavoidable weakness of tilting spines is the optical loss suffered due to non-
telecentricity and defocus offsets when the spines are tilted, although for some instru-
ments this may be compensated by increased target allocation yields [24][25].

The [AAQ] is currently designing a much larger tilting spine positioner for the
instrument [26] [24]. It will host ~2500 spines on a pitch of ~10 mm.
All fibres are expected to be configurable to an accuracy of ~10pm in ~2 min.
Separate experiments by the [AAQ| have recently shown that spine pitches smaller
than 7mm are plausible [27], making this technology the most compact available, by
a considerable margin.

Part[[T of this thesis pursues further improvements to the current-generation tilting
spine technology to meet the demands of future instruments, including the reduction

of optical losses and an overall increase in accuracy and speed.
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2.3.2.3 Radial arm positioners

Another parallel positioning technique uses small robotic posts in a similar gridded
arrangement to Echidna spines. Unlike Echidna spines, this breed of positioner does
not significantly tilt or defocus the fibre. The principle was first put into practise on
a large scale in the 4000-fibre LAMOST instrument, commissioned in the late 2000s
[28]. Each independent LAMOST positioner has two miniature rotary motors in an
eccentric-axis arrangement (Figure . LOMOST’s fibre pitch is 25.6 mm and the

fibre patrol radius is 16.5mm, so every point across the field can be reached by at

least one fibre (Figure [2.4D)).

(a) Eccentric axis system (b) Patrol area overlap

Figure 2.4: The most common format of radial arm positioner has two axes in a ‘theta-phi’
arrangement @); the fibre (yellow spot) can access any point in a circular patrol area via a
certain combination of ‘theta arm’ (blue) and ‘phi arm’ (red) angles. Points across the field
(@ can be accessed by either one fibre (light grey areas) or two fibres (dark grey areas).
Patrol area limits are drawn as solid black circles and the positioners’ footprints are drawn
as dashed grey circles.

More recent radial arm designs include the Cobra positioner (SuMIRe/Subaru;
2394 fibres; 9.5mm pitch) [29], the MOONS positioner (VLI} 1024 fibres; 50 mm
pitch) [30], and numerous proposals for the instrument (Mayall; 5000 fibres;
12mm pitch) [31][32].

Radial arm positioners provide fast, accurate, and simultaneous fibre positioning.
The fibre density is reasonably high although clustering ability is limited, making this

technique best suited to consistently homogeneous fields.
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2.3.2.4 Roaming positioners

Roaming positioners are free to move about a field plate without significant restriction.
In the context of fibre positioning, the only example of this style of device is the
Starbug, conceived by the Australian Astronomical Observatory in the early
2000s and later developed extensively in the early 2010s [33].

Starbugs (Figure are miniature self-motile piezoelectric robots that are able
to walk across a telescope’s field plate while carrying a variety of fibre-based pay-
loads. They can have very wide ranges of motion, making them ideal for the large
focal surfaces of next-generation telescopes. Indeed, Starbugs have been developed
specifically for use on the Giant Magellan Telescope , which will have a field
diameter exceeding 1m [34]. This fibre positioning facility, called MANIFEST, is
expected to be able to fully reconfigure the [GMT] field to an accuracy of ~20pm in

~2min.

Image courtesy of the Australian Astronomical Observatory

Figure 2.5: Starbug fibre positioning robots can freely roam about a telescope’s field plate,
carrying fibre payloads in their central cylindrical aperture. Current-generation Starbugs
use a vacuum system to attach themselves to a transparent glass field plate, through which
the starlight enters. The Starbugs pictured are ~8 mm in diameter.

Starbugs turn the traditional concept of fibre positioning on its head, attaching the
positioner to the fibre rather than the fibre to the positioner. Their core philosophy is
one of flexibility and modularity, enabling a range of tricks such as multi-instrument
focal surfaces, object tracking, and angular positioning for [[FU| fibre bundles.

A generous patrol area means that Starbugs cope well with highly-clustered fields,
although a rather large closest approach (~10 mm) limits their usefulness in telescopes

with fine plate scales.
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2.3.3 Summary of major positioning technologies

The strengths, weaknesses and idiosyncrasies of the four major fibre positioning tech-
niques identified above are complex, interwoven, and practically impossible to com-
pare in absolute terms. Table[2.1]is a sporting attempt at broadly summarising them,

for no other reason than to show that their characteristics are unique.

Table 2.1: Broad-brush comparison of high-multiplex fibre positioning technologies against
common selection criteria.

Pick-and- Tilting spine  Radial arm Roaming

place
Type Serial Parallel Parallel Parallel
Positioning accuracy ~20 pm ~10pm ~5um ~10pm
Positioning speed Slowestﬂ Faster Faster Faster
Target density Higher Highest Higher Lowest
Closest approach Better Best Worse Worst
Clustering ability Best Better Worst Better
Focal surface curvature ~ Worse Better Better Better
Angular control 1. Not possible  Not possible  Not possible  Possible
Object tracking Not possible  Possible Possible Possible
Optical losses Lower Higher Lower Lower

®The sequential nature of pick-and-place positioning means that a buffered field plate exchange
system and a second set of fibres are required to keep overheads low.

2.4 Section summary

In this section we have reviewed the motivation and history behind the major fibre
positioning technologies for so-called ‘massively-multiplexed’ fibre-fed spectroscopic
instruments, which can record spectra for hundreds or even thousands of objects in
a single observation. A broad comparison of the four major types of positioner has
shown their natural compatibility with different science goals and telescope formats.

Assuming that the scientific requirements of an instrument are satisfied, the suit-
ability of a positioning system boils down to accuracy and speed: Fibre placement
must be accurate so that photons aren’t lost, but fast so as to not waste valuable

telescope time. As one might imagine, there is a natural trade-off between the two.
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This thesis will report on two separate areas of research in automated fibre posi-
tioning. The first body of work (reported in Part|l) will focus on a new pick-and-place
positioner with a fibre density never before seen on this type of system. The second
body of work (reported in Part [lI]) will focus on the development of a novel piezoelec-
tric motor for tilting spine positioners, with characteristics that substantially improve

on the technology’s present limitations.
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Part 1

Prototyping of a new robotic fibre
positioning system for WEAVE on
the William Herschel Telescope
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1 Introduction to WEAVE

The Enhanced Area Velocity Explorer is a next-generation wide-field
fibre-fed multi-object spectroscopic facility for the prime focus of the 4.2m William
Herschel Telescope [35][36]. Its planned format is shown in Figure [1.1] The
[WHT] operates at Roque de los Muchachos Observatory on the island of La Palma in
the Canary Islands.

This section describes the scientific motivations for the WEAVE] project, the as-
sociated technical requirements for the instrument, and its overall design. The pre-
liminary design of the fibre positioning system is described in detail, highlighting the
need for extensive prototyping to retire the major technical risks relating to fibre
positioning accuracy and speed. This was the primary aim of the research reported

in this thesis chapter.

FIBRE POSITIONER

PRIME FOCUS
CORRECTOR

FIBRE CABLES

SPECTROGRAPH
ROOM

Image courtesy of Kevin Dee / Isaac Newton Group of Telescopes

Figure 1.1: WEAVE]| comprises a 960-fibre positioning system at the prime focus and
a high-resolution spectrograph at one of theWHT[s Nasmyth platforms.
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PART I: THE WEAVE FIBRE POSITIONER

1.1 WEAVE and the William Herschel Telescope

will turn the William Herschel Telescope (WHT)) into a workhorse spec-
troscopic survey facility, capturing the visible-range spectra of more than a million
astronomical objects in its first five years of service.

The instrument will feature 960 reconfigurable optical fibres, allowing 960 objects
to be observed in a single 60 min exposure. The work reported in this thesis will focus
on the automated reconfiguration of these optical fibres.

will also host 20 deployable Integral Field Units ([FU) for spatially-
resolved spectroscopy. Table shows a summary of the fibre types and multiplex
for the entire instrument. In addition to these, a single large [FU] will be available
for observations of large diffuse objects such as nearby galaxies.

The|WEAVE|project has progressed through its final design stages and will shortly
begin manufacture and integration. First light is expected by the end of 2017.

Table 1.1: WEAVE] will have a variety of fibre types for different observing modes.

Fibre unit type No. of fibres in unit  Unit field of view No. of units
Single fibre (MOS) 1 1.3" 960

Mini (MIFU) 37 (hex packed) 117 x 12" 20

Large (LIFU) 547 (hex packed) 90" x 78" 1

1.2 WEAVE science goals

The main scientific motivation for WEAVE]| can be divided into two broad areas: i)
follow-up of stellar targets from the Gaia satellite for galactic archaeology [37]; and
ii) follow-up of galactic targets from the [LOFAR] and [APERTIF| cosmological radio

surveys. These are explained below.

1.2.1 (Gaia follow-up

The FEuropean Space Agency’s Gaia satellite, launched in December 2013, is busy
measuring the positions and proper motions of 10° stars in the Milky Way via precision
astrometry [38][39]. In addition, Gaia’s on-board Radial-Velocity Spectrometer (RVS)

will measure radial velocities for those objects of magnitude V <17.
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The limitations of Gaia’s instrumentation are such that more comprehensive spec-
troscopic follow-up by ground-based facilities is necessary. This is particularly true
for elemental abundance measurements, which require broadband spectral coverage
at good resolution. Furthermore, the accuracy of Gaia’s[RVS|instrument decreases at
fainter magnitudes. An accuracy of 30 kms™! is reported at V ~17, with performance
decreasing sharply thereafter.

aims to conduct a northern hemisphere spectroscopic census of 10° Gaia
targets of magnitude 17 < V < 20 at a resolution of R = 5000 across the visible
wavelength range. In addition to chemical abundances, will trace radial

velocities with accuracies better than 3kms™!

out to near the photometric limit of
Gaia. The survey will target a uniform subset of Gaia objects, providing probability
distribution information that can be applied to the whole catalogue.

WEAVES's high-resolution mode (R~20000) will allow accurate sampling of key
elemental spectra, aiming to reveal chemical ‘fingerprints’ that link groups of stars
with common formation histories. This will aid our understanding of how and when

the Milky Way assembled its stellar mass.

1.2.2 Radio cosmology follow-up

WEAVE]s single fibre and [[FU] capability will allow spectroscopic follow-up of the
Dutch-led [LOFAR] and [APERTTEF| radio surveys. [LOFAR]s wide-field continuum sur-

vey will detect 107 star-forming galaxies, but will not be able to infer their redshifts
[40], meaning that this must be deferred to other instruments. [WEAVE] aims to de-
termine the redshifts of [LOFAR] sources by detection of Ha and [OII] emission lines

for galaxies at z< 1.3 and detection of the Lya line for galaxies at z > 2.

[APERTTF], a radio focal plane array, will provide spatially-resolved kinematics
from observations of the 21cm HI line for 10* galaxies out to z ~ 0.4 [41]. With
its deployable miniature [FUk, [WEAVE will provide complementary kinematic in-

formation from the visible wavelength range, probing the relationship between star

formation and neutral gas.

A single large [[FU] will be available on [WEAVE] to study the disks of nearby
low surface brightness galaxies at intermediate spectral resolution, and determine the
associated distributions of dark and luminous matter. Although WEAVE]s large [FUJ
will be physically present on the fibre positioner structure, this thesis will focus only

on the pick-and-place aspects of the positioner for multi-object observations.
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1.3 The anatomy of WEAVE

The instrument has three broad subsystems: i) the prime focus corrector;
ii) the spectrograph; and iii) the fibre positioner. These were highlighted in Fig-
ure (p. . The subsystems are summarised below, although the corrector and
spectrograph are beyond the scope of this thesis.

1.3.1 The prime focus corrector

A new prime focus corrector (PFC)) will be built for the [42][43]. The will

provide a 2° field of view across a flat and near-telecentric focal surface 410 mm in
diameter. Other optical specifications for the [PFC|are summarised in Table [1.2]

Table 1.2: Summary of the prime focus corrector design for WEAVE

Parameter Designed value

On-sky field of view 2.0°
Focal surface diameter 410 mm
Focal surface curvature Flat
Telescope focal length ~ 11.6m

Speed f/2.75

1.3.2 The spectrograph

A new spectrograph will be built for WEAVE] [44], and has been designed according to
the WEAVE] science goals (see Section . It has a dual-arm configuration, together

providing spectral coverage across the full visible range at R~5000, or across narrower
ranges at R~20000. More details are shown in Table [1.3]

Table 1.3: Summary of the spectrograph design for WEAVE

Designed value

Parameter . . .
Low-resolution mode High-resolution mode
Resolution 5000 20000
404-465nm
Wavelength coverage (blue arm) 366-606 nm A73-545 nm
Wavelength coverage (red arm)  579-959nm 595-685 nm
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1.3.3 The fibre positioner

The fibre positioner subsystem is responsible for the accurate automated placement of
optical fibres (both single fibres and mini ) on objects across the focal surface of
the prime focus corrector. The positioner system also provides a focal plane imaging
facility for field mapping and calibration of optical system distortions.

The primary requirements of the automated fibre placement system concern the
accuracy and speed of fibre placement when reconfiguring a field. The [WEAVE}
related work reported in this thesis will focus almost entirely on these aspects of the
anticipated fibre positioner performance.

Early on in the project, an accuracy requirement of 8 pm [RMS| was set for the
placement of fibres on focal surface. A maximum field reconfiguration time
of 60 min was also specified, although this is linked to the choice of fibre positioning

technology (explained below).

1.4 WEAVE fibre positioner design

This section describes the motivation behind the early selection of ‘pick-and-place’ po-
sitioning technology forWEAVE] and how the WEAVE] design inherits many features
of the Anglo-Australian Telescope’s ‘2-degree Field’ (2dF) fibre positioning facility.
Given this strong link, will be described in some detail. The WEAVE] positioner
design will then be presented with consideration of its differences to and how

these unique challenges are addressed by the design.

1.4.1 Pick-and-place technology and the influence of 2dF

‘Pick-and-place’ positioning technology was chosen in the early stages of the WEAVE]
project due to its relatively low cost and technical risk. Of particular interest was the
prospect of adopting commercial off-the-shelf components, including indus-
trial robotics products already used in high-precision applications.

Pick-and-place robotic positioning systems have a successful track record in the
world of fibre-fed multi-object astronomy, examples being AUTOFIB (1987; ; 64

fibre units) [14], AUTOFIB-2 (1994; 150 fibre units) [16][17], (1997; |AAT}
400 fibre units) [18], [6dF]| (2001; [UKST} 150 fibre units) [19][20], and OzPoz (2003;
\VLT} 170 fibre units) [2I]. While all of these are evolutions of the same principle,

the [AATTs positioner is most akin to[WEAVE] given its prime focus location and
similar telescope and field size.
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Image courtesy of Australian Astronomical Observatory
Figure 1.2: fibres are terminated with a small magnetic assembly called a ‘button’,

allowing fibres to be picked up by the robot’s gripper. A right angle prism reflects incident
starlight down the fibre core.

The robot, shown previously in Figure[2.1] (p.[14)), sequentially positions fibres
across a flat steel field plate using linear motors arranged in an orthogonal ‘H’ format.
This (z,y) gantry structure allows an electro-mechanical gripper unit to access any
point above the field plate. A third linear axis (z) provides up-down motion, while a
rotary axis (f) ensures the gripper unit is always aligned with the fibre being placed.

The positioner’s gripper unit has an integrated video camera system for accurately
measuring the position of fibres before and after placing them. The fibres are illumi-
nated during field reconfigurations so that their cores are detectable in the camera
image for the purpose of image processing.

2dETs 400 optical fibres originate from fibre ‘retractors’ mounted around the
perimeter of the field plate. These retractors use a spring-loaded pulley system to
keep every fibre under tension and therefore make their paths predictable.

Each fibre is terminated with a small magnetic assembly called a ‘button’ (Fig-
ure measuring ~5mm on its longest side. Each button incorporates a vertical
handle or ‘vane’ with which the positioner robot picks up the fibre to move it. Light
entering normal to the field plate is coupled into the fibre cores via small right angle
prisms glued to their end faces.

The sequential nature of pick-and-place positioning means that field reconfigura-
tions between successive observations would be unacceptably slow. To get around
this, uses a pair of opposing field plates each with its own set of fibres. This

means that when one field plate is in use, the other field plate is already being re-
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Fieldplate A

Pair of robots \

168 retractors
around plate A

I X axis counterweights
LIFU
Tumbler axis

Main structure
(grey)

168 retractor units
around plate B

Focal plane

Fieldplate B imager

Cable wrap —
Interface plate

e

b4

Image courtesy of the WEAVE team / University of Oxford

Figure 1.3: The |WEAVE]fibre positioner design adopts a dual-headed pick-and-place robot
configuration, buffered dual field plates on a motorised ‘tumbler’, and is based heavily on

robotic components.

configured for the next observation. The field plates are quickly exchanged at the
end of an observation by rotating a barrel-like ‘tumbler’, and the process repeats. It
follows that is able to maintain a very high duty cycle, providing fields can be
reconfigured within the duration of an average spectrograph exposure.

A further advantage of the fibre system is the ability to closely pack fibre
buttons in order to observe dense or clustered fields. Fibre separations of <2.0 mm
are achievable if buttons approach at large enough angles (prism-to-prism). This

corresponds to an object separation of ~30” on the WEAVE]| field plate.

1.4.2 WEAVE positioner preliminary design

As we have already seen, the fibre positioner system will reside at the prime
focus of the WHT], providing access to a 2° field of view via a robotic pick-and-place
fibre positioning system with buffered exchangeable field plates.

Figure shows a 3D model of the WEAVE] positioner at its preliminary design
stage [45]. While its similarity to the s positioner is clear, there are some

important differences.
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The nature of pick-and-place technology is such that fibres cannot be moved once
an observation commences, and therefore cannot track the movement of target ob-
jects caused by changing atmospheric refraction. The length of a useful exposure is
consequently limited to ~60 min (for a nominal fibre diameter of 1.3"”) before targets
at the edge of the field suffer unacceptable light loss. Hence this exposure time sets
a goal for the field reconfiguration time, if we are to move to the next field with a
minimal delay.

WEAVE]s high multiplex of almost 1000 fibres means that it would be unrealis-
tic for a single positioner robot to fulfil a 60 min reconfiguration time requirement.
As a result, the WEAVE] positioner will employ two pick-and-place robots, working
simultaneously to reconfigure a single field plate.

In another significant departure from existing designs, all robotic axes and con-
trollers in will be commercially-available products from industry} The
performance of modern day industrial equipment is such that its use in demanding
applications such as ours is, for the first time, feasible. This is an important move in
an area that has traditionally relied on building systems from scratch.

The high multiplex of WEAVE] also means that the perimeter of the field plate
is not large enough to accommodate every fibre. [WEAVE]s retractor units have
therefore been designed in a three-tier format (Figure , allowing buttons to be

parked on stepped platforms that resemble a sort of astronomical amphitheatre.

RETRACTOR
HOUSING

FIBRE BUTTONS

TIERED
'PARK PLATES'

FIBRE PULLEY
(ENCLOSED)

Image courtesy of the WEAVE team / University of Oxford

Figure 1.4: The [WEAVE] fibre retractor design features tiered platforms so that all fibres
buttons can be parked around the perimeter of the field plate.

'Schunk GmbH was chosen as the partner company for supplying [WEAVEfs robotic axes.
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Image courtesy of the WEAVE team / University of Oxford

Figure 1.5: WEAVE]| will have three types of fibre button: Type A is for use with guide
bundles; Type B has a concave spherical upper surface to convert the beam speed for single

science fibres; and Type C houses the miniature @ fibre bundles.

WEAVE]s single-fibre buttons, while based on the button design, differ in
two ways: i) their prisms have a concave face to convert the incoming beam from
f/2.75 to f/3.2 for more efficient fibre injection; and ii) they incorporate a small tilt
of the fibre to reduce the effect of slight non-telecentricity from the corrector.

The WEAVE] fibre system will also feature 20 deployable miniature [FU and 16
guide fibre bundles (eight per field plate), which will be positioned in the same way as
single fibres. Figure [I.5 shows the design of all threeWEAVE] button types, although
this is largely irrelevant to the operation and performance of the positioning system
reported in this thesis.

A final part of the[WEAVE] positioner that should be described is the Focal Plane
Imager , which is a twin camera system used to inspect the active field plate at
the same time as imaging the sky. The primary purpose of the [FPI|is to determine
the astrometric calibration of the focal plane, with a secondary use being a backup
field acquisition tool. The [FPI|is mounted on a motorised gantry of the same type as
the positioner robots. Again, this part of the positioner is of no direct relevance to

the work reported in the following chapters.
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1.5 Goals of this research

The remainder of this thesis chapter reports on work that was carried out during the
final design stages of the WEAVE] fibre positioner system, following its preliminary
design reviewf| and leading up to its final design review in January 2015.

The broad aim of this research was to retire the major technical risks associated
with the design of the [COTStbased pick-and-place system, better estimating its per-
formance through laboratory prototyping and testing. More specifically, the work

sought answers to two main questions:

1. Are the proposed off-the-shelf robotic axes capable of positioning WEAVE]s

optical fibres accurately enough to meet the scientific needs of the instrument?

2. If the accuracy is sufficient, then can this accuracy be achieved quickly enough

to meet the required field reconfiguration time?

1.5.1 Fibre positioning accuracy requirement

The requirement for WEAVE]s fibre positioning accuracy was set early in the project
as part of the instrument development specification for the entire prime focus optical
system. The requirement was set at 8.0 pm , based on a total offset of 0.2”
divided equally between the prime focus corrector and fibre positioner subsystems.

In the interest of completeness and diligence, the steps taken to arrive at the
values above will be reproduced below and reviewed.

Since errors in positioning simply result in less light entering the fibre, there are
two ways to look at the importance of fibre positioning accuracy: One way is to take
the fact that exposure time is limited (see Section [L.5.2] below), and therefore see
more accurate positioning as a way to extend the faintest magnitude limit of the
instrument; or alternatively, we can take a nominal faint magnitude limit and see
more accurate positioning as a way to increase the signal-to-noise ratio of the
data. Given that [WEAVE]s scientific motivation is so strongly interwoven with the
Gaia satellite, the latter approach seems appropriate, with Gaia’s faint magnitude
limit (nominally V' =20) used in the calculations.

Taking the reported seeing conditions of the siteEL along with the expected

performance of the prime focus corrector, WEAVE]s known fibre core diameter, and

2The [WEAVE]| fibre positioner PDR took place in March 2013, although the work reported here
commenced in October.
3Site statistics currently accessible at http://www.ing.iac.es/astronomy/observing/conditions/
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Figure 1.6: Simulatedlﬂ resultant signal-to-noise ratio per 3-pixel spectral resolution element
for the WEAVE] low-resolution mode and a nominal faint magnitude limit of V = 20, a
nominal exposure time of 60 min, an airmass of 1.2, a detector readout noise of 2.5¢,
and an on-sky fibre core diameter of 1.3”. Each sub-figure represents a different system
throughput within the anticipated range; each line represents the post{PFC|[PSF| width
in different seeing conditions, solid lines being for a best-case (Gaussian) and worst-case
(Moffat, 5=3) shapes. The bold (red) lines correspond to a reported 75th percentile
seeing of 0.8” for the WHT] The dashed vertical line shows the combined maximum offset
requirement of 0.2” for the El and positioner subsystems combined.

®These plots were produced using code originally written by Gavin Dalton, reused with gratitude.
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anticipated values for the optical system throughput and detector readout noise, we
can simulate the number of photons entering the fibre as a function of the fibre’s radial
distance from the centre of a point source with the relevant point spread function
(PSF)). This can be converted to per resolution element in the final spectrum.

Figure [1.6] shows the simulated resultant as a function of fibre offset for a
V' =20 target with a 60 min exposure in WEAVE]s low-resolution mode. Each plot
is for a different system throughput within the anticipated range. Each line on the
plot represents different seeing conditions. The on-sky angular offset of the fibre has
been converted to real distance units at the focal surface, by using the known focal
length and speed of the telescope and to calculate the plate scale (56.2pm/").
The dashed vertical line shows the acceptable accuracy limit of 0.2” set by the project
team, corresponding to a real world radial distance of 11.2 pm.

The specified fibre positioning accuracy requirement of 8.0 pm was calculated by
dividing the total allowable offset equally between the [PFC|and positioner subsystems
and assuming that these would add in quadrature. The [PFC| portion of the budget
includes target offsets caused by residual errors in the focal plane distortion map,
changes in focal plane calibration with temperature, distortion map movement caused
by various opto-mechanical systems, and field rotator tracking errors. Together these
are expected to take up the entire 8.0 pm error budget allocated to the [PFC]

Looking again at Figure |1.6| we can see that, while the 0.2” total error limit is a
good target, a larger fibre offset would be far from catastrophic. Table shows that
the estimated reduction with larger fibre positioning errors is actually quite
modest; doubling the tolerated error weakens the estimated signal by only ~6.5%
under the expected site conditions. This will be important to remember once
the achievable positioning accuracy of the positioner has been estimated later on in
this thesis.

Table 1.4: Generously increasing the fibre positioning error tolerance results in a

relatively small decrease of the instrument’s estimated signal-to-noise ratio (SNRJ). These
values are based on the data shown in Figure and are for nominal observing conditions.

Tolerance change error change

Set requirement 8.0 pm —
+50 % 12.0 pm -3.9%
+100 % 16.0 pm —6.5%
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1.5.2 Fibre positioning speed requirement

The maximum allowable time for a full field reconfiguration is set by WEAVEs
nominal exposure time, in order to make full use of the buffered field plate exchange
system in the positioner.

WEAVE]s exposure time is limited by target motion caused by residual atmo-
spheric refraction. This effect is most pronounced at the edge of the field, where
fibres suffer unacceptable light loss if an exposures is longer than ~60min. This is
based on previous calculations by the WEAVE] team.

Because fibres cannot be moved during an exposure, the nominal exposure time
for WEAVE] has been set at 60 min, and therefore the maximum allowable time for a

full field reconfiguration is also 60 min.

1.6 Section summary

In this section we have been introduced to the science goals of the WEAVE] project
and the instrument that will be built to achieve them. WEAVE] will be a Gaia
follow-up machine, providing accurate radial velocity measurements that complete
the statistical picture for Gaia’s census of 10° stars, and chemically labelling stellar
groups in order to trace the mass assembly history of the Milky Way. WEAVE] will
also add galaxy redshift information to objects detected by the LOFAR]and [APERTTEF]
radio surveys.

A detailed overview of the design of the WEAVE] fibre positioner has been pre-
sented, and the choice of pick-and-place technology has been justified by WEAVE]'s
similarities to the Australian facility, along with good prospects for using low-cost

[COTS| components.

The flow-down of the fibre positioner’s main technical requirement to achieve

8.0 nm [RMS]positioning accuracy has been analysed with respect to the optical design
of the and the anticipated observing conditions. The effect of non-compliance
with this requirement has been shown to be non-catastrophic in the grand scheme of
things, with a 100 % increase in positioning error reducing the overall signal strength
by only ~6.5%.

The goals of this research have been defined. Prototyping of the proposed [COTY|
robot axes was necessary in order to verify their performance against the requirements
of WEAVE] thus retiring a major technical risk as the project progressed through its
final design phase.
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2 Commissioning of prototype
positioner robot

This section describes work done in commissioning a laboratory-based pick-and-place
robot for the purpose of testing the[WEAVE] fibre positioner concept. This prototype
system was instrumental in verifying the expected performance of the positioner in

the final instrument, as reported in later sections of this chapter.

2.1 Hardware assembly

The available prototype hardware was a pick-and-place gantry comprising motors of
the same or similar specification to the final WEAVE] positioner design. Much of this
was pre-assembled, but without a suitable gripper assembly. Figure [2.1] shows the

assembled prototype hardware.

Figure 2.1: The prototype WEAVE] positioner robot was built to allow pick-and-place
positioning along a single axis for the purpose of laboratory testing.
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The main linear axis of the prototype represents the y-axis of the WEAVE] design,
allowing positioning along a single metal strip representing the field plate. The z-
and f-axis are also present, along with the chosen gripper motor and the prototype
measurement camera (described later).

Control of the existing hardware was only possible via a proprietary engineering
interface on a desktop computer running a popular but non-ideal operating system.
This software, which was nothing more than a commissioning tool, was unsuitable for
controlling the axes in any meaningful way, not least because only one motor could
be moved at a time. Pick-and-place actions were not possible.

In order to properly commission the prototype robot, a control system had to be

built with the ability to move multiple axes at specified velocities and accelerations.

2.2 Development of a PLC-based control
interface

A core philosophy of the WEAVE] positioner design is to utilise components
and existing industrial standards and procedures wherever possible. To this end, a
programmable logic controller (PLC|) was to serve as the main interface to the robot
axes. Moreover, a Bosch Rexroth [PLC| was chosen on the recommendation of the
motor axes supplier, Schunk GmbH.

Substantial effort was put into the deployment and programming of a [PLC| in
the lab, not only to enable full control of the prototype positioner from a computer
workstation, but also to understand how a [PLClbased architecture would integrate

with the final instrument control system.

2.2.1 Positioner control architecture

There are various ways in which a[PLC|could be used in the positioner. This
is mostly a matter of how much intelligence one wishes to place in the [PLC| versus
the external instrument control software.

Following discussions with the [WEAVE] positioner software lead, it was decided
that the[PLCs role in (WEAVE should be a low-level one. The[PLC was to serve as the
communications interface between the instrument control software, which runs on a
Linux workstation, and the axis motion controllers. Any operational or housekeeping
tasks such as initialisation routines and interlocking were also to be handled by the
[PLC| Broadly speaking, the [PLC|would serve the purpose of exposing relevant motor

functions and commands to the high-level control software in a friendly way.
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Figure 2.2: The control architecture for the final positioner is its own subsystem
below the Observatory Control System (OCS|) and is centred around a Linux workstation
running the positioner control software. The workstation handles all high-level positioning
commands and processing of fibre images for the purpose of position feedback. The posi-

tioner interface is connected to a local area network, using the protocol to
communicate with the control software, and the Fieldbus protocol to communicate with the
robot motors; all other connections are gigabit Ethernet unless specified.
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Figure shows the control architecture agreed upon for the final positioner
system. The positioner control software, running on a networked Linux workstation,
handles nearly all the complex calculations involved in the reconfiguration of a field.
These include calibration routines, coordinate conversions, image processing tasks,
and so on. This makes good use of the workstation’s computational resources while
leaving the [PLC] to play to its main strength: the logical and deterministic execution
of simple commands and procedures.

Gigabit Ethernet networks are used for communication between devices, including
that between the workstation and them The decision was made to use the
protocol here. The[PLC|and motion control hardware is kept local to the workstation
in order to minimise mass at the telescope top end, with a long cable run to the motors
on the positioner.

For the prototype positioner system, the architecture of the final instrument was
mimicked in order to start meaningful development for the final design. Figure [2.3

shows the resultant control cabinet layout.

y-axis

Z-axis controller controller

B

Field bus
port

TCPI/IP PLC /¥ L
port >

Figure 2.3: A prototype robot control system was built to mimic that of the full positioner
(but for a single robot and no z-axis).
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2.2.2 Definition of a custom command set

The positioner control architecture was designed with a simple custom command set
in mind. These commands allow the positioner robots to be controlled and their
status queried in a way that makes sense in terms of the positioner’s physical design
and function.

The commands comprise a simple sequence of 8-bit characters, in the spirit

of simplicity and robustness. For example, the message
AP 50.123 500.456 90.789

is a command to move the z-, y- and #-axis of robot A to the motor positions of
50.123 mm, 500.456 mm and 90.789° respectively. It is the task of the [PLC] to in-
terpret this instruction and calculate the appropriate motion controller commands
to move all three axes from their current position to their new position simultane-
ously. Information on the state of the robot system can be requested by the positioner
control software at any time.

All coordinate conversions and calibrations are done within the instrument control
software, removing the need for the to know anything other than the robot’s

motor encoder values.

2.3 Section summary

This section has described one of the first tasks in this body of work, which was to
assemble, commission and program a prototype fibre positioner robot for WEAVE]
The prototype robot has since enabled the laboratory testing and analysis reported

in the remainder of this thesis chapter.
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3 WEAVE fibre placement
metrology

The accurate determination of the location of optical fibres on the WEAVE|field plate
is a crucial aspect of the instrument, since being able to position fibres to a given
accuracy relies on being able to measure to that accuracy. This section describes the
requirements, principles, design and testing of the measurement system.
Detailed analysis of likely error sources places the final estimated measurement
uncertainty at 3.3 pm [RMS] which is well within the required fibre placement accuracy
of 8.0 um [RMS] Hence, the planned measurement system for is shown to be

suitable as feedback in the closed-loop pick-and-place fibre positioning process.

3.1 Fibre position measurement principles

The purpose of the fibre position measurement system is to facilitate the measurement
of the position of optical fibres on the field plate beneath the positioner robots. The

overall principle can be summarised in three statements:

1. We know where the robot axes are positioned in terms of axis coordinates from

their built-in position encoders.

2. We can link fixed markers on the field plate to the axis coordinate system using

cameras on the robots.

3. We can use the same cameras to measure science fibre positions with respect to

the axes, and therefore with respect to the field plate.

This section introduces the core principles of the measurement system and how

these principles tie together to allow accurate fibre position measurements.
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3.2 The measurement cameras

A plan view of the WEAVE] positioner is shown in Figure B.I Each of the two
positioner robots has five motorised axes (z0, z1, y, z, and ), provided by Schunk
GmbH, with motor position feedback via built-in absolute encoders. These encoders
give the position of the axes in real world distance units from a fixed but arbitrary
origin on each axis. There is no intrinsic link to the coordinate system of the field
plate below.

Attached to the #-axis of each robot is the gripper assembly. The gripper assembly
comprises motorised gripper jaws and a measurement camera that can image a fibre
within the gripper jaws or, via a secondary focus, fibres or fiducial reference markers
on the field plate below. The secondary focus is at a greater distance from the gripper
assembly than the primary focus, so the robot can move around freely above the field
plate and not collide with fibres that have already been placed.

The measurement camera is the all-important link between the robot and field
plate coordinate systems. With the correct processing, images from the camera can
be used to estimate the location of anything within its field of view, in terms of robot

axis coordinates.

Measurement camera
field of view (exaggerated)

Gripper assembly
beneath ©-axis motor

x-axis rail 0
x-axis rail 1

Science fibre

y

>

Drawing not to scale.
Only one of two robots shown.

Figure 3.1: Each of the two fibre positioner robots has five motors, plus a gripper assembly
with a measurement camera. Position information for all of these is combined to get a final
measurement of the location of a fibre on the field plate.
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3.2.1 Fibre measurement via back-illumination

A fibre back-illumination system is used to provide good contrast between an image
of a fibre core and its surroundings. The system works by evenly illuminating the
fibre slit block at the spectrograph, providing a relatively bright illumination of the
fibre core at the field plate that can be imaged by a camera in order to obtain the
fibre’s position. This is common among fibre-fed multi-object instruments, including

the [AAT]s positioner [1§], from which the WEAVE] positioner inherits many

features.

The back-illumination system is part of the spectrograph subsystem, but
is an important interface to the positioner subsystem. A prototype unit is evaluated
for suitability in Section

3.2.2 Field plate fiducial markers

Placing fibres at definite locations on the field plate comes with the prob-
lem of accurately mapping field plate coordinates to robot axis coordinates in an
environment with changing temperature and varying mechanical flexure due to the
telescope’s zenith angle.

A regular grid of reference markers on each of the WEAVE] field plates will allow
plate coordinates to be mapped to robot axis coordinates. The specific pattern of the
markers on the each field plate will be measured to a high degree of accuracy at the
point of manufacture, so this pattern can be fitted to the marker locations observed
by the positioner’s measurement camera. This on-telescope measurement of the field
plate is called a field plate ‘survey’. The survey is quickly executed before every
field reconfiguration, providing compensation for axis encoder scale changes due to
temperature, and mechanical flexure due to the current gravity vector. Only a small
subset of markers needs to be measured in order to provide sufficient information to
update the fitting of the grid.

Some proof of concept experiments for the proposed fiducial marker design will
be presented in Section [3.7

3.2.3 Fibre position measurement procedure overview

The procedure for measuring the position of a fibre currently on the field plate, using
the principles outlined above, is summarised below. The procedure is the same for

both positioner robots.
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1. A field plate survey is carried out for the current telescope position, to map the

field plate to the robot axis coordinate system.

2. The measurement camera on the robot gripper captures an image of the back-
illuminated fibre on the field plate.

3. Image processing routines find the fibre in the image and calculate the pixel

coordinates of its centre with respect to the #-axis.

4. The fibre’s image coordinates are converted to real-world distances using the

known pixel scale of the camera.

5. The fibre location is added to the motor encoder values to get the fibre’s position

relative to the axis coordinate system.

6. Finally, the position of the fibre on the field plate is found by applying the

coordinate mapping from the field plate survey.

3.3 Design of a new measurement camera

Each of the positioner robots will carry a camera for the purpose of mea-
suring the position of fibres relative to the position of the robot axes. The camera is
housed alongside the gripper motor to form the ‘gripper assembly’, which is fixed to
the robot’s rotating -axis.

This section describes the design and prototyping of a new measurement camera
as part of the final design phase. A pre-existing camera had a number of
issues that made this redesign necessary. The revised design is shown to meet all

necessary requirements.

3.3.1 Camera requirements

The camera had to satisfy the optical requirements of the measuring system as well
as the mechanical constraints of the gripper assembly itself. Table shows the
requirements that were set for the system, including the need for two focal distances.
This is because the camera must be able to focus on a fibre button within the gripper
jaws as well as on stationary buttons and fiducial field plate markers from a greater
height.
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Table 3.1: The design of the WEAVE| measurement cameras began by defining suitable
requirements for the system.

Parameter

Requirement

Rationale

Primary focus
Secondary focus
Pri/sec magnification
Field of view (diag.)
Pixel scale

Pixel aspect
Detector scan
Comms protocol

Detector unit brand

Fibre face of gripped
button

>7.0mm below gripper
assembly

Equal

>4.0 mm

<4.25 pm/px

1:1 (square)
Progressive scan, global

shutter

GigE with Power over
Ethernet (PoE)
Basler

For measuring fibre position after
gripping and releasing

Minimum clearance to avoid
collisions with buttons

Allows common image processing
routines for both foci

Allows identification of individual
button housings

Equates to a resolvable circle of
~20 px diameter for single fibres
Simplifies image processing by
guaranteeing circular fibre images
Most robust against illumination
changes and motion

Easy integration and fast, robust
protocol

Pre-existing software and
experience with Linux @

Figure 3.2: The pre-existing measurement camera prototype was unsuitable for various
technical reasons, including the off-axis jaw motor and a lack of dual focus.
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3.3.2 Problems with pre-existing gripper assembly

A pre-existing prototype camera and gripper assembly, shown in Figure [3.2] had a
number of issues that necessitated a redesign.

The gripper assembly in this case kept the camera on-azxis with the robot’s 6-
axis motor while placing the gripper motor off-azis. This also meant that the gripper
motor was off-axis from the fibre button being gripped, resulting in an uneven gripping
force at the tip of the jaws. In real terms, the fibre buttons were seen to freely pivot
about the single point of contact when gripped, which is not desirable for accurate
and controlled pick-and-place manoeuvres.

The camera detector chosen for the pre-existing design was also unsuitable; it had
a small format, oblong pixels and an interlaced readout, which added needless layers
of complexity to fibre position measurement routines. A final problem was the lack

of a secondary focus distance in the camera’s optical design.

3.3.3 New design and prototyping

Given the available space envelope, the magnification and focal length of the lens
system was limited. This, and the requirement of matching magnifications for each
focus, pointed to a design with a fixed lens assembly and two incident optical paths
combined with a beamsplitter. This is preferable to a single optical path, as it en-
sures identical magnification at two foci and removes the need for electro-mechanical
systems to switch or refocus the optics. Correct placement of the two focal surfaces
is then just a matter of steering the beams appropriately.

A working combination of an off-the-shelf lens doublet and a detector unit from
the Basler Ace range of industrial machine vision cameras was foundE], which is shown
in Figure and detailed in Table

Contrary to the pre-existing camera design, the revised design keeps the axis of
the redesigned gripper jaws’] aligned with the axis of the f-axis motor and places
the camera system off-axis instead. The optics provide a 1:1 magnification and the
chosen detector has 1280 x 960 3.75 nm square pixels, for a theoretical pixel scale of
3.75 pm/px and diagonal field of view of 6.0 mm. A prototype of the gripper assembly
is shown in Figure The prototype successfully meets all technical requirements.

! Acknowledgement goes to Ian Lewis for his contributions to the optical design.
2 Acknowledgement goes to Matthew Brock for his assistance with the gripper jaw design.
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Figure 3.3: The new measurement camera has two foci, one of which is steered with a
beamsplitter and a mirror. The ‘near focus’ is for fibres that are gripped in the robot jaws,
and the ‘far focus’ is for viewing field plate reference markers and fibres from a height.

Table 3.2: List of optical components for the new measurement camera design.

Component name Part number

Detector unit Basler Ace acA1300-30gm GigE mono

Lens (L1) Techspec 30mm achromatic doublet lens
Beamsplitter (BS1) Edmund Optics 50R/50T plate beamsplitter
Mirror (M1) Edmund Optics 4-6\ first surface alu mirror

The planned assembly and integration procedure for the camera is to align and
focus the system mostly via mechanical tolerances. An initial ‘set and forget’ fine
focus operation will be carried out by moving the detector unit relative to the optics,
after which the gripper assembly is fixed in place. Long-term focus drift is expected
to be minimal and therefore can be compensated as part of the positioner operations
procedure, by adjusting the pick-up height of the fibre button (z-axis position) as
necessary for the near (button) focus. The corresponding change in the far (field

plate) focus is similarly compensated by a small z-axis offset.
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3.4 Design of an in-situ camera calibration
scheme

This section describes the design and prototyping of an independent optical reference
system that can be permanently in place on the positioner and allows fast
and accurate calibration of important camera parameters. The concept is shown to
be very effective at focussing, aligning, and obtaining the pixel scale of a
measurement camera. In addition, the determination of the centre of rotation of the

f-axis using the reference system is shown to have an uncertainty of only 0.32 pm.

3.4.1 Camera calibration parameters

The correct operation of the overall measurement system relies on the proper setup
and calibration of the measurement cameras. Four things must be known for each
camera: i) the focal distance of the camera; ii) the alignment of the gripper unit’s

f-axis; iii) the centre of rotation of the f-axis; and iv) the pixel scale of the camera.

e Camera focus: The metrology cameras on the positioner’s gripper units have
a fixed optical design (described in Section with a magnification close to
unity at two different focus distances. These focus distances must be known so
that the gripper units are moved to the correct height above the fibre buttons
or the field plate, depending on which focus is being used.

e (-axis alignment: The #-axis of each gripper unit must be properly referenced
so that the orientation of the gripper is known with respect to the field plate

coordinate system.

e Camera pixel scale: The pixel scale of the camera system, measured in mi-
crons per pixel, ties image detector coordinates to real world distances. A good
measurement of this value will ensure that the reported positioning errors are

accurate.

e (f-axis centre of rotation: There is a pixel coordinate on each camera de-
tector that corresponds to the centre of rotation of the f-axis. Defining this as
the origin, and therefore the place that fibres should be placed, removes any
complex offsets as a function of the #-axis angle. Since all measurements will

be referenced to this point, an accurate calculation of its location is important.
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3.4.2 The case for in-situ camera calibration

Finding camera calibration parameters could be treated as an engineering operation
that only occurs when commissioning the instrument or at infrequent maintenance in-
tervals thereafter. Given the importance of accurate metrology onWEAVE] however,
it would be prudent to design an in-situ calibration scheme. Such a scheme would:
a) quickly account for focus and pixel scale drift due to changes in temperature; and
b) allow easy ‘sanity checking’ of the cameras in the event of a problem.

One can imagine a simple case where science fibres are used for camera calibration,
in tandem with the absolute distance encoders already present on the axes of the
robot gantries: Focus could be checked by measuring the intensity profile of the back-
illuminated fibre; pixel scale and #-axis alignment could be found by moving the
robot’s z- or y-axis a certain distance and measuring the apparent fibre shift.

A more robust approach to measurement camera calibration would be to provide
an independent optical reference that does not rely on the position encoders within
the robot axes at all. An ideal solution would allow fast and accurate recalibration
of all four parameters (focus, alignment, pixel scale, rotation axis) so that a routine
could be built in to the normal operation mode of the instrument. This would easily
remedy long-term environmental variations, and even short-term variations such as
mechanical flexure caused by telescope pointing. A built-in reliable reference also

makes life much easier during instrument commissioning and troubleshooting.

3.4.3 Automatic determination of focus, alignment and
pixel scale

A system for automatically aligning, focussing, and obtaining the pixel scale of the
measurement, cameras has been designed, based on an optical Ronchi ruling. Ronchi
rulings are optical targets comprising constant-interval black and white, or opaque
and transparent, bars with high-contrast edges. They are very accurate, with off-the-
shelf examples having typical line width tolerances of 0.3 pm’}

The system uses a back-illuminated Ronchi ruling that is either parfocal with the
nominal focal surface of the instrument, or at a known offset from it. The target is
placed away from the field plate, perhaps under the location at which the gripper
assemblies are parked when not active. This allows camera calibration to take place
away from the fibres, although there may be some advantages to placing several

targets around the perimeter of the plate instead.

3Specification obtained from Edmund Optics Ltd.
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Figure 3.4: A back-illuminated Ronchi ruling provides an accurate real-world optical refer-
ence for calibrating the positioner’s measurement cameras.

The lines on the Ronchi ruling must also be physically aligned with the z- and
y-axis of the positioner, or at a known angular offset. The ruling must be fixed
in place securely. The back-illumination of the target must be even and diffuse;
electroluminescent or organic light-emitting diode (OLED)) panels would be suitable
choices. Figure shows a mock-up of the system.

The principle behind the calibration system begins with the assumption that the
measurement camera is already roughly in focus (Ronchi lines discernible) and roughly
aligned (Ronchi lines within a few degrees of vertical), either from a previous calibra-
tion or from manual setup by a human. From this point, analysis of an image of the
Ronchi ruling can reveal a relative measurement of how well the camera is focussed

and aligned. The procedure is as follows.

1. The image is collapsed vertically, by taking the mean pixel value of each column,
to produce a one-dimensional array representing the entire width (z-axis) of the

image.

2. An approximation of the derivative of the 1D pixel array is obtained by taking
the finite difference between each pixel value; the difference will be highest at

the boundary between black and white lines.

3. A peak-detection algorithm is used to find the location of the contrast peaks,
and therefore the location of the line boundaries on the Ronchi ruling. This is

illustrated in Figure [3.5]

4. The mean peak value is calculated to provide an overall ‘score’ for the image;
this value will be higher when the camera is better aligned or better focussed,

because the changes in pixel brightness will be more abrupt.
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Figure 3.5: The sub-pixel location of a line transition is inferred by calculating the centroid
of the finite difference across a vertically-collapsed image of the Ronchi ruling.

The above procedure can be used as feedback in a closed-loop iterative routine
adjusting the f-axis (alignment) and z-axis (focus) of each robot until optimal values
are found, according to a predefined tolerance.

An added feature is that, once the camera has been aligned and focussed, the
locations of the contrast peaks provide an excellent measure of the camera pixel scale
by dividing the real world line width of the Ronchi ruling by the interval between
the peaks. This interval can be accurately inferred by fitting a straight line to the

locations of each successive peak. This is demonstrated in the following pages.

3.4.4 System prototyping and testing

In prototyping the image processing routines required for this system, care was taken
to make the peak detection algorithm simple yet accurate. The algorithm also has to

be robust when the image is out of focus or misaligned. The procedure is as follows.

1. Take the absolute value of all array elements, so that all peaks become positive.

2. Set a threshold value, above which a peak is defined. This is set at one tenth
of the maximum element value, a value which was chosen empirically and sits

above expected noise levels.

3. For broad peaks consisting of more than one element (e.g. defocussed line tran-
sitions), take the centroid of the values around the peak as the location of the

peak.

4. Finally, estimate the value at the peak location. This is done using simple linear

interpolation.
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Figure 3.6: Simulated and real images of an optical Ronchi ruling agree well for a misaligned
and defocussed case, with successful line edge detection and peak-finding.

Simulated images of Ronchi rulings were generated in order to prove the camera
calibration concept. These were based on a readily available line width of 100 pm,
which provides good sampling across the camera’s field of view. The simulated images
attempted to mimic the optical properties of the WEAVE| measurement cameras,
including the addition of Poisson noise and Gaussian blurring. Optical distortion
was not added, but was considered negligible given the camera’s narrow field of view.
Indeed, a useful feature of this method is a high tolerance of optical distortion.

The results of processing the simulated images are shown alongside real images
of a 100 pm Ronchi ruling in Figures and [3.7 The simulated images agree well
with reality, and the peak-finding algorithms were able to infer the line transitions in
the case of a defocussed image with a 2.0° offset, as well as the aligned and focussed
case. Figures and illustrate the fitting of a straight line to the locations of
the peaks, the gradient of which gives the line spacing on the detector.
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(a) Simulated: #=0.0°, focussed (b) Real: §=0.0°, z=0.0mm
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Figure 3.7: Simulated and real images of an optical Ronchi ruling agree well for the aligned
and focussed case, with line-fitting reliably revealing the camera pixel scale.

With a spacing of 26.523 px, the pixel scale of the prototype camera is given by

Line width
Measured spacing
~100.0 (3.1)
26.523
= 3.770 pm/px

Pixel scale =

Since we know that the pixel size on the detector is 3.75um, we can verify the
magnification of the camera and compare it to the designed value of unity.
Pixel size

Magnification = ———
agnification Pixel scale

~3.750 (3.2)
~3.770

= 0.995
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Everything seems to be in order. Returning to the calibration routine, it’s useful
to know by how much the #- and z-axis can be initially offset while still reporting a
meaningful image score. Figure [3.§| gives us an idea of this, showing the score as a
function of axis offset, with data obtained with the prototype positioner robot and

prototype measurement camera.
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(a) Image score with changing f-axis position  (b) Image score with changing z-axis position

Figure 3.8: The auto-calibration procedure aims to find the highest ‘image score’ by chang-
ing the camera alignment (6-axis position) and focus (z-axis position). These plots show
the change in image score for real calibration images on the prototype system.

(a) Camera view before automatic alignment (b) Camera view after automatic alignment
and focus (6 =3.0°, z=—2.0mm) and focus (6 =0.0°, z=0.0mm)

Figure 3.9: The automatic calibration routine was able to focus, align, and obtain the pixel
scale for this example scenario using the positioner’s prototype measurement camera and
an off-the-shelf Ronchi ruling.

The final stage of prototyping the calibration procedure was to make it truly
automatic. There are many ways to approach this, but the following method managed
to successfully align and focus the camera from an initial offset of 3.0° and —2.0 mm for
the 6- and z-axis respectively (see Figure . The initial stages of the procedure are
based on how a human might begin the same task, followed by a simple binary search
to home in on the optimal axis positions. The procedure is fairly unsophisticated and
assumes only a global optimum, but is only intended to prove the feasibility of an

auto-calibration feature on the final instrument.
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1. The image score is calculated for the initial conditions.

2. The 6-axis is rotated in a negative direction by a pre-defined step size (e.g. 0.5°),

an image is taken and its score compared to the previous score.

3. The above stage is repeated until the score begins to decrease. This position is

the lower limit.

4. The #-axis is stepped in a positive direction, again until the score begins to
decrease. This position is the upper limit, and we assume that the maximum

score (optimal position) lies between the two limits.

5. A binary search is performed, whereby the score at the position half way between
the two limits is calculated, then compared to the limit scores. The central

position, plus the highest-scoring limit position become the new limits.

6. When the position is within a pre-defined tolerance (e.g. 0.02°), the search is

complete and the axis is considered to be aligned.

7. The same procedure is carried out for the z-axis, until the image is considered

focussed.

8. The #-axis procedure is repeated, in case severe defocus affected the precision

of the result.
9. A final focussing procedure is carried out with the z-axis.

10. Pixel scale is inferred from the spacing of the lines, as described earlier.

We now have a way to obtain three of the four key parameters listed in Section [3.4.1]
(focus, alignment, pixel scale) using only a Ronchi ruling. This leaves the §-axis centre
of rotation, which can be incorporated into the auto-calibration procedure by adding

another optical target, described below.

3.4.5 Automatic determination of #-axis centre of rotation

An extension of the optical reference system described above is to allow the fourth
and final camera calibration parameter to be automatically determined: the pixel
coordinates of the centre of rotation of the #-axis. This is the point to which all
image-domain measurements should be referenced, because it is this point that relates
to the known position of the robot motors and is independent of the #-axis position.

The procedure for finding the #-axis uses a single circular pinhole aperture, which
is back-illuminated by a panel (as with the Ronchi ruling) so that the camera sees a

bright circle on a dark background, similar to fibres themselves. The pinhole aperture
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diameter matches the apparent diameter of the science fibre cores, so that the same
image processing techniques can be used to accurately estimate the centre of this
circle (these techniques will be discussed in Section [3.6). A real fibre could be used
for this purpose, but it is assumed that an independent system placed away from the
field plate and science fibres is preferable.

Given a suitable illuminated target, the pixel coordinates of the #-axis can be esti-
mated from a pair of measurement camera exposures taken at #-axis motor positions
that are 180° apart. The f-axis location is simply taken as the mid-point between
the measured fibre position for each of the images. This is shown in Figure [3.10}

The above technique was tested with the prototype positioner robot and
a back-illuminated pinhole aperture of 80 pm diameter, an image of which is shown
in Figure for some context.

Figure 3.10: The point on the measurement camera detector corresponding to the centre of
rotation of the f-axis (yellow cross) is mid-way between the centroids (red crosses) of two
fibre images taken 180° apart.

Figure 3.11: A back-illuminated off-the-shelf 80 pm pinhole can be used to infer the centre
of rotation of the f#-axis. This is close to the diameter of the science fibres.
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3.4.6 Calibration uncertainty

Errors in the camera pixel scale, camera alignment, and #-axis reference will ulti-
mately cause fibre positioning errors, so these should be estimated for the sake of our

error budget.

Pixel scale error The pixel scale error can be estimated from the manufacturer’s
0.3 pm tolerance for the line width on the target Ronchi ruling. This corresponds to
an error of 0.3 % for the chosen line width of 100 pm. Since the calibration routine uses
46 lines, we can assume the line width tolerance is random and therefore decreases

by a factor of v/ IV:
. 0.3
Pixel scale error = ——

V46 (3.3)
= 0.00044 %

That is, a measurement over a distance of 1.0 mm could have an error of up to 0.44 pm.

Camera alignment error An upper limit for camera alignment error can be taken
as the alignment tolerance specified in the auto-calibration routine (see item[2)in above
list). 0.02° was found to work well, but could be tightened at a cost of increased
calibration time. A camera misalignment of 0.02° would introduce positioning errors

of 0.35pm for every 1.0 mm from the f-axis centre of rotation.

f-axis reference error By analysing the scatter of the inferred #-axis coordinates
over multiple test runs, we can estimate the magnitude of the error in this calculation.

Shown in Figure [3.12]is a scatter of 0 =0.32 pm for this, which seems reasonable.

3.5 Verification of fibre back-illumination scheme

This section describes the testing of a prototype fibre back-illumination unit. The
design of the unit is shown to provide good quality illumination despite its design
compromises, with the only significant source of uneven illumination being the lateral
and angular offset of some fibres in the slit block. The measurement error caused by

this is shown to be acceptably small, at 0.20 pm for the worst case.
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Figure 3.12: After 1000 calculations of the #-axis reference coordinate on the measurement
camera detector, the total uncertainty of this calculation is seen to be ~0.32 pm.

3.5.1 Back-illumination on WEAVE

Back-illumination is a technique commonly used to aid the measurement of the po-
sition of optical fibres at the field plate of a fibre-fed instrument. Each fibre is illu-
minated from its nominal exit, so that the entrance face can be imaged by a camera
and the location of the fibre core measured accurately.

The light used for back-illumination should be as uniform and diffuse as possible,
as this guarantees symmetric illumination across the core of the fibre and simplifies
the measurement process.

The WEAVE] back-illumination system will use an actuated slit exchange unit at
the spectrograph to switch between fibre illumination while positioning, and spectro-
graph use while observing. This makes the design of the back-illumination unit part
of the spectrograph rather than the positioner [44].

The back-illumination system is a crucial interface between the spectrograph and
positioner, because positioning performance ultimately depends on the illumination
being done well. For this reason, an important piece of work was to test a proto-
type WEAVE] back-illumination unit supplied by the Netherlands Research School
for Astronomy (NOVA]). NOVAJs design features two banks of off-the-shelf in

a curved housing. The curvature of the housing roughly matches that of the fibre slit
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block, and it was hoped that a simple arrangement of diffuse white reflectors would

provide enough scattering to illuminate all fibres equally and evenly. Figure [3.13

shows a photograph of the prototype unit and a cross-section of its optical design.
Testing of the prototype illumination unit using the prototype WEAVE]fibre mea-

surement camera aimed to answer four important questions:

1. Is the illumination bright enough? The supplied prototype illumination
unit had two banks of 39 white[LEDE, operating at their nominal rated current of
20mA. Are the required exposure times for the measurement camera acceptable
at this brightness?

2. Does the [LED)] diffuser work well enough? The use of standard [LEDE,
which are encapsulated in a lensed body and produce a relatively narrow beam,
means that the performance of the diffuse reflectors is especially important. Is
there a significant variation in illumination as a fibre is moved across the front

of the back-illumination unit?

3. Would a single bank of [LEDE be sufficient? would prefer it if
one of the rows of [LEDF could be removed, meaning that the diffuser would be
illuminated from one side only. How would this affect the quality of illumination

across the fibre?

4. Will offset fibres be illuminated sufficiently? The shape of the fibre
slit block means that some fibres would have a lateral and/or angular offset
from the incident illumination. Do the worst-offset fibres suffer a reduction in

illumination quality that causes measurement errors?

> 144mm <
LED -

| ! LgD o

I .| 0

I[P e e

= O O
20mm

+ e (b) Optical cross-section

Figure 3.13: The WEAVE| back-illumination unit is curved, with banks of [LEDk along its
sides and a white diffuse reflector.
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3.5.2 Test setup

Without a fully-populated fibre slit block, an alternative setup was devised in order
to test the prototype back-illumination unit. The setup needed to simulate fibres
as they would be mounted at different points along the block, including those offset
from the illumination unit due to the block’s curvature. To this end, a pivoting arm
was designed that allowed a single prototype science fibre to be swept across the
face of the illumination unit while maintaining the correct illumination distance (see
Figure . The test fibre could be mounted on-axis with the unit, or at a lateral
and angular offset that corresponds to the worst possible case for all positions in the
slit block design (see Table . This provided the conditions necessary to answer

the above questions through a series of tests}

S

Figure 3.14: A test rig with a pivoting arm simulates fibre placement at different points
along the would-be fibre slit block. Note that the back-illumination unit will be mounted
vertically in the spectrograph, not horizontally as shown here.

Table 3.3: General specifications of the [WEAVE]| fibre slit block.

Radius of curvature 312.734 mm
Maximum vertical fibre offset 2.5 mm
Maximum angular fibre offset 4.0°
Illumination unit distance 14.4 mm

4Thanks go to Ellen Schallig for repeating several sets of measurements in the following sections.
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3.5.3 Illumination brightness

An initial test of an on-axis test fibre showed ample illumination from the two banks
of [LEDE, with a measurement camera exposure time of 1.8 ms being suitable. This is
considered a sufficiently small fraction of the camera’s 33 ms overall acquisition time
for a single frame (i.e. at 30 frames per second).

An issue that arose from these initial trials was that successive images of the same
fibre showed a noticeable variation in brightness. This was being caused by the driver
circuit for the , which used pulse width modulation for intensity control.
The on-off switching of [PWM] drive circuits is unsuitable for imaging applications
unless the switching period is much shorter than the exposure time, for the very reason
that was observed here. The driver was replaced with a constant current source
(a single resistor) and the problem was eliminated. Consequently, PWM] circuits will
not feature in the final back-illumination system.

The use of white LEDE was questioned, if only for the reason that using broadband
light sources without good justification isn’t best practice in a sensitive spectroscopic
instrument. After studying the data sheet of the measurement camera’s detector and
discussing it with the spectrograph designers, it was agreed that narrowband [LEDg
would be used, at a wavelength at or close to the peak sensitivity of the detector. This
is likely to be an amber colour (590nm). This will have the effect of decreasing the
brightness of the illumination by a factor of ~2.5, increasing the required exposure

time to ~4.5ms, but this is still acceptable.

3.5.4 Fibre-to-fibre variations

The effectiveness of the diffuse reflector in the back-illumination unit was evaluated
by looking for changes in fibre illumination at many different locations across the
unit. This issue is less to do with a change in overall brightness than the possible
asymmetric illumination of a fibre, causing errors in fibre position measurement.

A simple centroid method was chosen for estimating the centre of the imaged fibre
face, which finds the fibre’s ‘centre of brightness’ by weighting image pixels according
to their intensity. For an evenly-illuminated fibre, the centroid would coincide with
the centre of the fibre core. Any asymmetry in illumination, however, would cause a
shift in the centroid.
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Frequency
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Figure 3.15: The scatter in the fibre centroid for 78 equally-spaced fibre positions across the
active section of the back-illumination unit (0.042 pm radial) is no greater than the known
measurement noise for the test (0.040 pm radial), meaning that imperfect illumination across
the back-illumination unit causes no measurable increase in fibre measurement uncertainty.

Frequency
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Figure 3.16: The mean centroid position of a back-illuminated fibre shifts by a negligible
amount when only one bank is used (blue, left) compared to two opposing banks
(orange, right). The total radial shift is 0.08 pm. These histograms are for 78 equally-
spaced fibre positions across the active section of the back-illumination unit.
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Figure shows centroid measurements for 78 equally-spaced fibre positions
across the active section of the back-illumination unit. For an ideal system, the
scatter of these measurements would simply be the measurement noise (0.040 pm for
this test), and indeed this is the case (observed radial scatter 0.042pm). Therefore
we can conclude that the imperfect diffusers cause no measurable increase in

fibre measurement uncertainty:.

3.5.5 Single-sided illumination

Figure shows centroid measurements for 78 equally-spaced fibre positions across
the active section of the back-illumination unit for the single and double bank
cases. The difference in the mean centroid values gives a radial shift of just 0.08 pm
when one bank is disabled. There can be little doubt that this is negligible compared
toWEAVE]s 8.0 pm error budget, therefore [NOVAJs desire to remove one of the

banks is no problem.

3.5.6 Fibre offsets

As with the single-sided illumination tests, centroid measurements were used to com-
pare the illumination of an on-axis fibre with the worst-offset fibre that will exist in
the slit block. This fibre would be in the middle of the block, offset from the centre
of the illumination unit by 2.5 mm and 4.0° to normal with the front of the unit.
Figure [3.17| shows centroid measurements for 26 equally-spaced fibre positions
across the central third of the back-illumination unit for the on-axis and offset cases.
The difference in the mean centroid values gives a radial shift of 0.20 pm for the offset
case. This is acceptable, especially when we consider that the average misalignment
across all fibres is much smaller. Therefore the slight geometrical difference between
[INOVAJs back-illumination unit and the fibre slit block is considered acceptable.

3.5.7 Measurement errors caused by non-ideal fibre images

It has been shown that the design of the back-illumination unit provides
good quality illumination for all fibres in the slit block, even when illumination is
provided by [LEDE along only one side. The most significant change in illumination
evenness is caused by the lateral and angular offset of some fibres with respect to the
front of the back-illumination unit. This has been shown to introduce a radial shift

in the image centroid of 0.20 pm for the worst fibre.
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Figure 3.17: The mean centroid position of a back-illuminated fibre shifts by an acceptably
small amount when the fibre is mounted with a worst-case lateral and angular offset (orange,
right) instead of being on-axis with the back-illumination unit (blue, left). The total radial
shift is 0.20 pm. These histograms are for 26 equally-spaced fibre positions across the central
third of the back-illumination unit.

In considering how well the true centre of a fibre can be estimated from an image,
imperfect back-illumination is not the only error source. Fibre termination quality,
measurement camera aberrations, and even dirt on a fibre will cause further centroid
inaccuracies that are difficult to predict. It follows that a simple centroid measure-
ment is not a reliable way to estimate the location of the centre of the fibre at high
magnifications. A more robust method of determining the pixel coordinates of a

fibre’s centre warrants investigation.

3.6 Analysis of techniques for finding a fibre’s
centre

This section presents and compares four candidate image processing techniques for
estimating the sub-pixel coordinates of the centre of an imaged fibre. One of these
techniques is a new approach developed specifically for this task. The techniques are

found to produce significantly different results for the same set of fibre images.
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3.6.1 The importance of accurate centre-finding

The overall purpose of the WEAVE] fibre positioner is to place the centre of a science
fibre at a specified point on the field plateﬂ This raises a fundamental and crucial
question: How is the centre of a fibre found? This is a question of image processing.

There are many scenarios in astronomy that call for the inference of the centre
of a spot in an image to sub-pixel accuracy. Stars are a common example, but they
come with the prior knowledge that they are point sources. This means that a simple
centre of brightness measurement (centroid) can produce a robust result without much
additional processing.

In the case of metrology for fibre-fed instrumentation, centroiding may also be
the technique of choice for low-magnification measurement cameras, where the shape
of an illuminated fibre face is unresolvable and its image is dominated by the [PSH|
of the camera; multi-object spectrographs such as [26] and [31] are
contemporary examples that have adopted this approach. But for high-magnification
measurement cameras such as where an 85 pm fibre has a diameter of more
than 20 pixels in the image, a centroid is not robust. This is illustrated in Figure [3.18]
which shows an extreme example of uneven core illumination and how it influences

centroid calculation.

The risk of positioning errors caused by inaccurate centroid results is compounded
by anecdotal evidencd?| that the S facility regularly miscalculates fibre lo-
cations in this way. It follows that a better method should be sought for WEAVE]

id

(a) Fibre image showing centroid result (b) Fibre intensity profile [40]

Figure 3.18: This fibre image @) shows an extreme example of uneven core illumination,
resulting in a centroid calculation not at the centre of the fibre; the non-central intensity
peak can be seen clearly in the 3D profile (IEI)

>The placement of fibre bundles (guide fibres, ) is taken to be an extension of the more basic
task of measuring single fibres.

6 Anecdotal evidence of centroid issues amounts to personal email exchange and conversations
with [AAQ] software engineers.
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3.6.2 Evaluation criteria for centre-finding on WEAVE

Before seeking better techniques for estimating the centre of fibre images, we need
to decide how to evaluate them. Some effort was put into a software simulator to
produce fibre images with uneven illumination, but this presented the problem of
deciding what the simulated intensity profile should look like, and how drastic the
effect should be. Later, however, testing a prototype of  WEAVE[s back-illumination
unit (described in Section presented a reasonable solution: Instead of simulating
fibre images, real images from these tests were a good representation of the actual
conditions on the final instrument.

Three criteria for evaluating the performance of fibre centre-finding techniques
were defined as follows. Absent from this list is a metric for the absolute accuracy of
the measurement, which will be discussed later (see Section [3.6.9).

1. Tolerance of fibre offsets in slit block: Better techniques will show a smaller
shift in their results for the fibres in the slit block that are known to have a

lateral and angular offset with respect to the back-illumination unit.

2. Tolerance of measurement camera noise: Better techniques will be more

resilient to detector pixel noise from the measurement camera.

3. Time taken to calculate result: While faster is generally preferable, the
practical limit is defined by the positioner’s requirement for <100 ms fibre mea-
surements. This is also somewhat linked with item [2| above, as a poorer noise

tolerance may be mitigated by stacking multiple frames (with a time penalty).

Since a modest commodity computer has already been selected for development
of the WEAVE] positioner softwareﬂ this will be used as the baseline for available

computing resources when evaluating the speed of algorithms.

3.6.3 Pre-processing of measurement camera images

All centre-finding techniques share a common initial ‘pre-processing’ stage, designed
to get image statistics and crop around the fibre to be measured.

A new fibre measurement begins with a digital frame from one of  WEAVE]s two
fibre measurement cameras. These images are 1280x960 px in size, with a pixel scale

of 3.77pm/px and a diagonal field of view of 6.0mm. This means that [WEAVE[s

"Workstation spec: Dell OptiPlex 755; dual core 3.0 GHz ICPUk 4GB IRAM}
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85 m single science fibres will appear in the image as 22.5 px diameter spotsﬁ, and
that multiple spots may be present in cases where neighbouring fibre buttons are
close by.

An image pre-processing stage has been written [47] and is described below. It
is able to detect the presence of multiple fibres, isolating the fibre image closest to
the centre of the gripper assembly if necessary. Images containing no fibres are also
detected. The routineﬂ computes various useful statistics about the image, including
an estimate of a sensible value for the background pixel value (or ‘black point’). It

does this quickly, by coarsely sampling the input image.

1. The pixels at every n'" row and column are visited and their values added to a
histogram for the whole image. n=4 works well for the[ WEAVE]fibre diameter.

2. The histogram is used to determine the most common pixel value (the mode),
which is a good estimate of the background signal level of the camera. The
minimum and maximum pixel values are also found, ignoring zero-value and
saturated pixels in order to protect against dead or hot pixels. An overexposure
warning is triggered if there are many saturated pixels. The value representing
the p'™ percentile of the histogram is calculated, where p is the percentage of
pixels expected to be part of the fibre. If this value is close to the mode, then
there is not a bright enough fibre image and the frame is rejected. Otherwise,
the value half way between the mode and the p'" percentile pixel value is used

as the ‘threshold value’, below which pixels are considered not part of a fibre.

3. The binary centroid of the coarsely-sampled image is found, treating all pixels

above the threshold value with equal weight.

4. All pixels above the threshold value have their pixel moment calculated with
respect to the centroid position. The sum of the magnitude of these moments
can be used to detect the presence of multiple fibres, as illustrated in Figure|3.19]
If the sum is high, indicating more than one fibre, then the image is progressively

cropped about its centre until only one fibre is present.

5. Finally, the original image is cropped around the fibre of interest, with an
appropriate margin to ensure the whole fibre is present in the cropped image.
The cropped image can now be passed to a function that precisely determines

the centre of the fibre. These functions are explored in the following sections.

8This number may need correcting in the final positioner to account for the lenses in the fibre
prisms. Their effect on magnification will depend on the final measurement camera design.

9Thanks go to Tony Farrell of the for useful discussions on this procedure, and his advice
on possible improvements to existing methods used by the @’s @ positioner.
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(a) Multiple fibres (high sum of moments) (b) Single fibre (low sum of moments)

Figure 3.19: The presence of more than one fibre (white spots) in an image will produce
a higher sum of absolute pixel moments (grey arrows) with respect to the image centroid
(red dot) than a single fibre image.

The time taken for the pre-processing operation (code compiled with Cython [48])
has been measured at 12.2ms on the positioner development workstation.

This is well within the 65 ms available processing window.

3.6.4 Centre-finding technique A: The centroid

The shortcomings of a simple centroid measurement for fibre images have
already been discussed in the introduction to this section. They chiefly concern the
centroid’s inherent bias to brighter areas of an image, and hence its dependence on
flawless fibre images. A further drawback is the requirement to choose a suitable
threshold pixel value for the process (below which pixels are ignored). Different
threshold values produce different centroid results. Automatic determination of the
threshold value therefore becomes important, and the whole technique becomes less
robust.

A centroid measurement may also be called a centre of mass, centre of gravity, or
centre of brightness measurement. In the world of image processing, the centroid of

an image is defined in terms of image moments. Moments of an image are given by

Myy =3 > @™yl (x,y) (3.4)

where z and y are the coordinates of a pixel, and I is the intensity of the pixel (pixel
value). The ‘order’ of the moment is given by p+¢. The components of the image

centroid (z,y) are defined as

o Mo
M,
0 (3.5)
;Mo
MOO
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Implementing a centroid calculation on a fibre image is a fairly straightforward
process. Indeed, it is a standard function in image processing libraries for many
programming languages.

The results for a centroid measurement of sample fibre images are summarised in
Table [3.4. These are the same results previously reported for the back-illumination
tests in Section |3.5] The results will be compared to those of other techniques later

in this section.

Table 3.4: Results of centre-finding tests using a simple centroid.

Test criterion Metric Result

Offset fibres Mean radial shift in result 0.20 pm
Measurement noise scatter for static fibre 0.07 pm
Speed Mean time to calculate result 0.14 ms

3.6.5 Centre-finding technique B: A parabolic fit

This technique fits a second-order polynomial to separate one-dimensional collapsed
images of the fibre along the z- and y-axis. Figure |3.20|shows these profiles for a real
fibre image. Only values within an appropriate percentile are fitted to, in order to

exclude the wings of the profile.

Sum of pixel values
w
o
o
o

0 10 20 30 40 50
Fibre image row number

Sum of pixel values
w
o
o
o

0 10 20 30 40 50
Fibre image column number

Figure 3.20: The parabolic fit method fits two second-order polynomials to 1D versions of
the fibre image collapsed along the pixel rows and columns.
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The centre of the fibre is given by the vertices of the two component parabolas.

Each vertex is given by

b
- _ 3.6
Tyertex 2, ( )
for the parabola given by
y=az’+br+c (3.7)

The results for a parabolic fit measurement of sample fibre images are summarised
in Table These results will be compared to those of other techniques later in this

section.

Table 3.5: Results of centre-finding tests using a parabolic fit.

Test criterion Metric Result

Offset fibres Mean radial shift in result 0.21 pm
Measurement noise scatter for static fibre 0.05 nm
Speed Mean time to calculate result 2.39ms

3.6.6 Centre-finding technique C: Cross-correlation with a
circle

Making use of prior knowledge is often a good way to optimise a process. Given
that we know the fibre images will be circular, and of a known diameter, we can
remove most of the effect of unevenness across the face of the fibre by looking at the
cross-correlation of a real fibre image with an idealised fibre image.

Because the cross-correlation will be dominated by sudden intensity changes at
the edge of the circle, the relatively minor variations in intensity across the face of the
fibre will have little effect on the optimum position. In optical terms, this essentially
gives you centre coordinates for the point of highest encircled energy.

The prototype of this technique uses a modified algorithm for 2D Fourier space
cross-correlation, originally written for the translational alignment of diffuse astro-
nomical imageﬂ The code is mostly written in pre-compiled C and is optimised to
find the best sub-pixel result quickly.

The idealised fibre image was simply a white circle on a black background, pre-
generated by a circle-drawing function at a diameter matching that of the fibre core,
as shown in Figure [3.21]

10 A cknowledgement goes to Adam Ginsburg, author of the Image Registration Python module.
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(a) Real fibre image (b) Idealised fibre image

Figure 3.21: The cross-correlation centre-finding technique takes the centre of the fibre to
be the point of highest cross-correlation between real and idealised fibre images.

The results for a cross-correlation measurement of sample fibre images are sum-
marised in Table [3.6] These results will be compared to those of other techniques
later in this section. An added advantage of this approach is that it doesn’t involve
any image thresholding, and therefore its result does not rely on a chosen threshold
value. However, performance does depend on choosing the correct diameter for the

idealised fibre image.

Table 3.6: Results of centre-finding tests using cross-correlation with an idealised image.

Test criterion Metric Result

Offset fibres Mean radial shift in result 0.18 pm
Measurement noise scatter for static fibre 0.05 pm
Speed Mean time to calculate result 98.7ms

Figure [3.22] shows the response of the cross-correlation method to non-optimal
reference circle diameters, for two different test fibres at the centre and edge of the
camera field, respectively. The edge fibre shows a more dramatic response due to
increased optical aberrations at the edge of the field. In both cases, the ‘correct’ fibre
diameter is easy to spot, and matches the expected nominal value.

The plots show that it is far better to underestimate the fibre diameter by a few
percent than to overestimate it. This makes sense, as cross-correlating an oversized
circle will mean the overhanging area around its edge will be correlated with dark,
noise-dominated pixels outside of the fibre core image.

will use Molex/Polymicro ‘FBP 085/102/120’ fibre, which is specified at
a core size of (85 =+ 3) me. This places an upper limit of 3.5 % on variation either

side of the nominal core diameter for all fibres on the field plate.

"Data taken from the WEAVE]fibre system final design review documentation.

73



PART I: THE WEAVE FIBRE POSITIONER

+2.469e3 0 5:+3.12983
E 0.8+ T 4
2 2 0.4f
c c
o 0.6} o
2 % 0.3
o o
o o
p 04r 2 0.2
8 s
= =
£ 0.2 £ 0.1
P P
- 0 0 1 1 1 - 0 0 1 I 1
-10 -5 0 5 10 -10 -5 0 5 10
Deviation of reference from nominal fibre diameter (%) Deviation of reference from nominal fibre diameter (%)
+1.806e3 +2.8716e3

0.8 1.0
E 0.7F T O
=3 =3
= < 0.8+
= 0.6} =
s 0.5f B
[ v 0.6}
8 0.4} g
Q Q
5 0:3p S 0.4
o 0.2 o
X X
L 01r ? 0.2}

00 1 1 1 1 1

-10 -5 0 5 10 -10 -5 0 5 10
Deviation of reference from nominal fibre diameter (%) Deviation of reference from nominal fibre diameter (%)

(a) Fibre near centre of camera (b) Fibre near edge of camera

Figure 3.22: Two sets of cross-correlation results for the same set of 100 images of a static
fibre, but varying the diameter of the reference circle. Underestimating the optimal diameter
is better than overestimating it, as oversized circles become sensitive to asymmetric camera
PSFE (and noise) surrounding the fibre. The consequences of a non-optimal diameter are
less severe near the centre of the camera’s @

Looking at Figure we can say that if the reference circle diameter is set
around 3.5 % smaller than the nominal core size then errors in fibre centre estimates
should not exceed 0.25 num as a result of core diameter variation. This comes with the
proviso that measurements are done on fibres close to the centre of the camera’s field
of view (as is planned), noting that errors could approach 1.0 pm for the worst-case

scenario at the edge of the camera field.

3.6.7 Centre-finding technique D: The ‘biscuit cutter’
algorithm

A new algorithm has been developed with the goal of obtaining similar performance
to the cross-correlation method above, but in a fraction of the time. Again, this
approach makes use of prior knowledge of the fibre’s shape and size.

This technique is based on pixel masks, such as the one shown in Figure [3.23|
These masks are stored arrays, the values in which reflect the area of the pixel bound
by a perfect circle of the required diameter. These values are between 0 (fully outside
the circle) and 1 (fully inside the circle). Much like cutting a circle from biscuit dough,

multiplying this pixel mask with an image is equivalent to cutting a perfect circle of
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information from the image. The algorithm is referred to as the ‘biscuit cutter’ for
this reason, with intentional avoidance of the more prevalent term ‘cookie cutter’ for
the purpose of keeping things British.

Continuing the bakery metaphor, this technique can be thought of as trying to
cut the heaviest biscuit from unevenly-rolled dough. Starting at a given point, one
can cut the dough, weigh it, then put it back and cut the dough in a slightly different
place before weighing it again. If the cut dough is heavier than before, then you
continue cutting in the same direction until you reach a maximum, before changing
direction and repeating the process to the point where you’ve found the optimum
cutting position. The same is true for applying the pixel mask to different areas of
a fibre image, except it is moved by a single pixel in x or y, and the masked pixel
values are summed rather than weighed. This is a quick way to find the centre of the
circular image to a precision of a whole pixel. To all intents and purposes this is the

same as regular cross-correlation, so far.

Figure 3.23: A circular mask of an arbitrary diameter can be generated using the equation
of a circle. The mask pixel values reflect the area bounded by the (green) theoretical circle,
between a value of 0 and 1.

The procedure above has limitations. Apart from having the unacceptably poor
precision of one pixel, summing many pixels over and over again is rather inefficient.
The latter issue can be mitigated once we appreciate that, if the mask is moved by
only one pixel, most of the pixels within the mask need not be re-summed; only the
pixels at the edge of the mask are changing in value. The difference in value of a

given pixel after masking is therefore

Pnew = Lold — IMold + IMnew
= Loid + I(Mnew - Mold)

where P is the masked pixel value, I is the image pixel value, and M is the mask

(3.8)

pixel value.
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This means that if you already know the previous masked value of a pixel, then
the difference between the mask in its old position and the mask in its new position
is all you need to calculate the new masked value. Hence, the (M, e, — Myq) term
in equation can be expressed as another mask entirely, with far fewer non-zero
elements. For example, the ‘difference mask’ shown in Figure is the result of
subtracting a full circular mask (Figure from a version of itself that has been
shifted by one pixel in the negative y direction.

The advantage of using this mask is that only the first calculation needs to sum
pixel values over the entire circle, then subsequent iterations only need to add the
leading-edge pixels (shown in red) and subtract the trailing-edge pixels (shown in
blue) from the previous sum total. A difference mask, like a full mask, can be pre-
calculated and stored in memory. This speeds up operations considerably, particularly

for large circles.

[72]
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Figure 3.24: An initial application of the circular mask (top-left) to the raw fibre image
(bottom-left) produces an initial value of the total ‘brightness’ of the masked image (second
column); next, another mask can be used to calculate only the difference in brightness that
results from a shift of the mask in a given direction (third column); summing the initial value
and the difference value gives a new brightness for the shifted position, allowing comparison
of which is ‘better’, i.e. which produces the highest total value.

In solving the problem of having only whole pixel precision, the principle of the
difference mask presents a solution. Since a difference mask is the result of subtracting
a full mask from a shifted version of itself, it is trivial to produce a difference mask
for whatever shift you like, as mask values are calculated based on the equation of
a circle about any given centre coordinate. Sub-pixel precision is therefore achieved

by generating a catalogue of difference masks representing equal subdivisions of a

76



PART I: THE WEAVE FIBRE POSITIONER

pixel (e.g. %, 1%, 1%, etc.). The precision of the result is set by the number of pixel

subdivisions, which is limited only by the memory required to store the masks. The
number of masks required for an accuracy of an N of a pixel is proportional to
N2, since we are subdividing a single pixel in two dimensions. The actual number of
masks stored is

No. of masks = 4(2N — 1)? (3.9)

for all four shift directions (+xz, +y). Or, if we are happy to exploit the symmetry in

x and y and rotate the masks as necessary,
No. of masks = (2N — 1)? (3.10)

The memory required to store the masks is proportional to the number of masks,
the diameter of the circle we are trying to locate, and the number of bits required to
store each mask value. A conservative scenario for the case of  WEAVE might be a
precision of 0.02px (0.08 pm), a fibre diameter of 23 px, and 64 bit double precision

floating point numbers. The memory required for mask storage is therefore

Memory required = ((2 x 50) — 1) x (23 + 1)* x 64
= 45MB

This is perfectly acceptable on a modern-day computer. Furthermore, resolutions

(3.11)

much finer than 0.02 px are likely to be dominated by camera noise, so are of little
benefit.

In summary, the procedure for taking a measurement is as follows.

1. Make an initial rough estimate of the fibre centre location using a fast method

such as centroiding.

2. Apply a circular mask to the image at the initial coordinate, multiply the mask

with the image, and add these values to get an initial ‘sum of brightness’.

3. Apply a single-pixel difference mask for every direction (+z, +y) and update

the sums for each.

4. If any of the new sums are larger than the old sum, update the current best

estimate of the fibre centre coordinate accordingly.
5. Repeat steps 3—4 until the best single-pixel estimate has been found.

6. Switch to a sub-pixel difference mask, apply the masks which correspond to a
shift in every direction from the current coordinate, and calculate new sums for

each.
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7. If any of the new sums are larger than the old sum, update the current best

estimate of the fibre centre coordinate.

8. Repeat steps 67 until the best sub-pixel estimate has been found. This is the

final measurement.

The results for a biscuit cutter measurement of sample fibre images, using ‘fast’
C-type code compiled with Cython [47][48], are summarised in Table 3.7 As with
the cross-correlation method, an advantage of this approach is that it doesn’t rely on
threshold values being chosen. Its dependence on the correct mask size is also the
same as for the cross-correlation method (refer to Figure [3.22] p. [74).

Table 3.7: Results of centre-finding tests using the biscuit cutter technique.

Test criterion Metric Result

Offset fibres Mean radial shift in result 0.17 pm
Measurement noise scatter for static fibre 0.05 pm
Speed Mean time to calculate result 0.18 ms

3.6.8 Comparison of centre-finding techniques

A comparative summary of the results from the previous sections is shown in Ta-
ble B.8 All four techniques perform similarly in terms of fibre offset and noise tol-
erance, with the values being too small to be of concern anyway. The biscuit cutter

algorithm appears to be the best performer overall.

Table 3.8: Similar performance is seen for all four candidate centre-finding methods, with
the biscuit cutter being the best overall performer, particularly in terms of speed.

Centroid Parabolic  Cross- Biscuit
fit correlation cutter
Offset fibres 0.20 pm 0.21 pm 0.18 pm 0.17 pm
Measurement noise 0.07 pm 0.05 pm 0.05 pm 0.05 pm
Speed 0.14 ms 2.39 ms 98.7 ms 0.18 ms
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3.6.9 Absolute accuracy

We saw in Table that speed is the only factor that differs significantly between
the four centre-finding algorithms under evaluation. But the metrics in this table do
not capture anything to do with the actual accuracy of the algorithms.

Recall that the principal purpose of the centre-finding operation is to estimate the
true centre of the fibre in the image. If we plot the results of 100 measurements of
a static fibre for all techniques then we see two things: i) their tolerance of camera
noise, given by the scatter (already reported in the previous sections), and ii) the
difference in the actual calculated centre position, given by the mean result.

Figure shows the disagreement between techniques for two test fibres. We see
differences of up to 0.8 pm when the fibre is close to the centre of the measurement
camera’s field of view (e.g. Figure , but this greatly increases when the same
fibre is moved towards the edge of the field (e.g. Figure , with differences of
up to 3.1pm. A larger error at the edge of the field points to optical aberrations in
the camera as the cause, further evidenced by a radial bias in the fibre’s intensity
profile. Although fibres are expected to be close to the centre of the field in most
cases, discrepancies of a few microns are more than enough to raise concern, especially
when compared to WEAVE]s total error budget of just 8.0 pm.

The plots in Figure[3.25| also reveal other things: The cross-correlation and biscuit
cutter methods are in good agreement, which would be expected because the biscuit
cutter is essentially a cross-correlation operation with shortcuts. The slight difference
between these two is likely caused by the fixed resolution of the biscuit cutter method
(0.01 px in this case) and/or floating point precision errors. The methods also appear
in a different sequence for each plot, so do not correlate with each other.

Without an advanced measurement setup, we cannot say for sure which method
is closest to the true centre of the fibre. The best we can do, therefore, is to consider
the theoretical performance of the different approaches.

We have already established that a simple centroid cannot provide a robust esti-
mate in the presence of non-uniform fibre intensity profiles because of its bias towards
brighter areas of an image. Centroiding is also more sensitive to camera noise.

Fitting a parabolic function relies on the accurate computation of a threshold
value to exclude the wings of the image profile (see Section . It is also a 1D
operation, so does not make use of all the information in the image. As with the
centroid, there is an inherent bias towards brighter parts of the profile, which is what
we are trying to avoid. Indeed, the plots in Figure [3.25 show an agreement with the

centroid rather than the other methods.
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Figure 3.25: There is significant disagreement between centre-finding techniques when ap-
plied to the same 100 fibre images. The disagreement is larger at the edge of the camera’s
field of view (3.1 pm) than near its centre (0.8 pm). Techniques are centroid (blue), parabolic
fit (green), cross-correlation (orange), and biscuit cutter (pink).

INTENSITY PROFILE INTENSITY PROFILE

CAMERA IMAGE CAMERA IMAGE

(a) Fibre near centre of camera (b) Fibre away from centre of camera
Figure 3.26: Increased asymmetry is seen in the fibre image intensity profile when closer to
the edge of the camera’s field of view. The intensity contours around the fibre image point

to the centre of the field, indicating optical aberrations are the cause. Green markers show
orientation of magnified profile [46].
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We are left with the simple argument that finding the point of greatest encircled
brightness should be the best estimate of the true fibre centre, in theory. For this
reason, the biscuit cutter method should be the technique of choice due to its speed
advantage over full 2D cross-correlation. Both of these techniques depend on prior
knowledge of the fibre core diameter in the image, but it has been shown that they are

robust to the worst possible mismatch between the expected and actual diameters.

3.6.10 Centre-finding summary

Four different image processing techniques for finding the centre of back-illuminated
WEAVE] fibres have been evaluated: i) a simple centroid; ii) a parabolic fit; iii) cross-
correlation with an ideal circle; and iv) the new ‘biscuit cutter’ algorithm, which is a
fast version of (iii).

All techniques perform similarly in terms of camera noise tolerance and their
response to off-axis fibre illumination at the spectrograph. However, there were sig-
nificant differences in the calculated fibre centre coordinates in the tests that were
performed, especially when fibres were not near the centre of the camera image.

The new biscuit cutter algorithm is recommended as the better technique for
WEAVE] given its theoretically-superior accuracy over the centroid and parabolic fit
methods, both of which favour locally brighter areas of an imaged fibre core.

The biscuit cutter is extremely fast, taking on average only 0.18 ms to compute a

result. The total fibre measurement time is given by

T = N<t€$p086 + ttransfer) + tp’r’e—p’rocess + tp’r‘ocess (312)

where N is the number of camera frames to be stacked (co-added), t.ypose is the
exposure time per frame, tiqnsfer is the time taken for the image to arrive in local
memory from the camera, ¢, cprocess 1S the time taken to pre-process the image and
crop around the fibre being measured, and #,,cess is the time taken to calculate the

fibre’s centre coordinates. Filling in the known values so far,
T = N(9.0+33)+ 12+ 0.18 ms (3.13)

which allows up to N =2 frames to be stacked within the 100 ms available measure-

ment time, for a /2 reduction in camera noise. The total time is therefore

T'=84+12+0.18

3.14
=96 ms ( )
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Further speed improvements may be possible if: a) the initial frame used for
pre-processing was sub-sampled; and b) subsequent images used an area-of-interest
readout around the fibre being measured. This would allow many more frames to be
stacked for a further reduction in noise. This is not considered necessary, given the
already low measurement noise.

The final estimate of the centre-finding error using the biscuit cutter technique is
0.5 pm, as shown in Table This includes two sources of error: i) inaccuracy of
the approach in general, taken as half of the discrepancy seen earlier in Figure [3.254]
and ii) errors caused by core diameter variation between fibres, as analysed in Sec-
tion Both of these require that the fibre being measured is close to the centre
of the measurement camera’s field of view, which is already the planned procedure.

The error in the biscuit cutter result introduced by camera noise for a stack of two
frames is negligible, at 0.04 pm. Assuming a mask resolution of % px, the quantisation

error introduced by this is also negligible at 0.08 pm.

Table 3.9: Summary of estimated errors in the biscuit cutter centre-finding technique.

Error source Error magnitude

General inaccuracy in result 0.4 pm
Fibre core diameter variation 0.25pm

total 0.5 pm

3.7 Proof of concept for passive field plate
fiducials

This section describes some preliminary work on a new type of fiducial marker for
the field plate. Two techniques for embedding non-illuminated fiducials into
an Invar plate were trialled and evaluated in terms of image quality. An on-camera
illumination system was designed, prototyped, and shown to produce good contrast

images that are suitable for measuring in the same way as back-illuminated fibres.

3.7.1 Comparison with 2dF

Field plate fiducials are used on the [AATJs positioner [I8], from which the
WEAVLE] positioner inherits many features. has fiducials that are actually a
grid of 21 illuminated optical fibres, recessed into its field plate.
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While actively-illuminated markers make imaging with a camera easy, the difficult
process of embedding fibres into a field plate is best avoided if possible. To this end,
and given that we wish to substantially increase the number of fiducials for[ WEAVE]in
order to reduce coordinate mapping errors, an alternative approach was investigated.

The proposed field plate will have a regular grid of more than 1300
markers (on a 10.0mm pitch) that are not illuminated themselves, but from above

by a spotlight on the positioner robot.

3.7.2 Fiducial system prototyping

Some proof of concept testing was carried out on sample markers, illuminated by a
ring of wide-beam [LEDp on the measurement camera assembly. A prototype of this
on-board spotlight is shown mounted to the prototype measurement camera assembly
in Figure [3.27]

Two methods of creating dark markers on an Invar plate were investigated: i) laser
burning; and ii) paint-filled pockets machined by a mill. The results of these
processes are shown in Figure [3.28] There is a clear difference in the edge definition,
laser burning being inferior. Laser burning also provides a lower contrast image.
These factors are likely to make accurate measurements from the image difficult.

Of all the shapes one could make the markers, filled circles are considered prefer-
able on the grounds that the same image processing routines used for fibre mea-
surement could be used for these as well, following an inversion of the image pixel

values.

(a) View from below gripper (b) View from above gripper

Figure 3.27: An spotlight for illuminating field plate fiducial markers was designed and
prototyped, and provides good quality illumination without any reflections of the individual

@Is in the camera images.
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1.0 mm

Figure 3.28: Laser burning markers into Invar (bottom) produces an inferior result in terms
of edge definition and contrast when compared to milling a pocket with a [CNC| machine
and filling it with black paint (top).

The value range of an 8-bit image of a sample fiducial marker was measured at
161, compared to 242 for a typical back-illuminated fibre. This reduced contrast,
coupled with the potential issue of reflections or scratches on the field plate, could
challenge the measurement system. But further investigation in this area requires a
more representative sample of the final field plate, manufactured using appropriate

processes, and this is beyond the scope of this work.

3.7.3 Field plate survey errors

The WEAVE] field plates will each have a fiducial reference grid pitch of 10.0 mm.
The AUTOFIB-2 fibre positioner [16], commissioned on the in 1994, has
proven that this density of points allows good calibration of robot gantry flexure and
straightness. The specific location of points will be measured with a high-accuracy
coordinate measuring machine and this data stored for each field plate. The
known grid, assumed to never change apart from a small amount of (correctable)
radial temperature-induced expansion, can then be fitted to observed fiducial marker
positions from the robots’ measurement cameras.

Simulations by other team memberg'? have shown that the of the
residuals for fitting a reference grid, with ~60 % of the points obscured by deployed
fibres, is 3.1 mel. This accounts for all expected uncertainties relating to the mea-
surement and recovery of the fiducial grid pattern in order to calibrate robot axis

straightness and flexure.

12 Acknowledgement goes to Ellen Schallig and Ian Lewis for their work on this.
13Data obtained from [WEAVE] final design documentation.
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In summary, the robot axis coordinate system can be calibrated with an RMS|
error of 3.1 m by quickly surveying all fiducial markers not obscured by fibres, for
any zenith angle. This is the standard mode of operation before beginning any new
field reconfiguration, and this estimated error is a significant contribution to the total

measurement error for the positioner.

3.8 Measuring axis position uncertainty

This short section presents test results to estimate the uncertainty of the robot axis
motor positions at any given moment. The uncertainty comes from position encoder
noise, but also from communications lag between the encoders and the positioner
control software, during which time the axes may have moved slightly. The combined
uncertainty for the x- and y-axis is found to be 0.69 pm, which is almost entirely

generated by noise in the encoders.

3.8.1 Sources of axis position uncertainty

All fibre position measurements from the measurement cameras must be referenced
to the position of the robot at the time the fibre image was captured, so that the
actual position of the fibre on the field plate can be found.

When the positioner control software requests the current position of the robot
axes, there is a delay between requesting this information and a response being sent.
During this time, the axes may have moved slightly due to their servoing about a
particular point, which will introduce an error in the reading. Noise in the encoder

system will also be present in this error.

3.8.2 Position uncertainty testing

As a way to estimate axis position uncertainty, the prototype positioner robot was
set to move to a specific point and to stay there. A static back-illuminated fibre was
placed beneath the measurement camera, and its apparent position in the camera
image was compared to the latest encoder reading received by the control software
from the linear axis drive. The difference between these two values over many
measurements gives an estimate of the position uncertainty for a single axis.

Results from the test are shown in Figure|3.29] revealing a scatter of 0 =0.49 pm for
the y-axis. Assuming the same performance for the z-axis, the total uncertainty

becomes 0.69 pm.
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Figure 3.29: Comparing the difference between the apparent position of a static fibre in a
measurement camera image and the latest axis encoder values over 100 runs revealed an
[RMS] uncertainty of 0.49 pm per linear axis.

The stability of the motor servo loop becomes important here, as a badly tuned
motor is likely to move more during encoder reading delays. Since the motor tuning
parameters were provided by the motor manufacturers, it is assumed that the tuning
is already close to optimal. A measurement of the axis position with the motor drive
disabled and clamped in place showed that the total error above is dominated by the

pure encoder noise (~0.40 pm), which further proves the stability of the control loop.

3.9 Estimating total measurement error

Having evaluated the main stages of measuring the position of a single fibre on the
field plate, the average error of doing so can be estimated. This is the
overall ‘measurement error’ of the fibre positioning system, which will be a substantial

contribution to the overall positioning error.

3.9.1 Review of measurement error sources

The many sources of error in measurement are perhaps best reviewed by walking
through the measurement procedure, starting with an image of a fibre from a mea-
surement camera, and following the analysis of this image all the way ‘up’ to an
absolute measurement of position. The following paragraphs attempt to do this, each

source of error being given a name for the purpose of referring to the source later on.
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Given an image from the measurement camera, the fibre within the image is found
and its centre estimated using a suitable technique. The result of this measurement
will not exactly be at the centre of the fibre (fibre centre-finding error). The noise
from the measurement camera detector will also introduce a shift to this measurement
(measurement camera noise). The severity of these effects will depend on the chosen
centre-finding technique.

Next, the fibre centre coordinates are referenced to the point on the camera de-
tector that the f-axis passes through. This point will have a particular uncertainty
(0-axis reference error). This offset is converted to a real-world distance using the
pixel scale of the camera, which was calibrated against a fixed optical reference. The
quality of the optical reference and the technique used to infer the pixel scale will
both introduce an error to this conversion (pizel scale error).

The encoders in the robot motors are interrogated to get a snapshot of their
position. There is a delay between requesting this information and a response being
sent, during which time the motors may have moved. Assuming that no axes are
on a journey to some new destination, the difference between the reported position
and the actual position (azis position uncertainty) is a combination of instability in
the motor servo loop, the noise in the encoder systems, and the communications lag
between the control computer and the motor controllers.

The real-world fibre position with respect to the measurement camera detector
is now mapped to the robot axis coordinate system as a function of the current 6-
axis angle. Any inaccuracy in the calibration of the camera alignment with respect
to the f-axis will introduce an error here (camera alignment error). The alignment
calibration depends on the quality of the optical reference used for the alignment and
the tolerance on the alignment algorithm.

At this point we have the fibre position, in real-world distance units, relative to
the origin of the robot’s coordinate system. This origin has no specific definition,
which is why the field plate survey now becomes important. The field plate survey
would have been carried out prior to the field reconfiguration in order to map the
robot coordinate system to the field plate coordinate system, subtracting any flexure
effects in the robot gantry structure. The survey is done by imaging a grid of fixed
fiducial markers on the field plate and fitting the known grid pattern accordingly.
Uncertainties in the original measurement of the grid pattern and errors in the fitting
process (field plate survey error) will therefore add to the total uncertainty of any
measurement by the camera system.

The position of the imaged fibre is now known with respect to the field plate.
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3.9.2 Final measurement error calculation

Table [3.10] shows all the measurement error sources identified in this chapter. To-
gether, these give an estimate of the total measurement uncertainty for the WEAVE]
positioner metrology system, at 3.3 pm.

Some errors get worse when fibres are further from the #-axis reference point
(which is nominally in the centre of the camera’s field of view). For these, a distance
of 1.0mm is assumed, which is conservative given that fibres within the gripper jaws
should be very close to the reference point by design. Other reported errors are
maximum values rather than RMS] values, so are generally overestimated.

We see that the total measurement error is dominated by plate survey errors and
reference grid fitting. This comes from a comprehensive analysis by other group
members (Schallig and Lewis) and includes many of the more serious uncertainties
such as robot axis straightness, non-orthogonality, and gravity-induced flexure.

We can conclude that the overall RMS| measurement error of 3.3 pm is good news
for the positioner, being substantially smaller than the required placement accuracy
of 8.0ppym. This will be combined with axis repeatability data in the following pages,
to give a total estimate of the [RMS| positioning error for a single pick-and-place

operation.

Table 3.10: Summary of measurement error sources from throughout this chapter and
resultant estimate of total measurement error. Section numbers are included for reference.

Source Value Comments Section
Fibre centre-finding error ~ 0.50 pm Using biscuit cutter method 3.6.10
Measurement camera 0.04 pm Using biscuit cutter method 3.6.10
noise and stacking two frames
f-axis reference error 0.32 pm Scatter over multiple tests 3.4.6
Pixel scale error 0.44pm For a fibre 1.0 mm from 3.4.6
f-axis reference
Axis position uncertainty  0.69 pm Combined z- and y-axis
uncertainty of latest encoder
readings
Camera alignment error 0.35 1m For a fibre 1.0 mm from 3.4.6

f-axis reference
Field plate survey error 3.1pm Simulation results for various |[3.7.3

error sources
total 3.3 pm
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3.10 Section summary

This section has thoroughly described, tested and analysed WEAVE]s entire fibre
position measurement system, arriving at a final estimate of 3.3 pm for the system’s
total measurement error.

Arriving at the final error estimate involved a series of tasks: [WEAVE]s fibre
measurement camera was redesigned, prototyped and tested; an automatic camera
calibration scheme was devised, designed, prototyped, tested, and its performance
analysed; the proposed WEAVE] fibre back-illumination unit was evaluated, resulting
in recommendations to improve its design but otherwise confirming its suitability;
various image processing techniques for inferring a fibre’s position were compared,
resulting in the development of the ‘biscuit cutter’ algorithm, a new method with im-
proved accuracy and speed over the best alternatives; the uncertainty of the reported
positions of the robot axes was calculated through testing; and finally, the total con-
tributions of all of these error sources were summed to produce a final estimate of
measurement system error.

The measurement error was actually found to be dominated by uncertainties in the
calibration of the WEAVE] field plate, which have been modelled by other WEAVE]
team members. These are included in the final error sum.

Overall, we can be satisfied that the[WEAVE] metrology system should be accurate

enough to achieve the required fibre positioning accuracy of 8.0 pm.
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4 Verification of commercial
motor performance

This section describes performance testing of the prototype positioner robot
described in Section [2l The robot axes are shown to perform within manufacturer
specifications, indicating that positioning at a suitable accuracy for[WEAVE|is achiev-
able. Improvements to positioning speed are also presented, improving the prospects
of fast and accurate positioning in the final instrument.

The work in this section will be published in the paper “Verification of commercial
motor performance for WEAVE at the William Herschel Telescope”, as part of the
proceedings of the Multi-Object Spectroscopy in the Next Decade conference in Santa
Cruz de La Palma, Spain, 2015 [49].

4.1 Repeatability testing

General axis performance was measured with a simple test of repeatability. The pur-
pose of this test was mainly to verify the manufacturer’s published values of positional

accuracy for the chosen axes.

4.1.1 Linear axis repeatability

The prototype robot was instructed to position 500 mm away from its origin
and then return. This routine was repeated 500 times and the apparent location of
a static reference fibre extracted for each cycle. The scatter in this measurement
provides an upper limit for positioning accuracy of the axis. Each measurement was
taken 10s after the axis controller reported the axis as being in position, meaning
that mechanical vibrations from the move should not be present. It follows that the
scatter in measured position, which was taken relative to the camera itself, should

give a picture of the stability of the servo loop and position encoders on the axis.
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Figure 4.1: An upper limit of 2.55 pm on the scatter of axis position over 500 moves away
from and returning to a fixed point was measured (including o = 0.17 pm measurement
noise). This is better than the manufacturer’s published value of 5.0 pm.

The result (Figure shows a scatter of just 2.55 pm, which is well within the
published accuracy of 5.0 pm. An even distribution shows no obvious creep in error,

meaning that encoder readings remain stable over 500 moves.

4.1.2 Gripper release repeatability

The gripper jaws were tested for repeatability when releasing fibres. A fibre was picked
up, placed back down, and released. This was repeated 200 times, using two fibre
buttons at two different locations along the y-axis. The difference in fibre location
between gripped and released states was measured for every cycle.

A significant shift is expected whenever a fibre button is released. This is because
the fibre button vane (the handle with which it is gripped) may not be perfectly
normal to the base of the button. In theory, this lateral shift is constant for each fibre
button. The intention is therefore to subtract this shift from the target placement
location. This strategy relies on repeatable gripper motion (i.e. both jaws always
working in unison), which is tested in this experiment.

The results (Figure show a mean lateral shift of order 10 pm when releasing
a button. Crucially, however, the scatter of this offset is sub-micron. This indicates
that, as hoped, subtraction of the mean offset for each fibre button during positioning

is feasible.

92



PART I: THE WEAVE FIBRE POSITIONER

0.6 0.6
> 0.5 > 05
04 5 0.4
2 0.3 2 0.3
(O] (O]
T 0.2 T 0.2

0.1 0.1

0.0 0.0

9 10 11 12 13 11 12 13 14 15
Fiber shift along gripper axis (um) Fiber shift along gripper axis (um)
a) Position osition
Position A b) Position B

Figure 4.2: A sub-micron scatter in the measured fibre shift when releasing fibre buttons
shows excellent gripper repeatability. This makes subtraction of the mean shift a feasible
strategy to account for imperfections in the button geometry. The test was done for two
different locations along the prototype robot field plate.

4.1.3 Axis performance vs. measurement error

It is important to distinguish the above reports of axis performance from the total
measurement error presented in Section [3.9]

The total measurement error defines the minimum placement accuracy you can
ever be sure to achieve. In this regard, it is the most critical number for the WEAVE]
positioning system, as accurate positioning is impossible without accurate feedback.

Axis performance, on the other hand, shows the ability of a motor or axis to be
useful in our mission to position. Here, repeatability is the governing factor. What
the results above have shown is that it is reasonable to expect consistent results when
placing a fibre on a target. This is especially true for the gripper release repeatability,
as any lateral shift in the fibre button when it is let go must be predicable ahead of
time. In other words, good axis performance increases the probability that fibres will

be placed correctly on the first attempt.

4.2 Improvements to positioner timings

The expected field reconfiguration time for WEAVE] has been significantly improved
by parallelising the pick-and-place operation. This section describes these improve-

ments, without which the target field reconfiguration time for WEAVE] was unfeasible.
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4.2.1 Timing requirements

The WEAVE] positioner has a top-level requirement of being able to reconfigure an
entire field in 60 min or less. The maximum available time per average pick-and-place
move is therefore calculated by dividing the total available time by the number of
pick-and-place operations, split between the two positioner robots. Here we assume
that the division of labour between the robots is 90 % efficient, and that every fibre
must be re-parked at its retractor before being placed on a new target, and hence

moved twicd] For WEAVE[s nominal 960 fibres and eight guide fibres,

Total time
2 x (Number of ﬁbres)

2x0.9
_ 2> (568) (4.1)
1.8

= 3.3s/fibre

Max. average move time =

Therefore, an average of only 3.3 s is available for an entire pick-and-place operation.
This includes axis motion and fibre position feedback measurements. The required

[RMS] placement accuracy of 8.0 pm must also be achieved.

4.2.2 Simulating an average move

In lieu of a fully-assembled positioner, the prototype robot system was used to simu-
late pick-and-place moves for the purpose of timing tests. The lack of an z-axis on the
prototype was assumed to be insignificant, since this would be moving simultaneously
with the y-axis anyway.

Calculating the average pick-and-place move time requires the average move dis-
tance. If we assume an even distribution of fibres across the field plate area, then the
average distance to any fibre button from the centre of the field plate is the radius of

a circle encompassing half of the total science field area, given by

. @ (4.2)

where 7 is the radius of the positioning distance from the centre of the field plate and
Ry, is the radius of the WEAVE] science field.

! This approach is in line with the positioner’s design documentation.

94



PART I: THE WEAVE FIBRE POSITIONER

Since fibres originate from the retractors around the perimeter of the plate at a

radius R,.;, the average move distance is

R 2
dave’/‘age - Rret - ];p
2052 4.3
= 282.3 — 05 (4.3)
2
= 137.3mm

It follows that pick-and-place moves covering a distance of 137.3 mm, using the pro-
totype [WEAVE] positioner robot, should give an accurate indication of the expected

average move time.

4.2.3 Unsuitability of a sequential timing scheme

The most straightforward operating mode for the positioner would be to carry out
each of the stages of a pick-and-place operation in sequence, moving to the next stage
only when axes are within a specified distance from their commanded destinations.
The pick-and-place stages are as follows, from an initial state where the z-axis is

raised and the gripper jaws are open.

1. Move the z-, y- and #-axis to the ‘pick’ position (call this position A), all three

axes moving simultaneously to arrive at their target positions at the same time.
Check the position of the fibre below with the fibre measurement camera.
Lower the z-axis.

Close the gripper jaws.

Raise the z-axis.

SIS A

Move the z-, y- and -axis to the ‘place’ position (call this position B), at the
same time as ascertaining the exact fibre position in the closed jaws, refining B

as necessary.
7. Lower the z-axis.

8. Open the gripper jaws.

9. Confirm correct placement with the fibre measurement camera.

10. Raise the z-axis.
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The mean time taken for the above sequence was measured over 100 cycles as

4.5s with the axis motors at their maximum practical velocity and acceleration} A

breakdown of the total time taken in terms of each positioning stage is shown in the

top portion of Figure This duration exceeds the maximum allowable value of

3.3s and would result in an overall field reconfiguration time 20 min longer than a

nominal spectrograph exposure. A better solution must be found.

ORIGINAL SEQUENTIAL TIMING:
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Figure 4.3: Safely overlapping parts of the pick-and-place sequence greatly reduces the
average move time. These charts show the timings for a simple sequential scheme (top) and
an overlapped scheme (bottom) with various position tolerances defined in Table The
durations shown are mean values measured over 100 pick-and-place cycles.

Table 4.1: Definitions and example values for the various tolerances shown in Figure

Label Description Nominal value

1, Y1, 01 x-, y- and f-axis within ‘sloppy pick’ tolerance Pos.A +2.0mm, 1.0°
o, Y2, o x-, y- and f-axis within ‘coarse pick’ tolerance Pos.A 4200 pum, 0.5°
x3, Y3, 03 x-, y- and f-axis within ‘fine pick’ tolerance Pos.A £100 pm, 0.1°
T4, Ya, 04 x-, y- and f-axis within ‘sloppy place’ tolerance  Pos.B +2.0 mm, 0.5°
s, Y5, Os x-, y- and f-axis within ‘fine place’ tolerance Pos.B £5.0 pm, 0.01°
21 z-axis above ‘safe height’ >20mm above f.p.
29 z-axis within ‘fine pick’ tolerance 4 pos. £100 pm

23 z-axis at ‘hover height’ <0.5mm above f.p.
z4 z-axis within ‘fine place’ tolerance 4 pos. £5um

2The velocities and accelerations for the motors were determined empirically, by increasing them
until the motion controllers reported a following error, then reducing slightly.
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4.2.4 An improved timing scheme

The average pick-and-place time was reduced from 4.5s to 2.2s by carefully overlap-
ping axis movements and implementing a range of axis position tolerances. Figure
shows a graphical representation of the improved scheme from laboratory timing tests,
with the different tolerance levels explained in Table

The improved scheme is based on the fact that the tightest positional tolerances
(e.g. 5pm) are only necessary the moment before a fibre is placed on the field plate.
Furthermore, very loose tolerances (e.g. 2mm) are acceptable whenever the gripper
jaws are high enough above the field plate to clear all obstructions (fibres, buttons,
etc.). Tolerances become gradually tighter as the z-axis descends, leading to a hi-
erarchical tolerance system that significantly reduces the time spent waiting for fine

servo motion. Other salient points of this approach are as follows.

e The z-axis can begin descending before the z-, y- and #-axis have finished

moving.

e Once the gripper jaws are below the minimum ‘safe height’, the z-axis can
continue descending provided the z-, y- and f-axis are close enough to their

target positions not to cause a button or fibre collision.

e Fibre buttons can be gripped (picked) with a looser z-, y- and #-axis tolerance

than when releasing (placing).

e The z-, y- and f-axis can begin to move to a new position as soon as the gripper

jaws are above the minimum safe height.

e The only time that the axes need to be within the tightest of tolerances is when
a fibre button is being held very close to the field plate, the moment before

being placed down in their target position.

An average move time of 2.2s means a total reconfiguration time of 39.4 min.
There is a little more time to be gained by distinguishing between moves where fibres
are being re-parked and moves where fibres are being placed on a science target. The
former can be done with a looser tolerance. If we take this to be the same as the ‘fine
pick’ tolerance in Table 4.1 then the measured timings indicate a reconfiguration
time of 36.7 min.

The increased positioning speed achieved with the new timing scheme is a promis-
ing result. It has made meeting the positioner performance requirements feasible,

where previously this was impossible.
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4.3 Prototype robot limitations

The results presented in this section are for a prototype robot system, hence they are
not representative of the final positioner assembly. Moreover, no facility for changing
the gravity vector is available, so robot performance when the telescope is not at
zenith cannot be simulated. Given the project schedule, this situation has
been an unavoidable. Nevertheless, it is important to remember that significant risks
remain as the project enters the integration phase.

Specifically, the measured pick-and-place times do not include any time spent
waiting for the gantry structure to settle after a move. This cannot be tested until
a gantry has be built to the final mechanical design. That said, it seems reasonable
to remain optimistic given that the total estimated positioning time now occupies
less than 65 % of that available, leaving a generous margin in which to trade off axis
acceleration with placement accuracy.

A further assumption is that fibres will always be placed correctly on the first
attempt. The positioner’s ability to perform well will depend on this, as re-placing
many fibres would come at a significant time cost and result in failure to reconfigure

the field during a nominal exposure period.

4.4 Section summary

This section has reported the results of laboratory testing of the robot axes
that will be used for the fibre positioner. Analysis has found that the
axes perform better than manufacturer specifications and are therefore suitable for
achieving WEAVE]s 8.0 pm fibre positioning requirement.

An important distinction has been made between the accuracy of the positioner
robot and the accuracy of the fibre measurement system; poor robot axis repeatability
does not directly affect the achivable accuracy of the fibre positioning system, but does
increase the probability of fibres not being placed adequately on the first attempt,
therefore incurring a time penalty.

The anticipated field reconfiguration time for has been improved from
~80 min (non-compliant with the 60 min requirement) to <40 min, by efficiently over-
lapping certain robot actions. However, field reconfiguration times are likely to in-
crease significantly when mechanical vibrations are considered. This will likely only

be known once the final positioner has been built.
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5 Final analysis of fibre
positioning performance

This section brings the previous two major sections together, reviewing our esti-
mates of fibre measurement error and robot axis performance and considering what
this means in terms of the bigger picture of fibre placement accuracy and speed in
WEAVE]

What we can conclude is that fibre placement accuracy and field reconfiguration
time are related, with better accuracy being achievable if particularly poor fibre

placements are re-attempted by the robot. A scheme for managing this is proposed.

5.1 Field reconfiguration speed

Let us first revisit the estimated speed of the positioner reported in Section [£.2] Tt
was shown that, with efficient motor timings, a field reconfiguration time of 36.7 min
should be achievable. This occupies only 61 % of the available 60 min window.

The estimated field reconfiguration speed assumes that  WEAVE[s two positioner
robots spend 10% of their time waiting for each other to complete a move. Fur-
thermore, the timing tests only considered the time taken for all robot axes to come
to a stable rest according to the motor controllers. No additional time was allowed
for the settling of the structure connecting the robot gantry to the field plate itself,
because the structure used in the laboratory was not comparable to that of the final
instrument.

Assuming the measured pick-and-place move times are accurate, the spare 39 %
portion of the available field reconfiguration window will be available for spending in
two ways: 1) waiting for the positioner structure to settle, so that extra errors are not

introduced; and ii) re-placing fibres that are deemed to have been placed poorly.
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5.2 Measurement system accuracy

Now let us return to the accuracy of the measurement system, reported in Section [3]
Measurement uncertainty is critical for the WEAVE] positioning system, as accu-
rate positioning is impossible without accurate feedback. The estimated accuracy of
3.3um [RMS] is substantially smaller than the required fibre placement accuracy of
8.0 um [RMS] so we can be quite confident that [WEAVE] will be capable of detecting

significant fibre placement errors.

5.3 Robot repeatability and error tolerance

Finally, let us revisit the performance of the robot axes reported in Section [4 The

linear axis and gripper repeatability are summarised below in Table [5.1]

Table 5.1: Summary of robot motor repeatability measurements.

Parameter Value (o)

Linear axis repeatability 2.55 nm
Gripper release repeatability 0.9 pm

We can estimate the accuracy of a single pick-and-place fibre positioning opera-
tion by summing the linear axis repeatability (assuming these are the same for the
robot’s z- and y-axis), the gripper release repeatability, and the measurement system

uncertainty of 3.3 pm. Assuming these can be added in quadrature,

Trotal = V2.552 + 2.552 + 0.92 + 3.32 -
= 5.0pm (5-)

From this we can conclude that, in an ideal world, every fibre should be placed well
enough on the first attempt. Naturally we have made many idealised assumptions, not
least treating all error sources as statistically random, hence the pure RMS|positioning
accuracy is likely to be worse on the final instrument.

Since we may have enough time to repeat some fibre placements, we can think
about setting a maximum tolerance on placement error. The plot in Figure [5.1] is
based on the 5.0 pm [RMS] positioning uncertainty calculated above. What this plot
shows is the probability that a fibre will be placed within a certain error tolerance in

a single attempt.
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Figure 5.1: Data on the repeatability of the [WEAVE]| robot axes has been used here to
estimate the probability that a fibre will be placed with an error less than or equal to a
specified tolerance, in a single attempt.

For example, setting an error tolerance of 10.0pm (equal to 20) would result
in 95% of moves being acceptable after one pick-and-place attempt, i.e. 5% being
re-attempted.

Optimising a tolerance such as this, either with respect to the average field recon-
figuration time, or with an on-the-fly calculation during field reconfigurations, may

be a good way to increase the average quality of WEAVE]s data.

5.4 Section summary

This section has combined what we know about the accuracy of the WEAVE] mea-
surement system and the prototype positioner robot, in the context of the real-life
operation of the positioner.

The trade-off between positioning accuracy and field reconfiguration speed has
been restated, highlighting that our fixed reconfiguration time of 60 min allows a
strategy to be adopted to make best use of this time. A simple approach has been
suggested, whereby the fibre positioning error tolerance is dynamically adjusted based
on the predicted time remaining in the current configuration. This could guarantee
an upper limit on positioning error, while working to make the overall positioning
error lower than this whenever possible.

Optimally utilising WEAVE]s 60 min field reconfiguration window will be a real
opportunity to increase the signal-to-noise ratio of the data, and therefore

improve its scientific impact.
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6 Conclusions and prospects

Part [I| of this thesis has reported on work that was carried out during the final design
stages of theWEAVE] fibre positioner system, following its preliminary design review
and leading up to its final design review.

The broad aim of this research was to retire the major technical risks associated
with the design of the [COTStbased pick-and-place fibre positioner system, better

estimating its performance in order to answer two main questions:

1. Are the proposed off-the-shelf robotic axes capable of positioning WEAVE]s

optical fibres accurately enough to meet the scientific needs of the instrument?

2. If the accuracy is sufficient, then can this accuracy be achieved quickly enough

to meet the required field reconfiguration time?

These questions, which are somewhat linked, have been answered with a combi-
nation of engineering design, prototyping, testing and analysis.

The proposed robotic axes from Schunk GmbH have been shown to perform well
enough to meet the 8.0 pm [RMS] fibre positioning accuracy requirement of  WEAVE]
with an [RMS] repeatability estimate of just 5.0 pm for all axes combined. Since the
positioning will be a closed-loop process, the story is only complete if the position
feedback system is also up to the task. Following rigorous development and testing,
the [RMS] accuracy of the WEAVE] fibre measurement system has been estimated at
3.3um. This is also sufficient to achieve our required 8.0 pm positioning accuracy.

Pick-and-place reconfiguration of all of WEAVE]s fibre units within the requisite
60 min window has been shown to be feasible, with 5.0 pm [RMS|robot accuracy being
achievable in as little as 37 min.

Importantly, the positioner’s estimated performance does not account for vibration
of the robot gantry structure or increases in errors caused by changes in the local
gravity vector, neither of which could be tested with the prototype system.

A changing gravity vector caused by telescope pointing should be insignificant to

the counterbalanced robot axes, but may alter the calibration of the measurement
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system. The in-situ camera calibration procedure proposed in this thesis would allow
quick compensation of gravity effects should the need arise. This could be done for
every new pointing at a modest time cost of <1 min.

The risk of increased positioning errors due to mechanical vibrations is somewhat
lessened by the robot’s measured accuracy being well within WEAVE[s requirements.
By returning to the plots of estimated spectral in Figure (p. we are
reminded that fibre positioning tolerance could be increased without catastrophically
affecting signal strength. Indeed, doubling the fibre offset tolerance to 16.0 pm would
only reduce the estimated by 6.5 %.

A further relief is that the estimated 37 min field reconfiguration time would al-
low robot moves to be slowed down by ~40%, therefore reducing the severity of
mechanical vibrations.

All things considered, it seems reasonable to conclude that the WEAVE] fibre
positioner will be able to fulfil its function without significantly affecting the quality of
the instrument’s data. If the flexure issue is tightly controlled in the final assembly, as
it may well be, then the[WEAVE|positioner has the capacity to far exceed performance
expectations.

Three novel processes have been developed in order to meet the required accuracy

and speed of the positioning system:

1. An in-situ camera calibration scheme: A system for automatically align-
ing, focussing, and obtaining the pixel scale of the measurement cameras has
been designed. Proper camera calibration is key to achieving consistently accu-

rate measurements.

2. The ‘biscuit cutter’ algorithm: A new image processing algorithm has been
developed that can infer the location of the centre of a[ WEAVE] fibre core with
superior accuracy and speed. This is another critical aspect of the fibre position

feedback process.

3. Overlapped robot motion: A robot motion control scheme has been created
that safely overlaps pick-and-place motor commands via a hierarchical system of
motor position tolerances. This scheme has practically halved the predicted field
reconfiguration time; without it,[WEAVE] would incur a severe and unacceptable

time penalty of ~20 min per field.

The outcomes of this research assisted in the WEAVE] fibre positioner system

passing its final design review in January 2015.
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Development of a new low-voltage
piezoelectric motor for tilting spine
fibre positioners
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1 Introduction to tilting spine
technology

Tilting spine positioners enable fast and accurate field reconfigurations of hundreds or
thousands of optical fibres simultaneously. Each fibre is held within a rigid ‘spine’ that
can be tilted in any direction, thus moving the fibre tip. Each spine is independently
actuated by a simple and compact motor mechanism, meaning that the technology
can support very high fibre densities.

Tilting spine technology was created by the Australian Astronomical Observatory
in the early 2000s for the purpose of the 400-fibre FMOS}|-Echidna instrument
on the Subaru telescope (Figure [22][23]. Since then, Echidna technology has
progressed through several stages of development [50][51][27][24] and will soon be
incorporated into the 2436-fibre spectrograph on [26]. Despite the
many refinements made, however, the nature of spines and their actuators remains
essentially unchanged.

The work reported in this thesis looks at more radical ways to improve the design
of the Echidna motor mechanism so that its scientific capabilities are improved.

This introductory section aims to do four things: i) explain what current-generation
tilting spine positioners look like and how they work; ii) highlight the technology’s
main weaknesses; iii) describe the instrument in more detail, to give context;

and iv) define the specific goals of this research.

1.1 Nomenclature

Since this chapter will be describing new developments to an existing technology,
there are several historical (and new) naming conventions that should be described
here for later reference.

A number of different terms and phrases actually mean the same thing, and some

very similar phrases actually mean different things. Table aims to remedy this.
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Table 1.1: Nomenclature and naming conventions for this chapter.

Term

Explanation

Tilting spine
technology

Echidna technology

FMOS|Echidna

Drive waveforms
Drive signals
Waveform voltage

Waveform amplitude

Spine actuator(s)
Spine motor
Actuator assembly

Spine mount

Magnetic mount
Cup assembly

Spine assembly

Spine

The name given to the general positioner concept
developed by the Australian Astronomical
Observatory in which a fibre is held by a long tube
that is tilted by actuators; refers to the existing
technology in all its forms

Used interchangeably with ‘tilting spine technology’

A 400-fibre tilting spine positioner, built by the
Australian Astronomical Observatory for the Fiber
Multi-Object Spectrograph instrument on
the Subaru telescope and commissioned in 2008 [52];
the first instrument to use tilting spine technology

The underlying (sawtooth) waveforms used to drive
the spine actuators and achieve the stick—slip motion
of spines

Used interchangeably with ‘drive waveforms’

The peak voltage of a drive waveform, often bipolar
(i.e. 100V = £100V)

Used interchangeably with ‘waveform voltage’

Usually refers to the individual piezoelectric
element(s) within a spine motor

The active assembly that holds and moves a spine,
comprising piezo actuator(s) and a magnetic mount

Used interchangeably with ‘spine motor’

The non-active part of the spine motor that holds a
spine, comprising a magnet within a metal ‘cup’; the
spine ball sits in/on the cup

Used interchangeably with ‘spine mount’
Used interchangeably with ‘spine mount’

The assembly comprising a carbon fibre tube, ball
and counterweight, with a fibre held inside; a passive
assembly that is mounted within a spine motor

Used interchangeably with ‘spine assembly’
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(a) [FMOS}-Echidna (b) An actual echidna

Figure 1.1: Echidna @), so called because of its resemblance to the spiny Australian
mammal of the same name (]E[), was the first instrument to use tilting spine technology.
Each fibre is held in a rigid tube (spine) that can be tilted by a few degrees in all directions.
Echidna has 400 spines with a spacing of 7.2 mm. The image in @ shows the tips of
the spines, hence starlight would approach from the bottom of the image. The area shown
is about the size of a football.

1.2 The anatomy of a tilting spine

The basic anatomy of a tilting spine is shown in Figure [1.2 Each fibre is held in a
rigid carbon fibre tube that can freely tilt about a ball joint at one of its ends. The
tube is balanced with respect to the pivoting ball and is itself a passive assembly.

The spine is inserted through the centre of a cylindrical piezoelectric actuator
assembly (‘the motor’) and magnetically held in place, as shown in Figure The
motor can apply small displacements to the surface of the ball, resulting in discrete
angular steps of the spine and therefore shifting the spine tip. The actuators are fixed
to a solid mounting surface in a regular triangular grid of a certain spacing (pitch),
as illustrated in Figure

1.2.1 Spine length, pitch and patrol area

The length of the spines, the pitch of their actuators, and the ‘patrol area’ that each
fibre can access are set to meet the needs of the instrument, and of course have some
limitations.

Spine pitch is set by the physical size of the telescope’s focal surface and the
number of fibres that the instrument requires; the number of fibres is most often
limited by the size of the instrument’s spectrograph(s), likely rounded down to arrive

at a geometrically-pleasing total for efficiently packing the telescope’s field of view.
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Pivoting ball

igh
SeHuEREIh! Balancing weight

Carbon fibre tube

Tapered tube .
Fibre ferrule

Image courtesy of the Australian Astronomical Observatory

Figure 1.2: Spines are passive assemblies comprising a lightweight rigid tube cemented into
a pivoting ball. They are balanced about this ball and therefore operate regardless of the
local gravity vector. The fibre passes through the counterweight, through the tube, and is
terminated in a ferrule at the tip of the spine. The specified length of a spine is taken from
the centre of its ball to its tip.

|

Fibre Spine assembly Actuator
assembly

Actuator base
(fixing point)

Image courtesy of the Australian Astronomical Observatory

Figure 1.3: The spine is held within a cylindrical actuator assembly by means of a magnetic
‘cup’ mount that is cemented to a piezo tube. The piezo tube is held by a solid mounting
structure behind the focal surface of the telescope. This structure has an oversized clearance
hole for the spine, allowing it to tilt by a few degrees in all directions.

Image courtesy of the Australian Astronomical Observatory

Figure 1.4: Actuators are tightly packed across the field in a triangular grid. A printed
circuit board (shown in green) provides access to the actuator electrodes from around the
edge of the field. This view is from behind the spines and shows only the spine balls (gold)
mounted in the actuator cups (blue).
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The patrol area of a spine is set by a combination of its length and the maximum
tilt permitted by the motor. A spine’s patrol area is naturally circular, and the radius
of this circle relative to the fibre pitch will influence the target allocation efficiency
of the final instrument.

Figure [1.5] shows the desirable case to have a patrol radius equal to or exceeding
the pitch multiplied by a factor of \%, with which any point across the field can
be accessed by at least four and as many as seven spines, providing excellent fibre

allocation yields.

Figure 1.5: Tilting spine positioners have a large ‘patrol radius’. This diagram shows
seven spines (black spots) viewed from their tips. By setting the patrol radius greater than
~1.15x the pitch, any point in the field can be accessed by either four (blue), five (green),
six (yellow), or seven (red) different fibres.

Spine length has to be sufficient to achieve the required fibre patrol radius, but
will also affect the optical throughput of the entire system. An unavoidable weakness
of tilting spine positioners is that their tilt introduces non-telecentricity and defocus
losses (explained later), which have an approximately-quadratic relationship with the
spine’s tilt angle [24]. Tt follows that, for a given pitch, longer spines can achieve the
same patrol areas at smaller tilt angles and hence with smaller losses.

Lengthening spines may reduce optical losses, but it also has the effect of increasing
the minimum step size of the positioner, thus reducing the achievable positioning
accuracy. A rather complex trade-off exercise is therefore required to find the optimum
spine length for a given instrument. [FMOS}-Echidna spines were set at a length of
140 mm. More recent designs (such as for MOST] described later in Section
have been able to increase this to 250 mm while retaining acceptable positioning

performance.
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1.3 Actuation principle

The electro-mechanical design of the existing Echidna technology is able to move

spines in discrete steps by means of a stick—slip mechanism.

1.3.1 Piezo tube actuators

An Echidna positioner spine is centred around a type of cylindrical piezoceramic ac-
tuator historically used for steering electron beams in scanning tunnelling microscopy.
These piezo tubes have four electrodes covering their outer wall and a single electrode
covering their inner wall, as illustrated in Figure [I.6] The tube can be made to bend

by applying a potential across its walls.

O

(a) Top view (b) Side view

Figure 1.6: Piezo tubes have four equally-spaced electrodes on their outer wall and a single
electrode on their inner wall. Applying voltages of opposite polarity to opposing electrodes
will cause the tube to bend. Displacement is exaggerated.

1.3.2 The Echidna ‘stick—slip’ mechanism

Echidna positioners exploit the bending modes of piezo tube actuators in order to pro-
duce a dynamic stick—slip mechanism between the spine ball and the ball’s magnetic
mount on the actuator.

The stick—slip mechanism exploits the fact that most material pairs have a lower
frictional coefficient when rubbing together than when static. By varying the acceler-
ation (i.e. force) of an actuator, we can selectively enter the regime of either static or
kinetic friction. Cycling between these regimes while alternating the direction of the
force results in a progressive ‘ratcheting’ of the materials as they become ever more

displaced with respect to each other.
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Figure shows how Echidna’s stick—slip mechanism is achieved by driving a
piezo tube with a simple sawtooth waveform: A steady ramp bends the tube, tilting
the spine slightly as the ball ‘sticks’ to the magnetic mount on the actuator; the drive
signal then quickly returns the tube to its starting position, the high acceleration of
this motion causing the ball and mount to ‘slip” with respect to each other and the
inertia of the spine keeping it, more or less, in the displaced position.

The result of a single waveform cycle is a discrete angular step of the spine, and
hence a discrete lateral step of the spine tip and the fibre. The actuator has returned
to its neutral state at this point and therefore requires no further power.

A single step at the spine tip is of order 10 pm in size, and many waveform cycles
in quick succession (of order 100 Hz) can produce a smooth motion of the spine. The
quadrant electrode format on the piezo tube means that this motion is in one of four

selectable directions, as illustrated in Figure [1.8

Optical fibre

Counterweight

Pivoting ball

Cup (with magnet)

Piezo actuator

ﬁ/ Electrical i ﬁ
v L
to t to t

\connections

Carbon fibre tube

Fibre ferrule

V[—.
to t
a.) b.) c.)

Image courtesy of the Australian Astronomical Observatory

Figure 1.7: The tilting spine ‘stick—slip’ mechanism is a simple way to achieve discrete
displacements of the spine tip using a single piezo tube actuator and a straightforward
sawtooth drive waveform: Starting from a neutral position (a), the ramp of the sawtooth
steadily bends the actuator and tilts the spine within it (b); the actuator then suddenly
returns to its neutral position, leaving the spine behind (c).
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Figure 1.8: Four electrodes on the piezo tube actuator (e0, el, €2, e3) and two waveform
polarities (+ and —) yield spine movement in four orthogonal directions (0-3), depending
on the waveform connections. The signal combinations shown in the table keep electrodes
2 and 3 constantly grounded in order to simplify the electrical architecture.

1.4 Spine control

When moving a spine, there are three electrical settings: i) which electrode is con-
nected to which drive signal, thus selecting one of four orthogonal move directions;
ii) the amplitude of the drive waveforms, which sets the size of the steps; and iii)
the frequency of the waveforms, which sets the speed of the move. These settings
are all handled by the positioner control electronics and software. The software also
decides how best to resolve the intended move into the available component directions

(including how many steps to take in each), and how to avoid collisions.

1.4.1 The control loop

Spine positioners operate within an iterative closed-loop control system. The differ-
ences between the desired and actual positions of the fibres are calculated, then a
corrective move of every spine is executed and the position error is calculated again.
The process repeats until all fibres are sufficiently close to their targets, or after a set
maximum number of iterations.

Echidna spines have no built-in position feedback system, so fibre locations are
measured via a camera looking at the back-illuminated fibre tips. One thing to
note is that every spine must complete its move before a positioner-wide iteration
is considered complete. The fibre view camera then images the entire field at once,
and all fibre locations are extracted from the image. This takes a significant amount
of time (say ~10s for a few thousand fibres), so the number of required moves is
important. This system also means that move times are set by the spine that has to
travel the farthest.
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Spine moves are calculated so that spine collisions are avoided, sometimes having
to stop and wait for a neighbouring spine to get out of the way. An advantage of
the Echidna technology is that collisions cause no damage to the spines or actuators,
because the stick—slip mechanism simply slips until the obstruction is removed. This

means very close fibre approaches can be attempted without risk.

1.4.2 Spine characteristics

Tilting spine actuators require drive voltages (i.e. sawtooth wave amplitudes) of
~150V to achieve an appreciable displacement of the fibre tip [29].

The step size of a spine scales linearly within the operable voltage range: Drive
amplitudes of ~150V produce step sizes of ~50 pm, and drive amplitudes of ~75V
produce step sizes of ~10 um'} This has led to a two-stage approach to positioning:
a ‘coarse’ move stage at a higher voltage, for fast moves over long distances, and a

‘fine’ move stage at a lower voltage, for when close to the target fibre position.

1.4.3 Spine calibration

Every spine is calibrated for each of the coarse and fine modes, so that the control
software knows how far a fibre will move in one step. This is done by driving the
spines in each of their four movement directions for a fixed number of steps and then
calculating the mean resultant step size (and exact angle of movement). These ‘cali-
bration vectors’ are stored for each fibre and used by the control system to calculate
the number of steps required to arrive at a given destination.

Coarse move waveform frequencies are ~100Hz (i.e. 100 steps of ~50pm per
second), giving a fibre movement speed of a few millimetres per second and therefore
allowing a nominal ~20 mm patrol diameter to be traversed in just ~4s.

Fine move waveform frequencies may be reduced to <10 Hz to avoid possible non-

linearities caused by spine resonance.

1.4.4 Electronics system

The task of the electronics system is to provide waveforms of a particular amplitude
and frequency to the correct electrodes on the spines’ piezo actuators. But in order
for this to be feasible for high numbers of spines, some shortcuts are necessary.

The control circuit for a single spine is shown in Figure [I.9a] A series of high-

voltage switches are used to connect two of the piezo electrodes to either the positive

'Data obtained from the regarding their current tilting spine prototypes.
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or negative drive waveform, or to ground. The remaining two electrodes are grounded
permanently. This arrangement—having only one active electrode for each direction
instead of driving opposite electrodes in a bipolar format—sacrifices some efficiency,
but means that only two signal connections must be made to each actuator across the
positioner. Without this design, it would not be feasible to produce circuit boards
with enough tracks to reach every actuator across the field.

The high signal amplitudes demanded by the spine actuators call for specialist
power amplifiers to drive them. These amplifiers tend to be expensive and bulky
(Figure . They can, however, provide enough current to drive many actuators
together. This is the reason that switches are used to re-route drive signals rather
than changing the waveforms themselves. Figure shows the resultant control
architecture for the positioner, with one pair of drive waveforms (one positive, one
negative) being shared by many (sometimes hundreds) of actuators. The consequences

of this ‘shared waveforms’ architecture are serious and will be discussed shortly.
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(b) Multiple spine control architecture

Figure 1.9: The existing tilting spine control architecture routes two ‘master’ waveforms to
many spines using an array of switches. Waveforms must be shared in this way because
the high-voltage amplifiers required to produce them are large and expensive. Hundreds of
spines will often be driven by a single amplifier stage.
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Figure 1.10: High voltage amplifiers tend to be large, their size dominated by the heat sinks
they require. This heat sink is from an existing spine control system, where the pair of
amplifiers attached to it can drive more than 600 spines. The coin shown is an Australian
5 cent piece (diameter ~20 mm).

1.5 Desirable improvements to tilting spine
technology

In considering the finer points of tilting spine technology, we can identify some techni-
cal factors that would significantly improve it, either in terms of its weaknesses when
compared to competing positioners, or in terms of the more challenging aspects of

designing and building a full-size tilting spine system.

1.5.1 The curse of high voltages

The high-voltage natureEl of the spine drive waveforms is perhaps the most hated
‘feature’ of the tilting spine technology from an engineering standpoint, and the cause
of many an operational headache. It also severely affects spine performance. These

issues are explained below.

1.5.1.1 Performance issues

The ‘shared waveforms’ control architecture described in Section [I.4.4] means that
hundreds of actuators must be driven at the same frequency and voltage. This is a

major design compromise, because performance variations between actuators cannot

2Note that the term ‘high-voltage’ is used here in a relative sense, with respect to the order
~10V potentials usually found in electronics systems. It does not refer to the various international
standards that tend to consider ‘high voltages’ to be >1kV.
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be accounted for. Instead, these waveform parameters must be chosen to ‘please all’,
or more likely, to please the poorest-performing actuator in the group.

Sharing waveforms like this has a pronounced effect on the fine positioning mode,
because setting the drive amplitude too low will cause the weaker spines to not move
at all. Consequently, an amplitude must be chosen that is high enough to guarantee
that all spines move at least a small amount. Ipso facto, the more sensitive actuators
produce larger steps and the average accuracy of the entire positioner is worsened.

The extent of this problem can be seen in Figure [I.11} The apparent chaos in this
plot only emphasises the point: Having to pick a single drive amplitude results in a

huge range of step sizes across multiple spines.
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Courtesy of Scott Smedley / the Australian Astronomical Observatory

Figure 1.11: Spine step sizes can vary wildly for the same actuator drive amplitude. This
data was obtained from the s 64-spine fibre positioner prototype (introduced
later). Each of the 64 spines is represented by a line. Note how some spines reach their
lower operational limit at 50-55V, which means the global amplitude has to be set higher
than this. This particular prototype system had its fine mode amplitude set at 75V, which
was sufficient for the relatively loose accuracy requirements of the project. Even so, this
setting yields step sizes in the large range of 4-16 pm.

1.5.1.2 Operational issues

Once a high-voltage instrument is commissioned, staff must be trained in maintaining
it safely. The various safety systems may also make fault-finding (either during or

after commissioning) significantly harder.
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1.5.1.3 Engineering issues

High voltages tend to greatly increase the size of an electrical system: Cables and
connectors must be properly rated and are often bulky as a result, making cable
runs impractical; all exposed conductors, including those on circuit boards, must
be generously spaced (more so if being used at altitude); low-voltage control circuits
must be isolated from their high-voltage load, requiring special opto-coupled switching
devices; small quiescent currents in power supplies and amplifiers end up producing
excessive heat and require large heat sinks; and systems must be interlocked and
fail-safe, often calling for a separate safety systems controller.

It follows that removing hazardous voltages results in a smaller, leaner and cheaper

control system that is easier to design.

1.5.2 Tilt-induced optical losses

Figure [I.12 illustrates how tilting fibres away from the telescope pupil introduces
non-telecentricity and defocus. The non-telecentricity causes focal ratio degradation
(FRDJ at the exit of the fibre due to azimuthal scrambling of the light entering at an
angle, which means that the spectrograph collimator is likely to be over-filled. The
result of this is an overall throughput loss in the instrument. The defocus of the tilted
fibre also causes a loss in throughput, although this is generally much less significant
(~1071x) than the tilt-induced [24].

————— — ~

Figure 1.12: The tilt angle of a spine, 6, introduces unavoidable optical losses due to two
phenomena: i) focal radio degradation caused by non-telecentricity between the fibre and
the incoming beam (grey dashed line); and ii) defocus of the fibre tip, d. The yellow cones
illustrate the acceptance angle (numerical aperture) of the fibres. Tilt and defocus are
exaggerated.
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A spine’s optical loss is a major drawback of the technology to the eyes of anyone
deciding between competing fibre positioning technologies. Indeed, this was a major
factor in the choice of a radial arm positioner over a spine positioner for the planned
Dark Energy Spectroscopic Instrument [31].

Being able to increase spine length, while retaining suitable positioning perfor-

mance, is highly desirable.

1.5.3 Mechanical crosstalk

A subtle but potentially serious effect that has been observed in past [AAQ| exper-
imentsﬂ concerns vibrations from the movement of spines inducing a sympathetic
movement of other, non-moving spines across the field. It is believed that the motion
of the actuators parallel to their mounting surface may be to blame here.

This is exacerbated by a control architecture that routes the same sawtooth wave-
forms to many actuators, because the vibrations are increased enormously when hun-
dreds of piezo tubes are oscillating in lock-step.

Measures that reduce the risk of this phenomenon in future spine positioners would

be valuable.

1.6 The 4AMOST instrument

The 4-metre Multi-Object Spectroscopic Telescope is a new, wide-field,
massively-multiplexed fibre-fed spectrograph facility being developed for the Cassegrain
focus of the European Southern Observatory’s (ESOfs) [VISTA| telescope [26].

MMOST] will use a tilting spine positioner to configure 2436 optical fibres across
a 2.5° diameter field. The fibres will feed one high-resolution (R = 20000) and two
low-resolution (R=5000) spectrographs covering the visible wavelength range.

The project is being introduced here because it is a contemporary ex-
ample of an instrument perfectly suited to an Echidna-style positioner. The project
has driven many of the [AAQ[s recent refinements of the technology [24], and the

instrument is therefore a good yardstick against which we can consider more radical

improvements that result from the work reported in this thesis.
MMOST] is currently approaching the end of its preliminary design phase and is
expected to begin operations by the end of 2020.

3This issue was communicated informally and has not been published.
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1.6.1 4MOST science goals

In UIMOST]s most recent overview paper (de Jong et al., 2014) [26], its main science
drivers are listed as galactic archaeology, high-energy physics, galaxy evolution and
cosmology. Much like[ WEAVE]in Part[[|of this thesis, it will also provide spectroscopic
follow-up of large area survey instruments such as Gaia. In addition to this,
will operate a “flexible, general-purpose operations concept ... surveys ranging from
scarce targets all-sky to high target densities in specific areas”.

The clear desire for flexibility, especially in terms of varying field homogeneity,
presents a strong case for the use of tilting spine technology on [AMOST] More critical,
however, is AMOSTTs use of different spectrographs, with one third of its fibres being
permanently assigned to a high-resolution observing mode. Tilting spine technology
is the only parallel positioning solution that will ensure every point in the field is

accessible by this subset of fibres, thanks to the spines’ large overlapping patrol radii.

1.6.2 AESOP: The 4MOST fibre positioner

A major part of AMOST] will be the Australian [ESO| Positioner (AESOP)), a tilting
spine fibre positioner built by the[AAO] A 3D model of [AESOP[s preliminary design

is shown in Figure [[.T3] Its specifications are summarised in Table [T.2]

Table 1.2: Summary of specifications and requirements for the |]AESOP]| fibre positioner.

Low-resolution High-resolution

Number of fibres 1624 812
Spine pitch ~9.6 mm ~16.6 mm
Spine patrol radius ~11.5mm

Spine length 250 mm

spine tilt [25] ~1.4°

Closest approach <lmm

Positioning accuracy 10 pm 1'

The fibre allocation yields for [AESOP)] are examined at length in Saunders et al.,
2014 [25], with results from mock catalogues indicating an overall target allocation
completenessﬁ of 85.3 % for low-resolution targets and 78.9 % for high-resolution tar-
gets. As previously mentioned, these high target allocation yields come at the price

of optical losses due to the tilt of the spines.

4Target allocation completeness is a measure of the achievable vs. desired object observations for
a single pointing/exposure.
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Image courtesy of the Australian Astronomical Observatory

Figure 1.13: The |AESOP|fibre positioner for the UMOST|instrument has 2436 tilting spines

arranged in a hexagonal array ~0.5m wide. Note the considerable space occupied by the
(brown and beige) electronics enclosures on all four sides.
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Courtesy of Will Saunders / the Australian Astronomical Observatory [25]

Figure 1.14: Untilted fibres produce a far-field output profile (black curve) within the speed
of the spectrograph collimator (black vertical line, f/3.7). Maximally-tilted fibres (red
curve) have the worst and lose significant light outside the collimator speed limit.
The overall loss for the whole positioner is given by the simulated tilt (green curve),
with a predicted collimator loss of 11.3 %.
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1.6.2.1 Tilt-induced optical losses in AESOP

The effect of different spine tilts on the far-field profile of light exiting the fibre in a
spectrograph similar to dMOST]s is shown in Figure[1.14] For the [RMS]tilt across all
spines, the plot estimates a loss of ~11 % of the fibres’ light at the collimator due to the
induced [FRD] This is perhaps not a show-stopping penalty, but it is significant. The
approximately-quadratic relationship between tilt angle and throughput loss means
that even a small increase to the spine length could have a substantial effect on a

survey’s overall signal-to-noise ratio.

1.7 Competing technologies

Various fibre positioning technologies were reviewed as part of the main introduction
to this thesis (p.[2.3.2)) along with their associated strengths and weaknesses. Still, it
is worth comparing aspects of their performance that might be matched or beaten by
a better tilting spine design. Table summarises the performance of other multi-
actuator positioners (including tilting spine instruments) using data that has either

been published or provided on request.

Table 1.3: Broad performance summary of existing parallel positioning technologies.

Technology Type error Moves Reference

ES-CH 6-¢ Radial arm 3.6 pm 6 Fahim et al., 2015 [32]
Cobra Radial arm  <5.0 pm 6 Fisher et al., 2014 [29]
AESOP Tilting spine  8.1uml?] 6 (Informal contact)
FMOS|-Echidna Tilting spine  ~6.3 pm 7 (Informal contact)

“Note that the AESOP| positioner is only designed to achieve 10 pm accuracy.

The best-performing positioner appears to be the ‘ES-CH’ (Spanish—Swiss) radial
arm positioner led by the Universidad Auténoma de Madrid [32]. This technology was
developed as a candidate positioner for the project [31] and is at a prototyping
stage. These positioners, which use miniature [DC| motors, are reported to achieve an
[RMS] positioning accuracy of 3.6 pm in six moves, or 3.9 pm in just four moves.

Where details on the accuracy vs. moves relationship have been published, the
available data points are displayed in Figure [1.15 These two plots are a good way
to visualise the performance of any positioner, as they concern the two main metrics
used in positioning requirements. These plot styles will become useful for the purpose

of comparisons later.
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Figure 1.15: These plots relate to two important performance metrics for fibre positioners
in terms of the number of closed-loop iterations a technology needs to achieve either: @ a
general accuracy across the whole field; or (]ED a fraction of fibres within a given accuracy.
The data points shown are taken from the publications referenced in Table

1.8 Goals of this research

The primary aim of this body of work, broadly speaking, was to make tilting spine
technology more competitive against other positioner designs by improving its scien-
tific capabilities. The secondary broad aim was to remedy some of the engineering

challenges associated with building and operating a tilting spine positioner.
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More specifically, and in light of the issues presented and discussed throughout

this introduction, the following development goals were set.

e Reduce the drive voltage of spine motors, so that: a) spines do not suffer the
performance penalty of sharing drive waveforms with others; and b) the control
electronics system becomes smaller, leaner, safer, and easier to design. The
specific aim was to reduce the voltage range from +150V to 424V (standard
industrial voltage), with a strong desire to further reduce this to £15V
(standard op-amp supply voltage).

e Improve the closed-loop positioning accuracy of the spines to compete with
current radial arm positioners, aiming to attain <5.0 pm[RMS]error in six moves,
with an ultimate goal of <3.6 pm error in six moves (based on the ES-CH
radial arm positioner). This was most likely to come from a reduction of the
minimum step size and therefore required a better motor mechanism. Improved
spine control (through non-shared waveforms, as above) would also help here.

A maximum tolerable error of 10 um in six moves was also targeted.

e Increase the maximum spine length from the current 250 mm limit in order
to reduce tilt-induced optical losses, while maintaining good positioning accu-
racy. The approximately-quadratic relationship between tilt and throughput
loss means that only a small increase could be a significant improvement, but
at the cost of increased minimum step size. No specific goal was set for this, as

lengthening the spine will be limited by the achievable accuracy.

e Improve the overall open-loop repeatability of spine moves, with the intention
of: a) producing faster convergence on a target, i.e. requiring fewer moves;
and b) improving the prospect of tracking objects during observations. Object
tracking requirements are highly dependent on instrument and telescope design,

so no target was set other than to do better than the existing technology.

e Reduce the transfer of actuator forces along the plane of the actuator mounting
surface, in order to reduce the risk of mechanical crosstalk between neighbouring
spines. This hinted at moving away from the lateral bending motion of the

existing piezo actuator design and towards something more efficient.

These research goals are all linked together in one way or another, thanks to the
idiosyncrasies of the tilting spine concept. But the good news here is that one radical

design improvement can yield benefits in all areas.
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1.9 The ideal tilting spine positioner

Finally, it can be useful to consider what an idealised tilting spine system might
look like, in order to get a feel for the trade-offs introduced by reality. Table
summarises an idealised spine in terms of its physical characteristics and performance.
Not included in the table are the more generic practicalities such as cost, power

consumption, maintainability, and so on.

1.10 Section summary

In this section we have seen how the ‘Echidna’ tilting spine technology works, and
reviewed its strengths and weaknesses.

We have seen how, due to the high voltages that traditional Echidna actuators
require, the performance of an entire tilting spine positioner is negatively impacted
by many spine motors having to share the same drive waveforms.

The relationship between a spine’s tilt angle and the resultant optical throughput
losses has been explained, highlighting the desirability of longer spines in order to
reduce the average tilt angle.

The project has been introduced as the next major instrument to use
tilting spine technology. Its science objectives have been summarised, highlighting
the need for a fibre positioner that can handle both homogeneous and clustered fields
for a range of survey programmes.

The main goals of this research have been set, the salient points being to reduce the
spine drive voltage, improve positioning accuracy, and maintain improved accuracy
with even longer spines so that losses are reduced too. This called for radical changes

to the design of the tilting spine motor.
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Table 1.4: Characteristics of an ideal tilting spine positioner, and real life limitations.

Characteristic

Ideally

In reality

Minimum step
size

Step size
repeatability

Gravity vector
response

Long-term
performance
stability

Number of steps
vs. distance
moved

Step size vs.
drive voltage

Frequency
dependence

Maximum spine
length

Minimum spine
pitch

Extremely small (e.g.
sub-micron)

Zero scatter in spine
response when driven
with an identical
signal, regardless of
spine position

Spine performance
unchanged by changing
gravity vector

Stable despite the
effects of time and
temperature

Directly proportional

Directly proportional

Spine performance
independent of drive
(stepping) frequency

Unlimited; longer
spines reduce
tilt-induced optical
losses

Not limiting for
specified science case

The imperfect stick—slip mechanism has a
threshold, below which the actuator
movements are too small to induce any
spine motion at all, which limits the
minimum achievable step size.

Piezo actuator hysteresis and tribological
factors mean that moves will be different;
also, imperfect spine balancing and ball
irregularities can change performance
based on the current spine position.

Changes in the local gravity vector (e.g.
due to telescope pointing) have a small
effect on performance due to imperfect
spine balancing and a finite magnetic
holding force in the actuator assembly.

Actuator age and environmental
conditions can have a small but
significant effect on spine behaviour.

Some non-linearity due to imperfect
stick—slip mechanism and dynamic
factors such as spine inertia.

Non-linear for small signals due to
actuator hysteresis, tribological factors,
and non-infinite acceleration in
mechanical ‘slip’ phase.

Some frequencies yield better
performance than others; resonant modes
in the spine can impact repeatability at
certain drive frequencies; higher
frequencies (faster moves) are more prone
to inertial effects.

Length is limited by mechanical factors
such as spine resonance, inertia, and
tolerable mass; longer spines also increase
the minimum achievable step size.

Spine motor assemblies have a minimum
practical size that will limit the packing
density of fibres.
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2 Achieving low-voltage drive of
tilting spines

This section discusses the possible strategies behind creating a low-voltage tilting
spine motor. A key driver behind the commencement of this research was to make
use of new and emerging technologies in the piezo industry to do this.

The advantages of using piezoelectric actuators are reviewed, along with their
principal disadvantage of requiring high voltages. This shows that we need to look
beyond classical piezo materials and manufacturing techniques in order to achieve our

goals. Three core strategies will be defined in this regard.

2.1 The use of piezo actuators in
micro-positioning

Piezoelectric actuators are unbeatable for many micro-positioning applications. They

offer precise control of small displacements, fast response times, and high forces.
Appendix [A] (p. provides some background on piezo actuators, reviewing

piezoceramic material properties, traditional manufacturing methods, and piezoelec-

tric motor actuation styles (including the stick—slip principle).

2.1.1 The inverse piezoelectric effect

Piezoelectric materials exhibit an accumulation of electrical charge when under me-
chanical stress. This phenomenon is called the direct piezoelectric effect. This effect
also works in reverse, meaning that the presence of an electric field will induce stress in
the material, resulting in a small displacement. This is called the inverse piezoelectric

effect, and is the basis of all piezo actuators.
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2.1.2 Piezo polarisation and modes

The vast majority of piezo actuators are made from synthetic ceramics. These ce-
ramics are manufactured using a sintering (baking) process, which produces a bulk
ceramic with randomly-oriented crystalline grains. These grains must be aligned so
that the inverse piezoelectric effect occurs in a common direction. The alignment is
achieved using very large electric fields, in a process called polarisation.

Polarisation of piezoceramics causes a permanent ChangeE] in their structure and,
by extension, defines their mechanical response to the future application of electric
fields in terms of the inverse piezoelectric effect. In other words, a piece of piezo
material will move differently depending on the direction of an applied electric field
relative to the direction of polarisation. The different combinations of these with
respect to the geometry of the actuator are called piezo modes.

Piezo modes are defined with reference to a numbered axis system (Figure
representing three orthogonal directions in space and their associated axes of rotation.

The direction of polarisation is always in direction 3.

5
4 C > 2()

oL

Figure 2.1: Piezo materials use a numbered axis system to describe the direction of electric
fields and displacements. It is equivalent to the Cartesian coordinate system. The direction
of polarisation is always along axis 3.

!The polarisation of a material is permanent as long as it is not further exposed to very high
electric fields, in which case re-polarisation of the material can occur.
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Two of the most common piezo modes are described below, along with a special
case for cylindrical actuators. Refer to Table [2.1] for illustrations.

e Longitudinal (d33) mode: This is perhaps the simplest mode. Plated elec-
trodes on opposite faces of the actuator create an electric field in the same
direction as the polarisation, resulting in a longitudinal extension of the actua-

tor along axis 3.

e Shear (d;5) mode: This mode produces a shearing of the electrode faces, be-

cause the electric field is being applied orthogonal to the polarisation direction.

e Cylindrical tubes: This is not a piezo mode per se, but the geometry of a
tube can produce a useful motion when electric fields are applied across its
walls. The tube can be made to bend if the outer electrode is sub-divided, and
this produces a lateral displacement of the tip that is dependent on the tube’s
length. This is the mechanism used in existing [AAO] Echidna positioners.

2.1.3 Typical voltages and displacements

The actuator displacement that results from a given electric field strength depends
on the properties of the piezo material, but in any case is rather small for traditional
piezoceramics. Table gives example displacements for the common actuators.

The practical limitations of such actuators are made clear when we consider driv-
ing them at the voltages usually found on electronic circuit boards, such as the stan-
dard op-amp supply rails of £15V. Here the largest theoretical displacement is for
cylindrical actuators, and is only of the order 100 nm.

Traditional Echidna motors already use piezo tube actuators, and still require
voltages of £150V. This highlights the difficulty in designing a new spine motor
mechanism that can match the coarse step sizes of the current system and run at

voltages an order of magnitude lower.

2.2 Design approaches

Three main strategies were identified at an early stage as ways to realise a low-voltage
tilting spine motor: i) exploit new piezo materials; ii) exploit new industrial processes;
and iii) improve the efficiency of the motor mechanism. These were the cornerstones

of this research, and are described in more detail in the following pages.
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Table 2.1: The shape of a piezoceramic actuator has a substantial effect on the displacement it can produce. Longitudinal mode actuators
are the least sensitive in terms of mechanical displacement, whereas a similar material used in shear mode will move much farther. A
cylindrical actuator is a special case producing even larger displacements when used in its bending mode (as in the existing [FMOS]
Echidna motors). Piezoceramic charge constants, d, are highly dependent on the material compound, so all values are approximate and

based on specifications from various datasheets.
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®The piezoelectric charge constant, d, gives the sensitivity of a piezo material when used in a particular mode, in metres per volt. It is described
with a pair of subscript numbers: The first of these numbers gives the direction of the applied electric field, and the second number gives the direction

in which the displacement is being utilised.

*Data obtained from Physik Instrumente stock materials datasheet for ‘PIC255/PIC252’ [PZT)

“Data obtained from Noliac A/S stock actuator datasheets.

ITube parameters taken from the existing [FMOS}Echidna fibre positioner.
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2.2.1 Exploiting new piezo materials

New piezoelectric materials are appearing on the market that offer superior sensitivi-
ties over traditional piezoceramics, meaning lower voltages are required for the same
mechanical displacement.

Synthetic piezoelectric materials have traditionally been ceramic compounds that
are mixed as a powder and formed with a sintering process. This creates an imperfect,
polycrystalline structure in the material that affects its electromechanical efficiency.

Recent years have seen the introduction of ‘single crystal’ piezo materials [54] to
the commercial market. These monocrystalline materials have a near flawless lattice
structure, and hence they do not exhibit the inefficiencies seen in polycrystalline
materials. Single crystal material can be cut and polarised after the growth stage to
produce piezo actuators with very high piezoelectric charge coefficients.

Of particular interest is lead magnesium niobate-lead titanate, or PMN—=PT] This
new-generation single crystal material can have a piezoelectric charge coefficient more
than five times that of traditional ceramics E| This could allow a tilting spine
motor to be built with operating voltages in the range we are aiming for.

The relative immaturity of single crystal actuator manufacture means that access-
ing the technology is currently expensive. The majority of the cost comes from the
amount of material used, so a new motor design using material would have

to use small actuators if costs are to be kept low.

2.2.2 Exploiting new industrial processes

There have been significant advances in piezo manufacturing technology in recent
years, specifically in the area of layered ceramics and electrode deposition for small
devices. Suppliers now offer multilayer plate actuators, which comprise many thin
piezoceramic layers with integral interstitial electrodes (Figure . This greatly
increases the electric field strength throughout the ceramic, thus requiring lower volt-
ages for the same displacements.

Multilayer plates are generally only available in simple block shapes, meaning that
their use in a tilting spine motor would necessitate moving away from the current

cylindrical tube design.

2Charge coefficient comparison based on [PMN-PT|ds3 value specified by APC International Ltd.
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Figure 2.2: Multilayer piezo plate actuators have many tens of thin ceramic layers separated
by interstitial electrodes. The close spacing of the electrodes results in a much higher electric
field strength, which means that much lower voltages are required.

2.2.3 Improving the mechanism efficiency

This approach concerns the efficient translation of force and motion from an actuator
to the spine itself. If we look at the existing design, we see that it may not be an
efficient mechanism at all: The lateral ‘snap’ of a piezo tube with a conical ball
contact has component forces that drive into the ball rather than at a tangent to it.
It’s conceivable that this would even momentarily launch the ball into the air.

An ever-present challenge associated with developing this technology is knowing
for sure what mechanisms are present when a spine is in motion. Movements are
microscopic and fast, requiring high-bandwidth nano-displacement sensors or high-
speed video cameras at very high magnifications. This equipment is beyond the scope
of many laboratories, including those at Oxford Physics at this time. Nevertheless,
it’s still possible to arrive at educated conclusions based on classical mechanics.

Figure [2.3 shows the argument that the existing Echidna drive mechanism is in-
herently inefficient. We know that driving opposing piezo tube electrodes at opposite
polarities produces a ‘banana bend’, causing the spine mounting cup to lean sideways
during the slow ramp of the drive waveform’s ‘stick’ phase. If we now think about
the moment that the actuator begins its sudden move back to a neutral position in
the ‘slip’ phase, it seems reasonable, perhaps for the first time ever, to compare astro-
nomical fibre positioning to golf. The proposition here is that the high-acceleration
lateral ping of the wedged mounting face into the side of the ball is approximately

equivalent to hitting a golf ball with a 9-iron.
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» »

Figure 2.3: The lateral motion of a current-generation tilting spine mount does not result
in an efficient rotation of the ball. In this exaggerated diagram, the force exerted by the
actuator (F') on the ball at the moment it ‘snaps’ back to a neutral position (left) is shown
as being analogous to hitting a golf ball with a steep club (right). The resultant acceleration
(a, not drawn accurately) could well launch the ball into the air.

We can attempt to quantify the efficiency of the Echidna motor design by com-
paring the lateral displacement of the piezo tube actuator with the resultant rotation
of the ball. For an Echidna-spec actuator driven atE] 140V, the theoretical displace-
ment at the tip of the tube is 1.3 pm (refer to Table [2.1] for equation). Data obtained
from the [AAO] shows a mean fibre step size of ~40pm at this voltage for 250 mm-
long spines with 7.94 mm diameter balls. Figure [2.4] shows how this translates to a
mechanical advantage of % = 63 between the surface of the ball and the fibre tip.
Therefore, if the entire actuator travel was being transferred to the rotation of the
ball, the fibre step size would actually be 83 pm. This reveals an ‘efficiency’ of less

than 50 % with the Echidna drive.

R MA=LR

I(w‘PIl
@ -

Figure 2.4: The mechanical advantage (MA) between the surface of a spine’s ball and its
tip is equal to the ratio of the ball radius to the spine length.

TUBE |

\/

Even if the mechanical coupling between the Echidna ball and cup was perfect,
it would not be enough to lower drive voltages by the amount we desire. A more
efficient mechanism could, however, be combined with other modifications to yield
enough of an improvement. Furthermore, any refinements to the stick—slip scheme
that make spine movements less like chipping a golf ball would probably benefit open-
loop repeatability.

3This is the drive voltage for which a resultant step size was readily available.
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2.2.3.1 Actuator amplification and resonance

An extension of creating a more efficient mechanism to achieve lower drive voltages
is to employ one of two common tricks used with piezo actuators to achieve higher
displacements and/or lower voltages: i) mechanical amplification of the piezo’s dis-
placement; or ii) exploitation of actuator resonance.

Actuator amplification involves the incorporation of a mechanical advantage be-
tween the piezo element and the surface being moved. The drawbacks of this approach
are added complexity, cost and bulk.

Resonant piezo drives use the resonant frequency of a piezo actuator as a natural
means of increasing its efficiency. By driving the actuator close to this frequency
(typically in the range 10-100 kHz, depending on design), much less energy is required
to produce dynamic displacements. The nature of resonance means that this approach
is unsuitable for mechanisms that rely on actuator motions with varying acceleration
(e.g. stick—slip designs requiring sawtooth waveforms). In other words, actuators
driven at resonance will exhibit approximately sinusoidal motion. Driving Echidna
spines in this way is a possibility, but would require a fundamental shift in their
principle of operation.

While actuator amplification and resonance were considered in the development
of a new tilting spine motor, other approaches proved more successful and so neither

were pursued in detail.

2.3 Section summary

This section has introduced the three avenues that were explored in producing an
improved tilting spine motor mechanism: i) the use of new, highly-sensitive single
crystal piezo material instead of classical ceramics; ii) the use of new multilayer
actuator types to boost the performance of traditional materials; and iii) changing
the way that the displacement and force from an actuator is transferred to a spine’s
ball so that the mechanism is more efficient than the current design, which has been

shown to ‘waste’ more than 50 % of its available actuator travel.
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3 Design and construction of a
laboratory test rig for tilting
spines

With no existing infrastructure for testing tilting spine positioners at Oxford, an
initial hurdle was to build a laboratory-based ‘test rig’ (Figure that would allow
meaningful evaluation of improvements to the technology.

This section describes the requirements, design and assembly of a complete system
for testing the performance of a single piezo-based tilting spine motor. This is pre-
sented for the sake of completeness, but later sections are not contingent on knowing

the details of the test system hardware or software.

Figure 3.1: A laboratory ‘test rig’ was designed and built, including software, drive elec-
tronics and a metrology system for accurate fibre position measurement. The measurement
camera and spine mount are within the central pivoting cage.
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3.1 Test rig requirements

This section describes the technical and operational requirements for the tilting spine
test rig. These requirements are based on the existing Echidna control architecture

and the typical performance metrics used to evaluate fibre positioning systems.

3.1.1 Control system requirements

The control system architecture was to allow control, via direct user input or a soft-
ware script, of positioning for a single tilting spine.

Position feedback was to be provided, to allow iterable closed-loop control. This
was to be via a measurement camera imaging the tip of the spine, with an overall
measurement accuracy of ¢ <0.5um and a circular field of view >30 mm diameter,
to cover the largest anticipated spine patrol area.

The control electronics were to provide arbitrary, user-defined waveform gen-
eration over four channels, with selectable amplitudes in the range +200V (noise
0 <50mV) and selectable frequencies in the range 1-150 Hz. These values encompass
the current operating conditions of Echidna actuators, but would also allow flexible

conditions for lower-voltage designs.

3.1.2 Testing requirements

The test system would allow tests to be run that can evaluate tilting spine technology
against the key metrics of independently-actuated fibre positioners. The associated

requirements are as follows.

e Closed-loop positioning performance: A facility for closed-loop positioning
to a specified target in the measurement camera’s field of view, and provision

for recording the positioning error after each iteration.

e Open-loop positioning performance: Appropriate test routines to measure
the repeatability /scatter of a spine’s step size and direction, and provision for

recording the error of any single move together with the distance of that move.

e Performance across patrol area: A way to record open- and closed-loop

performance with respect to the location of the spine in its patrol area.

e Gravity vector response: Provision for changing the angle of the spine mount
with respect to gravity through a zenith angle range of 0-180°, to simulate

telescope pointing with both prime focus and Cassegrain instruments.
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e Calibration stability: Appropriate test routines to measure a spine’s chang-

ing calibration over repeated calibration cycles.

e Long-term performance: Provision for recording open- and closed-loop per-

formance throughout longevity tests that simulate typical instrument lifetimes.

e Safety: Sufficient mechanical and electrical safety measures to guard against

accidental human contact with hazardous voltages.

Performance testing outside of normal laboratory conditions (temperature, pres-

sure, humidity) was considered beyond the scope of this work.

3.2 Test rig design

This section describes the approach taken in meeting the requirements of the tilting
spine test rig. The overall aim was to allow flexible control options that are com-
pletely configurable by software. In the interest of simplicity and cost-effectiveness,
all optical, electronic and mechanical systems used commercial off-the-shelf

products wherever possible.

3.2.1 Control architecture design

The general architecture of the control system (Figure [3.2) was based on that of
the existing [AAQ] tilting spine control architecture, but with added flexibility. It is
centred around a commodity Linux workstation. This computer handles high-level
control commands and communicates with the control electronics over a serial
link.

LINUX CONTROL PROTOTYPE
WORKSTATION | SERIAL (USB) ELECTRONICS | DRIVE SIGNALS MOTOR
BACK-ILLUMINATION TEST SPINE
MEASUREMENT
ETHERNET CAMERA

Figure 3.2: The test rig control architecture is a small-scale implementation of a full tilting
spine control system for closed-loop positioning. It comprises a control computer, control
electronics, and a visual feedback system via a digital camera.
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Spine actuators are connected to the control electronics (described below) and
their physical connections are specified in a simple software configuration file. A
machine vision camera (also described below) provides positional feedback to the

main control computer for full closed-loop operation.

3.2.2 Electronics design

The electronics system (Figure is managed by a microcontroller running purpose-
built firmware. Fortunately, the Arduino range of hobbyist microcontroller boards
offers a model that was suitable for this system at a very low cost. The microcontroller
firmware interprets a custom command set and generates output waveforms through a
quad channel digital-to-analogue converter . The output waveforms then pass
through a custom-built preamp stageﬂ and on to a set of off-the-shelf high-voltage
power amplifiers. The four amplified signals can be used to drive actuators directly,
or a switched output can be used. The three switched outputs can be toggled between

two waveforms, which mimics the design of the existing Echidna electronics.

USB o ARDUINO QUAD PREAMPS POWERAMPS [ |
MICROCONTROLLER DAC #10V) (200 V)

Figure 3.3: The test rig control electronics system provides flexible and reconfigurable wave-
form generation for driving tilting spine actuators. Prototype positioners can be driven
directly through outputs A-D, or connected through a switched (classical Echidna) archi-
tecture at outputs 0—2. Arbitrary waveform generation is accomplished with a hobbyist
grade Arduino microcontroller, at a sample rate of ~15kHz across four channels.

In summary, this electronics design was created for its ability to emulate the high-
voltage regime of existing tilting spine technology, at the same time as allowing lower
voltage operation with modified signal paths for the new prototype devices that were

to be developed.

! Acknowledgement goes to Peter Hastings of the Oxford Physics Central Electronics Group for
his assistance manufacturing this board.
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3.2.3 Measurement system design

Positional feedback is provided by a machine vision camera system that images a
back-illuminated optical fibre held within a prototype spine. The image of the fibre
is processed by the control computer in order to extract its precise location.

The technical requirements for the camera design imposed significant restrictions,
given the desire to be able to rotate the entire spine and camera assembly to simulate
telescope pointing. This called for a large and high-resolution image detector and a
suitable lens for imaging the fibre at close quarters.

The final measurement system layout is shown in Figure The chosen lens
assembly is an off-the-shelf unitEI, providing a magnification of ~0.24x and giving
a (calibrated) pixel scale of 24.9 pm/px on a one-inch square format detector with
5.5 pm pixelsﬂ

The camera’s field of view is approximately circular, with a diameter of ~46 mm.
This size was chosen to accommodate the accessible area of a cluster of seven hexagonally-
packed spines, should this be required in the future.

The focal distance of the camera is 110 mm from the front lens element. This,
together with the substantial physical length of the camera (~220 mm to the rear of
the detector unit, plus cabling) meant that the optical path had to be folded through
180° (Figure , so that the camera system and spine could be accommodated in
a compact rotating ‘cage’. The optical design is also telecentric at the fibre image

plane in order to reduce tilt-induced dimming of the fibre image.

(a) Camera breadboard layout with spine (b) Folded optical path in test rig

Figure 3.4: The length of the measurement camera system @) necessitated a fold mirror
(]EI) in order to keep the test rig’s spine and camera assembly compact.

2The lens used is a Thorlabs MVTC23024 bi-telecentric machine vision lens.
3The detector unit used is a Basler Ace acA2040-25gm, with a Gigabit Ethernet connection.
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Figure(3.5| presents sample images from the measurement camera, showing the full
camera field of view and a sample feedback image with a typical spine patrol area
overlaid. Figure [3.6] shows a plot of centroid measurements for a stationary spine,

revealing an [RMS| measurement system noise of ~0.22 jim.

(a) Camera field of view (b) Example image inc. spine

Figure 3.5: The tilting spine test rig measurement camera has a ~46 mm diameter circular
field of view @ and a pixel scale of 24.9 pm/px. These are long exposure sample images
from the assembled system. A typical spine patrol radius (yellow) is overlaid in (]E[)

3.5] 1=25435.699 |
3.0l 0=0.165

0.0 0.2 0.4 0.6 0.8 1.0
Measured fibre position, z-axis (um) +2.5435e4

1 =25423.848
[ 5=0.150

0.4 0.6 0.8 1.0 1.2 1.4 1.6
Measured fibre position, y-axis (um) +2.5423e4

Figure 3.6: The measurement system noise and stability was found by imaging a stationary
spine multiple times over a period of ~10min. Only a small amount of (thermally-induced)
drift, manifest as elongated wings, was apparent. The magnitude of the scatter of the
centroid measurements comes out at ~0.22 pm, which is within the goal of <0.5 pm. This
is for sets of nine stacked frames.
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3.2.4 Mechanical design

A modular system of aluminium profiles provided a mounting structure ‘cage’ for the
measurement camera optics and prototype spines under test. The same system of
profiles was used to form a pivoting mount for this cage, allowing the simulation of
different telescope pointing angles.

The entire test rig is surrounded by a larger enclosure with a mixture of removable
plastic and mesh panels. This provides ventilation for the electronics, while ensuring
hazardous voltages aren’t a risk to human safety.

Figure shows the enclosed system, including the camera, electronics, and a

prototype spine assembly.

Prototype
spine motor
Spine
Pivoting
‘cage’
Safety e
mesh s
4 Measurement
camera
Fold
mirrors
Microcontroller
| waveform
generator
Amplifiers
Switch
board

Figure 3.7: The test rig enclosure provides ventilation for the electronics while keeping
hazardous voltages contained.
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3.2.5 Software design

The control software is responsible for the general operation of the control system
(commanding the electronics, processing feedback images) as well as running test
routines. These functions were implemented using a custom-built ‘suite’ of software
modules written in Python [55].

Figure [3.8] shows the software architecture. It comprises a set of higher-level
test scripts and lower-level driver-like files for both the electronics and the position
feedback system. New test routines can be written as needed, each with their own
data visualisation functions for producing appropriate plots.

The hardware is controlled by calling ‘friendly’ functions defined at the top layer
of the driver modules. These functions are specific to the design of the spine motor,
but include things such as pre-defined calibration routines and absolute movement
commands to specified coordinates.

The layers of the driver files gradually decrease in their level of abstraction, the
lowest level communicating with the main electronics microcontroller over a se-
rial link. A camera driver module interfaces with the measurement camera over an
Ethernet connection via the manufacturer’s software [APIl A fibre measurement mod-
ule presents friendly measurement functions that return the current spine position.

This software suite provides a very flexible testing and control environment for
the tilting spine test rig hardware. It allows long-term automated testing with only a
few lines of Python code. Similarly, different hardware configurations can be accom-

modated with simple changes to configuration files.

3.3 Section summary

This section has described the laboratory test rig that had to be built before any
spine motor development could be done. The details of its design are not important
to remember, but as a testing facility it was an instrumental part of this research. All
of the prototype testing results reported in the remainder of this thesis were obtained

using this test rig system.
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tests.py

# A set of
'standard' test |«
scripts for
evaluating spine

Python
command line

performance
positioner.py spot.py fibmeasure.so
# Top level # Top level # Purpose-built
positioning > position > centroiding
functions; measurement routines for
unaware of routines; camera- fibre metrology
motor type independent images
Y \ 4
motor.py camera.py
# Motor-specific # Camera image
commands; set grabbing,
signal amplitudes, stacking and
set direction, saving
move spine etc. operations
Y Y
wavegen . py pypylon.so
# Interpreter for # Purpose-built
electronics Python wrapper
firmware; uses module for
custom serial Basler camera
command set API
Y Y
Linux serial Basler camera
drivers drivers
To Arduino To camera
(UsB) (Ethernet)

Figure 3.8: The test rig control software comprises a suite of Python class definitions of
varying levels of abstraction.
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4 New motor designs

This section describes three novel piezoelectric stick—slip motor designs that were
created in the pursuit of a low-voltage, high-performance tilting spine motor. The
first two designs—the ‘three-finger motor’ and the ‘shear plate motor’—were discarded
for technical reasons, so will be only briefly summarised. The third design—the

‘multilayer plate motor’'—was a success, and is explained in detail.

4.1 The three-finger motor

The three-finger motor was based on a stick—slip mechanism and aimed to use single
crystal longitudinal mode piezo actuators to reduce drive voltage requirements.

A 3D model of the motor mechanism is shown in Figure [4.Ta] It featured three
vertical ‘fingers’ that tilted the spine’s ball. They were to be driven in the same way

as the existing Echidna motor, producing a similar stick—slip motion but with the

|

actuators moving ‘up-down’ rather than ‘side-to-side’.

(a) Actuator motion (b) Complete assembly + forces

Figure 4.1: The three-finger motor concept used three actuators to roll the spine ball @
and hence tilt the spine. It was later decided that the magnetic force between the motor
assembly and the ball would put undue outward stress on the actuators (E[)

147



PART II: A NEW TILTING SPINE MOTOR

The three-finger motor design was abandoned at the concept phase over concerns
for its mechanical robustness and cost.

The primary technical concern was that the attractive force between the magnet
and the ball would cause an undue amount of stress on the actuators in the outward
(radial) direction, as illustrated in Figure [£.1b] The brittle nature of piezo actuators
meant that such stress was likely to result in mechanical failure.

In terms of cost, an estimated actuator pricing of USD 90 per spine was likely to
be prohibitively expensive when compared to Echidna’s piezo tube pricing of around

AUD 20 per spine.

4.2 The shear plate motor

The shear plate motor was based on a stick—slip mechanism and aimed to use single
crystal shear mode piezo actuators.

A 3D model of the motor mechanism is shown in Figure Rather different to
the current Echidna design is that the actuators are fixed directly to the top of the
magnetic mount (cup). The idea here was to achieve an ideal tangential force with
respect to the ball (Figure , with the hope of improving performance.

The motor’s stick—slip cycle was similar to the existing Echidna motor: By slowly
shifting one of the actuators radially outwards while shifting the other two inwards,
or vice versa, the ball ‘sticks’ to the actuators and rolls about its centre. Quickly
reversing this move will cause a ‘slip’ of the ball, leaving it displaced. Six combinations

of this action are possible, hence spines can move in six directions with this motor.

PIEZO SHEAR

MAGHNET ACTUATORS

MAGNETIC
CuP b i [

(a) 3D model (b) Actuation principle

HOLE FOR
SPINE

Figure 4.2: The shear plate motor has three piezo actuators fixed directly to the magnetic
cup assembly @; these actuators are slightly proud of the cup, providing a moveable
kinematic mount for the spine ball. This provides a near-perfect ‘rolling’ of the ball. The
section diagram (]ED shows two opposing actuators, which is inaccurate but better illustrates
the tangential forces.
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4.2.1 Prototyping

A working prototype of the shear plate motor, shown in Figure 4.3 was built in order
to prove the design concept. This prototype used [COTS|[PZT] actuators in place of
the intended single crystal devices. To all intents and purposes, the only difference
was that these versions require a higher operating voltage to produce the same result.
The plan was to replace these with identically-sized [PMN=PT] actuators if the design

worked as expected.

(a) Piezos bonded to cup (b) Lapped assembly (c) Spine being inserted

Figure 4.3: The assembly procedure for the prototype shear plate motor involved bonding
the bare actuators to the cup with an electrically-conductive epoxy @), bonding insulating
ceramic plates to the tops of the actuators, and then using a custom-made lapping tool
to thin the plates to a height only slightly above the rim of the cup (@ Fine wires were
connected to the actuators’ top electrodes; a ground connection was provided via the cup
assembly itself, which bridged all the actuators’ bottom electrodes.

4.2.2 Poor performance and manufacturability issues

The first tests with a spine produced motion as expected. A test spine was kindly
supplied by the [AAQ] with a length of 250 mm and a ball diameter of 7.94 mm.

The repeatability of spine motion was found to be poor, with a strong dependence
on the orientation of the motor (zenith angle). Attempted closed-loop positioning
failed to reach even 50 pm RMS| accuracy in ten moves. All of these issues may
have been fixed by further design iterations, possibly by improving the actuator—ball
interface material, or by increasing the magnetic holding force.

It then materialised that the required single crystal actuators could not be man-
ufactured, despite initial indications to the contrary from two suppliers. This only
came to light after several manufacturing runs had been attempted and had failed.

Given that the design presented no real benefit without the prospect of low-voltage

actuators, the shear plate motor was abandoned and a third design was pursued.
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4.3 The multilayer plate motor

This section presents a successful low-voltage tilting spine motor design that will be
the focus of the remainder of this thesis. Its design and principle of operation are
described, along with initial prototyping and testing. Early results showed promising

performance at waveform amplitudes of <10V.

4.3.1 Design and principle of operation

Following two unsuccessful concepts that focussed on exploiting new materials in
the piezo actuator industry, a new approach was taken that aimed to exploit new
processes instead.

A 3D model of the ‘multilayer plate’ motor concept is shown in Figure .
This design is more akin to the original Echidna concept than the previous two de-
signs, but makes use of the modern-day multilayer manufacturing techniques de-
scribed previously in Section [2.2.2]

MAGNET i ) MAGNETIC
L cup

MULTILAYER
PLATE PIEZO
__—~ACTUATORS

HOLE FOR
SPINE

Figure 4.4: The multilayer plate motor has three multilayer piezo actuators fixed underneath
the magnetic cup assembly; the actuators act as ‘pillars’ that are able to tilt the cup slightly.
An embedded magnet holds the ball in the cup, as in the current Echidna design.

The magnetic cup assembly is similar to the existing Echidna design, with a
smooth chamfer forming a direct line contact with the spine’s ball. The difference is
that the traditional piezo tube is replaced by three individual actuators that can tilt

the cup with a change of their height.
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4.3.2 An improved stick—slip mechanism

Unlike Echidna, which uses a bending tube to shift the cup sideways under the ball,
the [MLP] motor tilts the cup more or less in its place by lengthening or shortening
three actuators arranged like pillars. This is shown in Figure [4.5] Already this goes
a long way to achieving our goal of reducing the transfer of forces orthogonal to the

spines in order to reduce mechanical crosstalk.

Figure 4.5: The multilayer plate motor uses three small actuators (blue blocks) to apply
vertical forces (red arrows) to the spine’s magnetic cup assembly, tilting it slightly. The
section view (left) shows two opposing actuators, which is inaccurate but illustrates the
principle well; actuators are actually equidistant as shown on the plan view (right). Spine
tube not shown; drawings not to scale; displacements exaggerated.

The steady lengthening and shortening of opposing piezo actuators under the cup
produces a tilt of the cup, ball and spine together (‘stick’ phase), and then the sudden
reversal of the motion tilts the cup in the opposite direction while the spine stays in
its tilted position (‘slip’ phase).

This design assumed that glue compliance in the actuator and cup assembly would
permit the (sub-micron) offsets in actuator height without causing significant stress
or damage to the motor over time. Discussions with actuator vendors indicated that
this was acceptable. Longevity tests have since agreed, and will be reported later.

The force applied to the ball during the tilting of the cup is not perfectly tangential,
and its direction actually depends on the cone contact angle of the ball in the cup.
The decision was made to keep the cone angle at 45° for the first prototypes, to match
the existing Echidna design.

A beneficial feature of the three-actuator design is that a spine can be made to
move along one of six vectors, rather than the four vectors available in the tradi-
tional design. The direction of movement depends on the combination of positive

and negative waveforms applied to the actuators, as shown in Figure [4.6]

151



PART II: A NEW TILTING SPINE MOTOR

Figure 4.6: Three actuators (p0, pl, p2) and two waveform polarities (+ and —) yield
spine movement in six possible directions (0-5), depending on the waveform connections.
Note that a ‘negative’ waveform is simply the inverse of the standard sawtooth shape, i.e.
a negative initial ramp instead of a positive one.

4.3.3 The use of multilayer actuators

The design is based around three actuators operating in longitudinal mode.
These actuators have 80 thin layers with interstitial electrodes (refer to Fig-
ure p. , are fully encapsulated in a passive ceramic shell, and are cubes
measuring just 2.0mm on each side. An added bonus is that they are off-the-shelf
products.

The alternating electrode polarities of the actuator’s layers are bridged on two
opposing sides of the actuator, making signal connections straightforward. Note that
the reason for the actuators protruding beyond the cup is to ensure that the outside
electrodes do not make electrical contact with the cup itself.

Having such thin layers of means that the high electric field strengths required
by these actuators can be achieved with much lower voltages. These actuators have
a specified free strokeEl of £3.0 pm at just £60V.

As a first-order estimate, assuming a linear voltage—displacement relationship,
the predicted actuator displacement is £0.75 pm at our ideal drive voltage range of
+15V. Now assuming that this displacement is entirely transferred to the ball, and
taking a mechanical advantage of 63 for a current-generation 250 mm spine (referring
to Section p- , this predicted displacement becomes 2x0.75x63 =95 pm at
the spine tip. This is around double the typical coarse mode step size for the existing
Echidna technology, so sufficient step sizes within the desired £15V range certainly
looked plausible from the outset.

LAn actuator’s free stroke is its maximum travel in an unloaded state.
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4.3.4 Assembly advantages

Recall that the existing Echidna technology provides signal connections to all the
actuators across the field by means of a printed circuit board (PCB|). This can be
seen in the 3D model of the preliminary UMOST][AESOP] design for a spine ‘module’

shown in Figure |4.7

The planned assembly routine for[AESOP]is to glue the cylindrical piezo actuators
into a hole in the base and then apply solder to the actuator electrodes to connect
them to the [PCB| The [PCB| must also have a clearance hole (~6.5 mm diameter) for

the actuators, which leaves little room for routing the signal tracks between them.

This means that the PCB|must have 17 layers, which calls for significant design and

manufacturing effort.

Science spines

Spherical mounting surface |
i ||| | ‘ ‘

"HH'p' «—— Guide spine

Piezo actuators

Spherical mounting
surface

l Module base

Module PCB
Spine catcher

Module
structure

Fiber connectors

interconnect

Optical fiber loop cards

£ L
=

Image courtesy of the Australian Astronomical Observatory

Figure 4.7: This 3D model of a single ‘module’ from the preliminary design of the [AAOfs
[AESOP] fibre positioner for AMOST]| shows how the electrodes on the spine actuators are
connected via a ‘module [PCBJ running along the length of the ‘module base’ structure.

This @ has 17 layers.

153



PART II: A NEW TILTING SPINE MOTOR

The[MLP|motor design allows the motor assembly to be mounted on the positioner
base structure in a similar way to the existing Echidna actuators, as demonstrated in
Figure . It actually offers two advantages over the Echidna method: i) the diameter
of the hole in the[PCBJand base structure reduces from ~6.5 mm to ~3.0 mm, meaning
that the base and the can be made thinner; and ii) the motor actuators can
probably be bonded directly to the [PCB] rather than buried in the base like the
piezo tubes have to be. The [MLP] motor’s ground connection was later shown to be

unnecessary (discussed later), allowing an even simpler arrangement (Figure [4.8¢]).
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INSULATING |
oy EPOXY

EPOXY ELECTRODE

ELECTRODE
ELECTRODE CONDUCTIVE

EPOXY

ACTUATOR

ACTUATOR

SOLDER  pcg
TRACK

PCB
TRACK

-

H ////// //, / 2
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(a) Echidna mounting (b) Initial plan (¢) Improved plan

Figure 4.8: The existing Echidna tube actuators have to be bonded to the base structure
of the positioner @, which means that a large clearance hole is required; the Echidna
actuators are also much taller (not shown). The motor can be directly bonded to the
that runs across the base structure (]E[), requiring a smaller clearance hole. An even
simpler assembly plan was later developed , which is explained later.

4.3.5 The lack of actuator preload

Manufacturers of layered piezo actuators often advise that tensile forces should be
avoided wherever possible, recommending the use of a mechanical preload so that the
bonds between the layers are not stressed. Such a preload might be a strong spring
applying constant compression to the actuator, for example.

The [MLP] motor would become significantly more expensive, complex and bulky
if a preload was required. This was discussed with the actuator manufacturer, who
advised that the tensile forces in this motor would probably be low enough for a
preload to be unnecessary. The same actuators are known to be used without preload
in other stick—slip motors, routinely operating for tens of millions of cycles without
degradation. The conclusion was to continue with prototyping and confirm that no

damage will occur through long-term testing (reported later).
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4.3.6 Cost

Budgetary estimates for the[MLP|motor actuators have placed them at around EUR 8
each in quantities of ~5000, i.e. a total actuator cost of EUR 24 per motor. This
equates to approximately AUD 35 at the time of writing. The tube actuators
used in the existing Echidna technology are a little cheaper, at around AUD 20. The
current cup assembly, which is essentially unchanged in the new design, is estimated
at AUD 30 in large quantities’}

Costs of this scale are likely to be dominated by assembly labour, so full compar-
ative costing is difficult at this stage. With this in mind, it seems fair to say that the
[MLP| motor materials cost, while slightly higher, is not prohibitive.

4.3.7 Prototyping

Two first-generation motor prototypes were built, the first of which was acci-
dentally destroyed. The second prototype, identical in form, performed well. Further
prototyping iterations followed, along with extensive testing, but these will be re-

ported in the main testing and analysis section.

4.3.7.1 Prototype 1

(a) Piezo alignment jig (b) Piezos under cup (¢) Motor on test [PCB

Figure 4.9: The first motor prototype was assembled and mounted on a simple break-
out @ for the purpose of testing.

Figure [£.9shows the first prototype assembly of the MLP| motor design. Assembly

was reassuringly straightforward; the procedure was as follows.

2Costings are rough estimates from engineers.
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1. Cement the actuators to the base of the cup using a 3D-printed alignment jig

and an electrically-insulating epoxy resin such as Araldite. Allow to cure.

2. Apply a small amount of electrically-conductive epoxy to the inside edges of the

actuators, connecting the electrodes to the cup to form a common ground.

3. Cement the actuator and cup assembly onto the [PCB|using an insulating epoxy

resin. Use an alignment pin to centre it over the hole. Allow to cure.

4. Apply conductive epoxy to the outside edges of the actuators, connecting the
electrodes to the tracks; also apply to one or more inside edges (ground).

5. Cement the ring magnet into the cup (will align and hold itself).
6. Allow the entire assembly to fully cure (room temperature or oven bakeﬂ <100°C).

7. Verify connections with a resistance check (<1§2) and actuator capacitance
check (all within ~10%).

In an unfortunate and perhaps ironic event, the actuators on the very first MLP]
motor prototype were destroyed by being driven at too high a voltage. In the spirit
of good research, it was noted that this new motor design does not perform well with

drive signal amplitudes of 190 V.

4.3.7.2 Prototype 2

The second [MLP| motor prototype was assembled using the same procedure as the
ill-fated Prototype 1, and looked very much the same once complete. Amplifier gains
were triple-checked before proceeding with testing.

Initial testing involved the completion of several ‘calibration routines’, which in-
volved driving a test spine in all six motor directions for a certain number of steps
and recording the mean step size. Waveform frequency and amplitude values were
chosen empirically for this, after getting a hands-on feel for the motor’s behaviour.

Initial test results were excellent, with even calibration vectors (Figure [4.10]) and
good repeatability (Figure [1.11]). We see acceptable coarse-mode step sizes (~30 pm)
at waveform amplitudes of just 7V, which is less than half of the goal operating

range of +15V. This is very exciting in terms of the primary aim of this research.

3Too high a temperature may de-pole the magnet or actuators; check their Curie points.
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180% 1808+

270° 270°

(a) 7.00V, 75 Hz, Zd=180° (b) 3.75V, 75Hz, Zd=180°

Figure 4.10: The prototype [MLP| motor showed very good calibration results, with rela-
tively equal spine step sizes in each of its six component move directions. The direction of
movement appeared to be stable at different voltages, and small step sizes were achievable.
DO0-D5 are component direction numbers.

90° e DO

1809

270°

Figure 4.11: A run of 80 successive calibration routines showed little scatter in the resultant
calibration vectors. D0-D5 are component direction numbers.

A ~10um fibre step size was observed at a drive voltage of just 3.75V. To first
order, this correspondsﬁ to a positioning accuracy of % =5 pum, which is our target
[RMS error limit. Further analysis would reveal that step sizes were stable down to

even smaller magnitudes, but this will be covered later.

4The general assumption is made that if a spine is more than a half but less than a whole step
size away from its target, then taking a single step will overshoot the target, but by less than half
of the step size.
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Figure 4.12: Closed-loop positioning results for a run of 500 random targets within a
~10mm patrol radius at Zd = 180° (spine pointing down). The overall positioning ac-
curacy leaves something to be desired, although nearly all spines get within 10 pm of their
target in 10 moves. This suggests that a small number of outliers may have reduced the

error values.
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Spine behaviour also appeared to be unaffected by the orientation of the motor,
indicating that the magnetic force between the cup and the ball was sufficiently high.
This was expected, as the cup assembly was based on a previous [AAQ] design.

A snapshot of the prototype’s closed-loop positioning performance is shown in
Figure [4.12] The [RMS] positioning error over 500 targets approaches 10 um after ten

moves, which leaves something to be desired with respect to our goal of attaining

<5.0 pm [RMS] error in six moves. Given the encouraging calibration results, however,

it was decided that closed-loop performance may be improved by further development.

4.3.8 Further development and testing

At this stage it was clear that the [MLP] motor concept showed promise. Several new
prototypes were to follow, along with improvements to the design and a great deal of
testing and analysis. This will be reported in Section [6]

As we have already seen, a low-voltage motor presents many advantages in terms
of positioner performance and engineering simplicity. Many of the highest-impact
advantages concern changes to the hardware and software of the control system.
These were investigated incrementally throughout the months that followed the first
successful motor prototype, but are best described in one place. This will be

done in the next section.

4.4 Section summary

This section has presented three low-voltage tilting spine motor concepts, one of which
was successful and two of which were not.

The three-finger motor was discarded before prototyping due to concerns over
mechanical robustness and cost. The subsequent shear plate motor design was proto-
typed and showed some signs of promise, but the single crystal actuators it relied upon
could not be manufactured after several attempts. Only a generalised description of
these two designs has been given, despite this work having taken several months.

Finally, we have been introduced to the MLP| motor design and the encouraging
results seen after initial prototyping. The motor is able to produce spine step sizes
comparable to the existing Echidna technology, but with waveform amplitudes of
<10V. This is well within the goal of £15V operation, which is excellent news.

This motor was developed much further. These developments will be detailed

in the remainder of this thesis.
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5 Development of control
hardware and software

This section describes how the new [MLP| motor is controlled. It focusses on a new
approach to control, made possible by the motor’s modest electrical demands. A
major change of the electronics architecture allows the spine to move in any direction,
improving performance and simplifying collision avoidance when multiple spines move
together. Control software developments are also presented, including new motor

calibration algorithms and control strategies.

5.1 Exploring alternative control architectures

The successful design of a low-voltage tilting spine motor has opened up new possibil-
ities in terms of electrical design. In Section [4.3.7] we saw promising initial test results
using the existing Echidna-style control architecture built into the tilting spine test
rig, but the low voltages required by the motor mean that small-package
components can now be used to drive it instead. This gives us the option of moving
away from the ‘shared waveforms’ architecture that was necessary with high-voltage

drive signals and towards something far more flexible.

5.1.1 Limitations of the ‘shared waveforms’ architecture

Recall that the size, inefficiency and cost of Echidna’s high-voltage power amplifiers
meant that their outputs had to be shared among many spines. This ‘shared wave-
forms’ architecture is shown in Figure |5.1a]

For example, the [AAQ[s preliminary design for the fibre positioner has
hundreds of spines sharing one pair of high voltage drive waveforms. The frequency
and amplitude of these waveforms must be chosen to satisfy all spines, so the overall

positioning performance is unavoidably limited by the ‘weakest spine in the pack’.
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(c) ‘Waveform-per-actuator’ architecture

Figure 5.1: The original tilting spine control architecture @ shares drive waveforms among
many (hundreds of) spine motors via a network of switches. With the new low-voltage
motor, it becomes feasible to generate waveforms for every spine motor (b)), or even every
actuator within a motor . This has various performance advantages, but also improves
modularity. The level of modularity is highlighted in yellow.
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This is particularly significant when selecting the fine positioning amplitude, because
this amplitude sets the minimum step size for each fibre.
In a 64-spine test system for AMOST], the [AAO] has reported!] that the finest step

sizes range from 5.0 pm to 18.9 pm. In other words, some spines have less than a third

of the positioning resolution of others, purely due to the fact that drive waveforms
cannot be tuned to the specific needs of each spine actuator.

At the simplest level, the low-voltage motor could retain the shared wave-
forms architecture, replacing the high-voltage amplifiers with smaller and cheaper
low-voltage devices. Right off the bat, the motor presents potential cost savings
while keeping the architecture exactly the same. But the motor’s real advantages are

far more radical in nature, redefining the control principle entirely.

5.1.2 The ‘waveforms-per-spine’ architecture

Small and inexpensive amplifiers make it feasible to have dedicated drive waveforms
for each spine in a low-voltage positioner. Using two dedicated amplifiers per spine, as
illustrated in Figure[5.1b] presents a major advantage in that the waveform amplitude
and frequency can be chosen for every spine individually. This has many benefits

relating to the goals of this research:

1. Increased positioning accuracy: There is general increase in positioning
accuracy by being able to ‘tune’ waveforms for each spine motor. This is by far

the most significant performance gain.

2. Reduced mechanical crosstalk: The phase of drive signals across all spines
can be staggered, reducing mechanical vibrations. This reduces the risk of

inducing sympathetic movement of other spines.

3. Reduced peak power demands: Another result of staggering the phase of
waveforms is a substantial reduction in the peak power demands of the system.
Otherwise, many hundreds of spines are driven at high accelerations at the same

moment in time, producing large current spikes.

4. Improved modularity: The architecture allows the option of a distributed
control system where each spine is a self-contained unit with its own drive

electronics. The merits of this approach will be discussed later.

'Data obtained from internal design review documentation for the UMOST| fibre positioner.
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5.1.3 The ‘waveform-per-actuator’ architecture

We can take the principle of dedicated drive signals even further, this time using a
dedicated amplifier per actuator (i.e. three amplifiers per spine). This is illustrated
in Figure [5.1d, where additional improvements to modularity are evident.

With the waveform-per-actuator architecture, the need for signal-routing switches—
costing around AUD 12 per spine in the current system—is removed entirely, because
each actuator’s dedicated waveform can be changed instead.

A hugely-beneficial effect of being able to choose arbitrary waveform parameters
for each actuator in the motor is that spines are no longer limited to moving in six
fixed directions. Rather, spines can move in any direction, which is a quantum leap
in the capabilities of tilting spine positioners. These types of moves, which have been
called ‘blended’ moves, will be explained in more detail shortly.

The waveform-per-actuator architecture offers the following benefits in addition

to those listed for the waveforms-per-spine architecture above.

1. Simplified software: Because spines can move in any direction, it becomes
much easier to avoid collisions between spines when reconfiguring a field, reduc-

ing software design complexity.

2. Faster reconfigurations: Spines can now move to a target position in a single
move instead of two, which reduces positioning errors and therefore reduces
the average number of closed-loop iterations to achieve a desired positioning
accuracy. The improved collision avoidance mentioned above also saves time
when positioning, because fewer spines will need to wait while their neighbours

get out of the way.

3. Further improved modularity: Modularity now exists at an even more basic
level. Each spine can have a self-contained control circuit that only requires

rudimentary instructions from the main controller processor.

5.2 ‘Blended’ moves for motion in any direction

The waveform-per-actuator control architecture allows each of the three actuators on
an motor to be driven at an arbitrary voltage. What this means is that spines
are no longer limited to moving in fixed directions, because this limitation was an

effect of having to route fixed-amplitude waveforms in the old design.
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5.2.1 The blended move principle

Spines are driven in any direction simply by adjusting the ratio of the drive signal
amplitudes between each actuator. The principle is illustrated in Figure [5.2 and the
mathematics of it are explained in Section below.

These moves have been called blended movesﬂ in contrast to the component moves
used previously, where spines only ever travel in fixed directions. An alternative name
might be interpolated moves, which is often used in robotics to describe cooperation

of many axes to achieve a net result.

Apo=0.074

Ap2=-0.904 Ap1=10.834
(a) Component vs. blended moves (b) Example waveforms

Figure 5.2: Driving the motor actuators with a particular ratio of amplitudes can
make a spine move in any desired direction, rather than being limited to only six component
directions. These have been called ‘blended’ moves.

5.2.2 Calculating actuator amplitudes with a ‘drive angle’

In developing the control approach for blended moves so that the idea can be tested in
the lab, the term ‘drive angle’ was adopted as a way to specify the relative amplitudes
of the actuator waveforms and therefore the resultant direction of movement.

The drive angle is the clockwise angle from the actuator ‘p0’ in the motor assem-
bly, as illustrated in Figure above. Relative actuator amplitudes (or amplitude

‘gains’) in the range +1 are calculated from the drive angle using simple trigonometry:

Ay = Acos(000.0 — 6)
A, = Acos(120.0 — 6) (5.1)
Ay = Acos(240.0 — 0)

where A is the overall requested amplitude for the move, or in other words, the

maximum amplitude. This sets the overall step size.

2With acknowledgement to Will Saunders for this term, which seems to have stuck.
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5.3 Updating the control electronics design

The decision was made to implement the waveform-per-actuator architecture in the
lab in order to assess its feasibility for use on a large scale.

The first task was to find and test a commercially-available, small and inexpensive
low-voltage amplifier that could drive an[MLP|motor. Having done this, a conceptual
design of a replacement spine control circuit, including local waveform generation, was
created and found to require less space and cost no more than the existing high-voltage

Echidna control system.

5.3.1 Sourcing and testing low-voltage amplifiers

Several small, low-voltage amplifiers were identified and one was chosen for lab
testing. The chosen drive amplifier was the LM7322 op-amp from Texas Instruments,
shown in Figure [5.3

The LM7322 will operate on a +15V supply and is specified to easily handle the
capacitance (~150 nF) and peak current demand (~40 mA, shown in Figure of an
[MLP| actuator. It has two separate amplifiers in a single package and is available in a
surface-mount format measuring only 3.0 x 5.0 mm. It costs just USD 1.2(]

Figure 5.3: The Texas Instruments LM7322 dual-channel power op-amp is a small and
low-cost device that can easily drive two [MLP| motor actuators. The LM7322 shown here is
a large-package version soldered to a (blue) breakout m for the purpose of prototyping.
The coin shown is an Australian 5 cent piece (diameter ~20 mm).

3Component cost based on current Texas Instruments budgetary estimates for quantities exceed-
ing 1000 units, taken from the TT website.
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Figure 5.4: This oscilloscope screenshot shows the measured current demands of the
motor actuators when driven with a nominal 8.0 V coarse-mode waveform (green channel 4).
The displayed current (magenta channel 3) and power (red channel M) values are 30X the
actual values due to the gain of the current probe. Hence we see a peak current demand of
~40 mA per actuator during the high-acceleration ‘slip’ stage of the waveform cycle. These
current spikes highlight the importance of staggering the phase of waveforms between spines
in order to smooth positioner power demands.

The laboratory test rig control system was ‘upgraded’ by replacing its original
high-voltage drive amplifiers with LM7322 devices. This not only allowed verification
of the small amplifiers’ capabilities, but also enabled (with some software changes)
testing of the blended moves principle.

The majority of tests reported in the coming testing and analysis section used
the miniaturised test rig control electronics, with independent waveform generation
on three channels via two LM7322 [[Ck. These devices have required no heat sinks
or active cooling arrangements, and have been operating continually for more than
2000 h at the time of writing.

5.3.2 Conceptual design of a miniature drive circuit

Having found and tested a suitable small-format amplifier to drive the new motor, the
remaining design hurdle concerned waveform generation. As we know, the shared-
signal arrangement of the original Echidna technology meant that one pair of drive
waveforms was distributed among many spine motors. Waveform generation could

therefore be handled by a single microcontroller, the cost and footprint of which
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was not a major issue. But the size and cost of an electronics design becomes very
important if it is to be replicated for every single spine.

What we need is a simpler approach to generating sawtooth waves. One possible
solution is to use small, crystal-less microcontrollerﬂ to generate the waveforms us-
ing high-frequency pulse-width modulation E| This would not require a
stage, which keeps the circuit lean.

Figure [5.5|shows a conceptual design of an entire control circuit for a single spine,
purely as an example of what an electronics engineer might come up with when

building a control system with the waveform-per-actuator architecture.

+15

'\/\/\,J_ \—K O p0
5V o— o3 T /_Iﬁ
+15
X CRYSTAL-LESS AT \—K o p
= -CONTROLLER
15V o—1 " 3 /-lé
oV *
-15V O__|_ MAT } O p2
-15 ; 15

Figure 5.5: An motor could have a completely independent control circuit based on
PWM]| waveform generation: A small microcontroller would produce the waveforms, which

would pass through a basic analogue filter and then through small amplifiers such as the
LM7322s described earlier.

The estimated cost of this circuit is compared to that of the existing high-voltage
shared waveforms circuit in Table We see an approximate cost per spine that is
slightly lower than the existing system. Of course, in reality costs are dominated by
the labour involved. Recent discussions with [AAQ] electrical engineers ended in an
agreement that the real cost of the new architecture would be “about the same” as
the old system. This is good news when we consider the advantages that it can offer.

Table |5.1] also includes an estimate of the circuit board area occupied by the new
and old circuit designs. Here we can be quite sure that the new design is no worse
in this regard. In other words, the size of the control cabinets around the positioner
field would, if anything, shrink. Actually, a reduction of the overall size of the control
hardware is very likely if we consider that we no longer require large high-voltage

power supplies or amplifiers with tall heat sinks. A dedicated safety interlock system,
included in the UMOST|JAESOP)| design, is also rendered obsolete.

4Crystal-less microcontrollers require no external oscillator for their clock, which saves space.
PWM]| waveforms are generated by varying the duty cycle of a simple square wave at high
frequencies and then smoothing this output with a basic analogue filter.
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Table 5.1: We can be fairly sure that the proposed waveform-per-actuator architecture will
be no more demanding in terms of material costs or circuit board area than the existing
system. Costs are budgetary estimates for quantities of order 10% where applicable, and
[PCB| area calculations do not account for signal routing.

Component Quantity Example device Approx. total area Approx. total cost
CONCEPT (LV)

Microcontroller 1 STM32F042 25 mm? AUD 2

Amplifier [[Ch 2 LM7322 30 mm? AUD 4

Ancillary — — 50 mm? AUD 3

Totals 105 mm? AUD 9
EXISTING

Amplifier . % PA93 %mm2 AUD %

switch [ICk 3 AQW614 195 mm? AUD 12

Ancillary — — Negligible Negligible

Totals 207 mm? AUD 13

5.4 Distributed control and ‘stand-alone’ spines

Previous tilting spine positioner designs have placed the control electronics system
away from the telescope focal surface, around the edge of the fibre field. This has
the advantage of allowing easy active cooling of the electronics cabinets, so that very
little heat is dissipated into the open air.

This section discusses the feasibility of making each spine’s drive electronics part
of the spine assembly itself, so that every spine is a stand-alone unit that only requires
power and basic control instructions. This is the method adopted by the radial arm
positioning technology being favoured by some of today’s fibre instruments, so the
feasibility of doing this for a tilting spine positioner is worth exploring now that we

have the luxury of low-voltage motors.

5.4.1 Conceptual design of a miniature control board

Using the component choices from the conceptual control circuit presented in the
previous section, the approximate minimum size of an independent [PCBJ containing

the circuit can be investigated.
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Figure 5.6: It seems plausible to fit an entire motor control circuit onto a m
measuring just 6 x 25 mm.

Figure [5.6 shows a simple 3D model of a 6 x 25 mm [PCB| with two copper layers
and the main component packages on only one side. This particular concept requires
four power connections (£15V, 5V, 0V) and two data connections for a communi-
cations bus (e.g. bus). Boards can be daisy-chained via flexible PCBs.

A master control computer would load into the microcontroller the waveform am-
plitude and frequency parameters, the motor drive angle/direction, the number of
steps required, and finally a ‘go’ command. The control board would return ac-
knowledgements, ‘done’ messages when a move is complete, and optional status and
telemetry information.

We can conclude from this short design exercise that an entire MLP|motor control
circuit, allowing arbitrary drive amplitudes and frequencies to be selected for each

motor and permitting blended moves in any direction, would probably fit on a single
6 x 25 mm [PCB|if need be.

5.4.2 Conceptual design of a ‘stand-alone’ spine assembly

Taking the idea of fully modular spines to the finish line, a design concept was created
that incorporated the control [PCB| design from the previous section into a complete
stand-alone assembly. Models of the concept are shown in Figure

This idea will be taken no further, but is presented as a demonstration of the new
engineering possibilities that the [MLP] motor has created. The pros and cons of this

design are reviewed below.
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(a) The stand-alone spine concept

(b) Actuator close-up (¢) Daisy-chained spines

Figure 5.7: The motor ushers in a new level of modularity for tilting spine systems. It
could be possible to produce stand-alone spine assemblies that have a minimal dependence
on ancillary electronics systems. This concept design has its control electronics incorporated
via a vertical mounting vane, which is cemented to a 3D-printed base. The motor
could be assembled onto the base piece and connected to the local control board via a flex-
[PCB| There would even be the option to surround the entire assembly with a metal tube
for enhanced magnetic flux and electric field containment. Many spines could populate the
science field with daisy-chained flex{PCB]| connections (). Although difficult to see, there

is sufficient clearance around the spine’s counterweight for it to tilt freely.
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5.4.2.1 Advantages of stand-alone spines

Easy testing and verification: Spines can be tested in the lab as single units,

with minimal requirements for ancillary electronics.

Reduced in-house design work: Having fewer custom circuit boards means

that the entire control system is easier to design and build.

Small replicable units: Manufacture of many identical spine control boards

can be outsourced and would be cost-effective.

Reduced control system size and mass: Most of the control electronics

racks that previously housed the old architecture are no longer needed.

Efficient use of space behind the spine: There may not be much room for

electronics around the edge of the field.

Easier assembly and maintenance: Population of the base structure with
the spine assemblies may be easier than the current system. Replacement of

faulty spine assemblies may also be simplified.

Best practice signal generation: Generating waveforms that have high-
frequency components close to the load is better for signal quality and electro-

magnetic compatibility than sending them down long copper tracks.

5.4.2.2 Disadvantages of stand-alone spines

Fiddly signal connections: Daisy-chaining spines via thousands of flex-

circuit connectors or small cables may end up being far too difficult.

Less room for advanced electronics features: Advanced telemetry fea-

tures, in-place microcontroller firmware upgrades etc. may not be feasible.

Possible increase in electromagnetic noise: Contrary to the advantage
above, it’s possible that unshielded microcontrollers and communications buses

may increase the overall level of electromagnetic interference.

Minimum pitch bottleneck: Pursuing this type of design may end up limit-

ing the minimum achievable spine pitch for very high fibre densities.

Heat dissipation: Observatories have strict requirements on the amount of
heat generated near the optical path of a telescope, and even careful electrical
design may be unable to prevent this. A challenging active cooling arrangement

would then be required behind the telescope focal surface.
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5.5 Power dissipation estimates

Power dissipation is probably the greatest physical challenge when placing electronics
in an open space near the focal surface of a telescope, as the dissipated heat can
disrupt the incoming optical path. An observatory’s thermal restrictions can be a

show-stopping limitation in this regard.

5.5.1 Power consumption while running

The power demand of an [MLP|motor during positioning was measured in the lab and
is summarised in Table alongside datasheet values for the other major components
in the conceptual control circuit design. From this we obtain a total estimated power

of ~0.2W for a motor running in a nominal coarse-positioning mode.

Table 5.2: Estimated power consumption for a single motor and its control board,
using measured and datasheet values. Power supplies are assumed to be located away from
the fibre field and therefore are not included.

Component Power (}

Microcontroller 66 mW
Amplifiers (quiescent) 99 mW
Actuators, reactiveﬂ 34mW
Actuators, rea]lﬂ 6 mW
Total 205 mW

2The reactive power component of the actuators is the power ‘borrowed’ by their capacitance
and then returned to the amplifiers; it is dependent on the piezo material’s dielectric loss factor.

bThe real power component of the actuators is the power they actually consume, either through
motion or heat loss.

5.5.2 Average power consumption

The average power dissipated by the entire system is dependent on the duty cycle
of the positioner, which in turn depends on the intended operating mode of the

instrument.
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Taking the AMOS'T|instrument’s maximum reconfiguration time requirement (1 min
excluding metrology) and nominal observation block duration (20 min), we obtain a
duty cycle of % = 5%. Doubling this for a margin, and assuming we have 2500

spines, we get an average power dissipation behind the focal surface of

Prverage = 2500 x 0.205 x 0.1 5.2
=51W '

Left unmanaged, this much heat is likely to be a problem. In contrast, the focal
surface power dissipation for the motors only (control electronics elsewhere) is given

by the real power component of the actuators in Table[5.2] Hence,

Pyyerage = 2500 x 0.006 x 0.1
=15W

Here we clearly see the benefits of placing control electronics in temperature-controlled

(5.3)

racks away from the focal surface. In any case, the tilting spine technology is made

more flexible by providing the option of either format.

5.5.3 Power consumption reduction

Various measures could be taken to reduce the estimated power consumption of the
control electronics while the motor is running. The use of standard linear drive
amplifiers, while a simple solution, is a cause of significant inefficiency for two reasons:
i) they can have high current overheads (quiescent current); and ii) capacitive loads
like piezo actuators have their major reactive power component wasted as heat.
Further engineering effort may be able to improve efficiencies by employing differ-
ent classes of amplifier, or by using traditional linear amplifiers with added charge-
recovery systems. This is considered beyond the scope of this work, which aimed only
to prove the concept of distributed control. Indeed, if the existing approach of placing
all spine control electronics in actively-cooled racks off of the fibre field is used then

power reduction would not be necessary.
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5.6 Software control principle

Since the [MLP] motor design has introduced a completely new candidate control
architecture that allows spines to move in any direction, we shall review the basic
calibration and control approach for both the traditional component moves approach
as well as the new blended moves approach.

The fibre measurement procedure, which involves processing large fibre field im-
ages, will not be discussed, as this remains unchanged by the new motor design.
Likewise, details of the considerations for controlling more than one spine (e.g. de-
tailed collision avoidance strategies) are also considered beyond the scope of this

thesis, despite some advantages actually being gained in this area.

5.6.1 Component moves control

Echidna spines have traditionally been able to travel in only four (roughly orthogonal)
directions. Because of this, most spine positioning operations are actually compound
moves in two component directions. The motor design increases the number of
available component vectors to six, which offers some increased efficiency in the route

a spine can take to its target but is otherwise handled in the same way.

5.6.1.1 Calibration

Recall that the historical approach with tilting spine positioners is to have two types
of moves: coarse moves with large step sizes, and fine moves with small step sizes.
For now let us assume that we are happy in our choice of waveform frequency and
amplitude for the coarse and fine modes. This topic will be covered later.

The positioner control software stores calibration data for every spine, which it
subsequently uses to calculate the number of steps needed to traverse a certain dis-
tance. This is simply an array of values giving the single step size of the fibre and its
angle of movement for every one of the available component move directions. These
will be with respect to some meaningful coordinate system, such as the Cartesian
distance from a fixed reference on the focal surface, but for all intents and purpose it

is irrelevant at this level.
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A standard component move calibration routine for a single spine is as follows.

This is done separately for both the coarse and fine positioning modes.

1. Ensure the spine is close to its home position (centre of patrol area) and will

not collide with any mechanical limits or obstructions.
2. Measure the current fibre location.

3. Move the spine in a certain component direction, at the relevant voltage and
frequency, for a chosen number of steps (e.g. 10 steps); moving several steps is

more indicative of a real move and also reduces the effect of measurement noise.
4. Measure the new fibre location.

5. Record the observed angle of motion with respect to the chosen coordinate

system, and also the mean single step size.

6. Repeat for the remaining component directions.

Figure[5.8shows a good example of the results of a coarse mode calibration routine
for an [MLP] motor prototype. Note how imperfections in the motor are evident:
vectors are not exactly aligned, and the step sizes are not all equal. It is these
imperfections that make individual spine calibration so important.

Spine calibration also accounts for the physical orientation of the spine motor.
This means that misalignment of the spine motor assemblies when they are fixed to

the positioner structure do not matter.

Dir. Move | Step
no. ang. size

0 212.2 | 42.4

180¢

1 32.7 | 42.8

N 332.7 | 38.8

270°

(a) Example data array (b) Plot of vectors

Figure 5.8: Calibration data is stored for every spine in the positioner. Example stored
values @ are shown in blue. Non-uniformities in the behaviour of the spine can be seen in
the plot of the data (]ED, e.g. in the slight asymmetry of directions 2 and 3, or the variation
in step size magnitude across all directions. DO-D5 are component direction numbers.
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5.6.1.2 Move calculations

Armed with calibration data for a spine, and comfortable with the assumption that
spine behaviour is constant, it is a fairly trivial task for the control software to decide
on the component moves required to position a spine on a target. Only two moves
should ever be required to (theoretically) get within half of a step magnitude of the
target. For an motor, the software decides which direction numbers (0-5) are

required and how many steps should be taken for each.

Figure 5.9: Multiple combinations of component moves are likely to be available, so the
control software must decide which is the best solution.

There may be multiple move combinations that are valid (Figure , so the soft-
ware may choose the best solution based on one of the two following rules. Remember

that avoiding collisions with other spines is not being considered here.

e Optimise for speed: The solution involving the lowest total number of steps is
considered to be the best, because it will complete sooner. This is the approach

used in the spine test rig software for the purpose of this research.

e Optimise for accuracy: The solution that will theoretically arrive closer to
the target is considered to be the best, because this means the spine should
satisfy a given error tolerance sooner. One can imagine a range of tricks that
exploit calibration non-uniformity, such as deliberately overshooting a target
and back-tracking in the opposite direction. These will not be explored, as our

aim here is produce better hardware rather than fix things with software.

The decision to switch from coarse positioning mode to fine positioning mode is
based on the distance of the spine from the target. This was nominally set at 10x
our target positioning accuracy of 5pum (i.e. a 50 pm radius) for the purpose of

testing, but naturally could be optimised for a particular instrument.
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5.6.2 Blended moves control

The blended move principle has come about as a result of the MLP] motor’s compati-
bility with small and low-cost drive electronics, meaning that every actuator on every
spine’s motor can be driven at practically any voltage or frequency. This requires a

totally new approach to spine calibration and move calculations.

5.6.2.1 Calibration

The calibration method that was created for motors operating in the blended
move mode was designed to be as simple and robust as possible. The calibration
routine for a spine is similar to the component mode approach, except that the spine
is driven in more than just six directions. These directions are based on the ‘drive
angle’ concept explained previously (refer to Section , p. ; the calibration
routine moves the spine at increasing drive angles throughout the entire 0-360° range,
in a specified number of equal divisions.

For example, the spine calibration data array may have ten entries recording the
move direction and step size at drive angles of 0-360° in 36° increments. A more
comprehensive calibration data array might have twenty entries in 18° increments,
but at a cost of increased system memory. Twenty 18° increments were used for the
purpose of testing the [MLP| motor prototypes.

A complete blended move calibration routine for a single spine is as follows. As
with the component moves, this is done separately for both the coarse and fine posi-

tioning modes.

1. Ensure the spine is close to its home position (centre of patrol area) and will

not collide with any mechanical limits or obstructions.
2. Measure the current fibre location.

3. Move the spine at a certain drive angle, at the relevant voltage and frequency,

for a chosen number of steps (e.g. 10 steps).
4. Measure the new fibre location.

5. Record the observed angle of motion with respect to the chosen coordinate

system, and also the mean single step size.

6. Repeat for the remaining drive angle increments in the range 0-360°.
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Drive | Move | Step
ang. ang. size

9.0 |[158.2 | 25.5

27.0 | 178.6 | 25.4

351.0 | 138.3 | 28.1

Figure 5.10: Spine calibration for blended moves is stored for a specified number of incre-
ments of the spine drive angle. Examples of the stored values are shown in blue.

Figure [5.10|shows example data from a coarse mode blended moves calibration for
an[MLP]motor prototype, and Figure[5.11]shows the same data as a range of line-fitted
plots revealing the direction and step magnitude relationships. The link between the
drive angle, which is relative to the physical location of the ‘p0’ actuator, and the
move angle, which is relative to the measurement system, shows good linearity. The
calibration routine automatically accounts for the physical orientation of the motor
assembly in this regard. The periodic step size variation in the example is actually
the result of a modified magnetic cup design that will be described alongside test

results later, not an artefact of the actuator positions as one might think.

5.6.2.2 Move calculations

Two approaches were considered for inferring the drive angle and number of steps
required for a given move: i) function-fitting; and ii) linear interpolation.

The function-fitting approach used the same fitting functions as for the plots
in Figure to fill in the gaps between the measured calibration values. This
worked well, but presented difficulties later when an adaptive calibration system was
investigated, which will be explained shortly. Inference of the move parameters from
the fit required non-linear optimisation, which is neither robust nor computationally-
negligible.

Simple linear interpolation was favoured over fitting, as it offered a more robust
result. Here the two calibration entries closest to the desired move direction are
used and the behaviour of the spine is assumed to change linearly between them.
The errors introduced by this simplification are of order 1% and in any case are far

smaller than the intrinsic scatter in spine behaviour, so were deemed acceptable.
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It follows that the procedure the control software uses for deciding on move pa-
rameters is quite simple: the angle between the current fibre position and the target
is found (the ‘move angle’), and then converted into a spine drive angle using linear
interpolation between the stored calibration data points; the predicted step size is
also inferred using linear interpolation, and the distance to the target is divided by
the predicted step size in order to find the number of whole steps that will get the
fibre closest to the target.

As with component moves, the decision to switch to fine positioning mode is based

on the distance of the spine from the target, and was set at 50 pm for test purposes.

1.10}
<
e
Q
3 1.05f
c
o
©
€
Q
Q
& 1.00F
0.95f
0 50 100 150 200 250 300 350 )
Drive angle (deg) Drive angle (deg)
550
500}
450}
e 400} R
) g
o 350} b
= N
< "
: 300F o
3 &
= 250
200}
150
100 -1.5

50 160 150 260 2"50 360 3"30 0 50 160 1"50 260 250 360 350

Drive angle (deg) Drive angle (deg)
Figure 5.11: These plots show the relationship between the motor drive angle and resultant
spine movement according to the metrology system. The bottom-left panel confirms a good
linear relationship between the drive and move angles, whereas the top panels (which show
the same data on different axis formats) reveal a variation in step size with the direction;
this variation is actually an artefact of a new magnetic cup design on the motor, but in any
case is represented well by a sinusoidal fitting function. The bottom-right panel displays the
data in terms of the component z- and y-axis step sizes. Step size units are in measurement
camera pixels (~25pum/px).
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5.7 Adaptive calibration of spine performance

The behaviour of traditional Echidna actuators is known to be non-constant [24].
Changes in the behaviour of an actuator can have various causes that manifest on
different time scales, but in all cases will lead to positioning errors if an appropriate
calibration strategy is not in place. The [AAQ| has previously proposed an adaptive
calibration strategy to account for “the step size, step direction, and memory effects
all [evolving] with time.” Their suggested approach was to use a simple first in,
first out buffer of motor performance information to continually update the
calibration of each spine during normal positioning operation.

The approach taken in implementing adaptive calibration in the laboratory test
rig system will be explained in the following pages. Before this, however, the causes

of drifting motor behaviour will be summarised.

5.7.1 Causes of changing spine behaviour

Different factors affect spine behaviour by different amounts and on different time
scales. The following is a summary of the main causes. During this work it was also
discovered that spine performance can have a spatial as well as temporal dependence

(see third point).

e Temperature variations: The sensitivity of piezo actuators, as well as the
mechanical properties of glues etc., are temperature-dependent. Seasonal tem-
perature swings will affect motor performance, but are generally slow enough to
be fixed by nightly spine recalibration. This will not, however, fix temperature

changes caused by the use of the instrument throughout the night.

e Actuator hysteresis: Piezo actuators exhibit varying levels of hysteresis. This
can cause a ‘memory effect’, where the outcome of future moves is dependent

on the direction of past moves. This is discussed later.

e Spine position in field: The step size and direction of a spine move can have a
dependence on the spine’s current position within its patrol area. This was dis-
covered during early tests and will be an important part of the chosen adaptive
calibration approach. Perhaps this shouldn’t be surprising, as imperfections in
the shape and finish of the spine’s ball will cause this, as will any imbalance in
the spine assembly. Spines can also rotate slightly over many positioning cycles,

adding a second order time-dependent term.
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e Positioner burn-in: New positioners will probably exhibit some amount of
‘bedding in’ in the actuators and the mechanical interfaces of the assembly.
This phenomenon could still be present to some degree after an instrument is

commissioned, so must be accounted for.

e Positioner ageing: Similar to the burn-in of a brand new actuator, there will
be (much slower) changes in its behaviour throughout its lifetime. Similarly, the
reliance of the stick—slip mechanism on subtle tribological factors means that

gradual wear of frictional surfaces will also have an effect.

e Other effects: Not to be overlooked are the unknown factors that can unsettle

a system. Adaptive calibration can guard against many such changes.

In summary, the adaptive calibration system aimed to make the positioning per-
formance of the new motor robust to: i) known variations that cannot be fixed
by infrequent (e.g. nightly) re-calibration; and ii) unpredictable short-term perfor-
mance changes that are otherwise impossible to predict. In other words, what we
want is for the calibration of the motors to look after itself, continually learning from

its own ‘mistakes’ without any time penalty to observations.

5.7.2 Adaptive calibration of component moves

The work in this section will be published in the paper “Learning from history:
Adaptive calibration of ‘tilting spine’ fiber positioners”, as part of the proceedings of
the Astronomical Data Analysis Software and Systems XXV conference in Sydney,
Australia, 2015 [56].

An adaptive calibration scheme was initially created for the traditional component
moves mode. This was relatively straightforward, as spine calibration data only ever
matters for a fixed number of movement directions.

The approach taken was based on the stack method proposed previously
by the [24], but with an important extension in that it also accounted for
position-dependent performance changes.

All adaptive calibration algorithms run continually during the normal operation
of the positioner, so there is no time penalty for the up-to-date performance data that

the system provides.
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5.7.2.1 The calibration grid

The concept of a calibration ‘grid’ was introduced. This divides the patrol area of
every spine into a regular grid of cells, each with its own local calibration data. An
example is shown in Figure [5.12]

The number of calibration cells for the purpose of testing was chosen empirically.
Too few cells would fail to characterise spatial variation in motor behaviour, whereas
too many would lead to data becoming stale before it is used. More cells also require
more memory, scaling linearly. For the 69-cell example in Figure [5.12, an instrument
such as (~2500 fibres) would require a modest ~50 MB of memory for double-
precision numbers and a [FIFO] depth of 3.

The calibration grid also accounts for the fact that the radial component of step
sizes must reduce at the edge of the patrol area simply due to spherical geometryﬂ
Although this could be easily modelled in the software, the effect has previously
been treated as negligible since it amounts to a variation of only a few percent for
the current spine design. Nevertheless, it is automatically accounted for with this

adaptive calibration technique.

5.7.2.2 Updating calibration data

With the calibration grid in place, the adaptive calibration algorithm simply keeps a
record of the inferred mean step sizes from the most recent moves in the local cell,
adding them to a separate [FTFO]stack for each component direction. The stored data
for each cell is illustrated in Figure 5.13] Testing has shown that a stack depth of
three past moves works well, adapting to sudden changes quickly without being too

sensitive to outlying data.

5.7.2.3 Querying calibration data

Before any move, the cell under the mid-point of the move is queried and the median
step size and direction values are calculated from the stack for the relevant
move direction. These are then used to decide on the best parameters for the move.

Taking the median value has the benefit of excluding any erroneous outliers in the

data that may have resulted from a ‘bad’ move in the past.

SImagine a spine tilted so much that it is orthogonal to the axis of the fibre measurement camera;
now its radial step size would appear to be zero.
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Figure 5.12: The patrol area of a spine is a circle (green line) of a certain radius (e.g.
~10mm) from the home position of the fibre (red dot). This area is split into a number of
‘calibration cells’, each of which has its own historical record of motor calibration vectors
(right) that were inferred from recent nearby moves.
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Figure 5.13: The adaptive calibration data arrays for component moves are the same as for
non-adaptive calibration, but with a third dimension representing the [FIFO] stack. Note
that a separate stack is actually maintained for each move direction.
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5.7.2.4 Early test results

Laboratory testing of early prototype motors showed a significant reduction of the
overall positioning error with adaptive calibration enabled. The system’s learning
is evident in Figure [5.14] which is taken from tests of the unsuccessful shear plate
motor design. Figure |5.15| reveals a definite pattern in the spatial variation of spine
behaviour, highlighting the need for the calibration grid.

The effect of the adaptive system is less drastic (both spatially and with time) for
the latest[MLP|motor design, because its performance has proved to be generally more
stable. However, the algorithms remain very effective at accounting for longer-term

drifts in behaviour.

5.7.2.5 Incompatibility with compound moves

One problem with adaptive calibration for component moves is that the standard
approach to positioning a spine involves a combination of two moves in different
component directions. Without a measurement of the spine position after the first
of these, it is impossible to decouple the combined positioning errors and therefore
impossible to update the calibration data accurately.

It follows that the use of adaptive calibration in component move mode comes
at a time cost after all, because spines can only ever complete single moves before
another position feedback image must be captured by the measurement camera in
order to assess the error. The general effect is that the number of iterations required
to achieve a given accuracy is increased, although of course this is traded-off with a
general increase is accuracy because of the calibration data being better.

For the sake of the tilting spine test rig, adaptive calibration for component moves
was only ever enabled for the fine positioning mode, because this is where we care
about accuracy the most. As will become clear later, positioning performance was

proved to be excellent despite this limitation.
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Figure 5.14: Running mean of fine move error for 400 full positioning cycles with a prototype
shear plate motor and adaptive calibration enabled. This is the radial distance between
where the control software expect the fibre to end up and where is actually ended up, so is
a reflection of the overall quality of the calibration accuracy. The error falls quickly at first,
as the cells are updated for the first time, then reduces steadily until hitting the motor’s
repeatability limit.

600 600
| | | | | / Lo/ / /
= | | | | | | | = Vo | Y /
2 800 £ 800
2 | | | | | | | | | 2 / I A
s T T R I A A .
g 1000} g 1000}
8 | | | | | | | | | 3 / / | / / A
£ e e £ Y Y A
£ 1200} £ 1200}
& e 8 e
= =
| | | | | | | | / / Y
1400 E 1400
| | | | | Voo A
600 800 1000 1200 1400 600 800 1000 1200 1400
Measurement camera x-axis (px) Measurement camera x-axis (px)
(a) Before adaptive calibration (b) After adaptive calibration

Figure 5.15: The data in the calibration grids is noticeably different after the adaptive
calibration algorithm has been give some time to update. These plots show the calibration
vectors for a single move direction with a prototype shear plate motor, revealing a definite
spatial bias in the behaviour of the spine.
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5.7.3 Adaptive calibration of blended moves

Adaptive calibration for blended moves requires a different tack to that for component
moves, because moves can happen in any direction. This raises the question of how
best to use the information from a past move in one direction to predict the motion
of the same spine in a slightly different direction.

The solution adopted was to follow the same procedure used for component moves,
but to bin the movement angles based on the number of divisions specified for the
initial calibration routine in the 0-360° range (refer to Section [5.6.2.1] p. [178). This
is illustrated in Figure for clarity. Again, the patrol area is divided into a grid
of cells, each with its own [FIFO]stack of calibration arrays.

[ A [ Drive 1 Maove [ Sten

[ A [ Drive Mave Sten
0 Drive Move Step —
range | ang.(8) ang. size [
0<6<18 8.3 157.7 25.9 ]
18<6<36 31.8 183.9 25.8 |||
342<6<360| 359.0 146.5 27.4 __'/o
Q<<

Figure 5.16: The adaptive calibration data arrays for blended moves are similar to those for
non-adaptive calibration, but with a third dimension representing the [FIFO] stack. Drive
angles are also binned, to accommodate arbitrary move directions while still ensuring the
entire 0-360° range is covered.

Before a new move, the relevant calibration cell is queried and its calibration stack
is returned. As with the non-adaptive case, the motor drive angle and expected step
size are inferred using linear interpolation between the two closest data points for
each of the stacked arrays. The median value is then used for the move calculations.

The memory required to store the calibration arrays depends on the number of
angular divisions used, with 20 divisions seeming to work well in lab tests. In this
case the required memory is increased by a factor of 5 compared to the component
moves system, corresponding to ~250 MB for a 2500-spine instrument. This remains
a reasonable demand for today’s computer systems.

Adaptive calibration will be used as standard in all of the blended move testing
reported in the next major section. The system has so far performed well for more
than 1000 h of testing.
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5.8 Choosing optimal waveform parameters

The best way to decide on the drive waveform frequency and amplitude for the coarse
and fine positioning modes could be the subject of a paper in itself. These parameters
are important, as they ultimately set the performance of an entire positioning system.

The coarse mode frequency and amplitude will set the maximum speed of the
spine, whereas the fine mode amplitude (less so the frequency) will set the positioning
accuracy of the spine.

With a traditional ‘shared waveforms’ architecture, the fine mode amplitude would
usually be set at the lowest voltage that guarantees the motion of all spines. The
new architectures on offer with the [MLP] motor would allow different frequency and

amplitude selection strategies to be used. Three approaches are outlined below.

1. Fixed amplitudes: This is the traditional method of control for Echidna
spines and the approach used in the MLP| motor tests. A waveform amplitude
is chosen for each of the coarse and fine modes that will produce the desired step
sizes. The voltage is always the same, even though the step size may change

slightly over time. Spine calibration accounts for any changes in step size.

2. Fixed step size: It would be possible to take the inverse approach to fixing the
waveforms amplitudes, instead specifying the desired step sizes. The calibration
routine would be modified to adjust the coarse and fine mode amplitudes so that
the specified step sizes were maintained. Although not implemented, this would
be a useful extension to the blended move adaptive calibration algorithm, as it
is far more meaningful to be able to maintain a given positioning accuracy than

some arbitrary voltage value.

3. A more advanced scheme: The entire coarse/fine concept could be discarded
in place of a system that makes use of the step size vs. voltage relationship across
the entire operational range. Adaptive calibration could be centred around
keeping an up-to-date model of this relationship, meaning that any step size in
the available range could be chosen. The gains of this method may not outweigh

the added complexity it would bring, but may be worth exploring.

Since the goal of this work is to achieve a 5 pm positioning accuracy, it was felt that
the existing ‘fixed amplitudes’ scheme would be sufficient. The selection of optimal

waveform parameters will be discussed alongside real results in the next section.
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5.9 Section summary

This section has been a minor diversion to explore the hardware and software devel-
opment that resulted from the advent of the [MLP] motor design. This was done in
parallel with much of the motor performance testing, which is reported next.

Small low-voltage drive amplifiers have been identified and tested in the tilting
spine test rig. The use of these amplifiers as part of a miniature, stand-alone control
circuit has been investigated, and a revolutionary new ‘waveform-per-actuator’ archi-
tecture has been proved feasible in terms of hardware size and cost. This architecture
permits any spine to move in any direction at any time, and allows every motor to
be tuned according to its specific needs.

The approach to spine calibration and software control for traditional component
moves has been described and new approaches have been developed for the blended
moves mode. An implementation of adaptive calibration has been presented for both
component and blended moves, which automatically accounts for changes in spine

behaviour with position as well as with time.
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6 The multilayer plate motor:
Refinement, testing and
analysis

This section presents the actual results from detailed performance testing of the [MLP]
motor design, including a number of refinements and modifications that were made
along the way. Much of this work occurred in parallel with the hardware and software
developments covered in the previous section.

The testing and development reported here spanned a period of around twelve
months. The final three months of this time were spent at the Australian Astro-
nomical Observatory laboratories in Sydney, Australia, where the m staff
kindly provided the technical resources (test equipment etc.) needed to complete the
planned experiments.

Refinements and results are reported here in rough chronological order, finally
arriving at proof that the MLP| motor is able to satisfy all performance goals set out

at the start of this research.

6.1 Prototype motors and spines

The tests reported in the following sections involved various prototyping iterations of
the [MLP] motor design. In some cases, the design of the spine used to test the motor
was modified.

Photos of all the prototype assemblies from throughout this research are shown in
Figure[6.1] All prototypes are numbered and will be referred to accordingly. Table

gives an overview of the prototype motors’ characteristics.
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(b) Prototype spines

Figure 6.1: A total of eight motor prototypes were built @), some identical and some
with incremental changes. The spine assemblies used in testing the motor were also changed

at times (b}’

“Much appreciation goes to the[AAOJs Rebecca Brown, Jurek Brzeski and Nick Staszak for their
assistance in producing this hardware.
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Table 6.1: Summary of all motor prototype iterations shown in Figure Many
of their tests are described in detail in the following pages. Note the identical positioning
accuracy achievement for all those used in closed-loop tests.

No. Description Approx.  Achieved Comments/notes
run time accuracy

1 Initial prototype — — Accidentally destroyed by
190V signal (software bug)
2 As Prototype 1 300h 2.8 nm Good performance;
mechanical wear issues
3 Increased max. 50h 2.8 um Same good performance;
patrol radius same mechanical wear issues
4 As Prototype 3 — — Superseded by Prototype 5;

assembly not completed

5 Modified cup design 2500 h 2.8 um Wear issues solved; sustained
good performance

6 Miniature version — — Manufacturing issues
(for 5mm ball) (discussed later)
7 As Prototype 5 15h — Calibration tests only;
consistent with Prototype 5
8 Modified actuator 1h — Failed attempt at reducing
geometry signal count to two

6.2 Wear resistance

Many of the early tests of Prototype 2 and Prototype 3 revealed a degradation in
closed-loop positioning performance over time when runs of several hundred posi-
tioning cycles were carried out. Figure [6.2| shows one such example, with an abrupt
change in behaviour after 400 targets. This was seen on several occasions, and was
fixed every time by cleaning the contact surface of the cup.

The fact that wiping the cup remedied the problem indicated that some sort of
contamination was to blame, most likely caused by debris from mechanical wear. This
wear would have been from the cup itself, since this was made from an unhardened
stainless steel and the ball was a hardened variety. Wear was to be expected in a
mechanism such as this, but it was disappointing to see it cause problems after only
a few hundred runs.

It turned out that wear-induced performance degradation had been observed by
the during their development of the UMOST||AESOP| cup assembly. This is
not seen in the original [FMOS}-Echidna positioner, because here the spine balls rest

on three small, hard hemispheres instead of on the rim of an enclosed cup. The
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Figure 6.2: The mean final positioning error was often seen to suddenly worsen, usually
after 400-500 positioning cycles.

enclosed cup design was introduced after the commissioning of [FMOS}-Echidna to
better contain the magnetic flux in the spine mounting, but had obviously come at
an unforeseen cost.

It became apparent that the wearing of the cup also introduced a period of ‘running
in’ before spine behaviour stabilised, presumably while the ball wore away any micro-
protrusions around the cup’s face. This phenomenon became the primary culprit
for a gradual performance improvement seen in early [MLP] motor testing, which is
reported in the next section.

Fortunately, the [AAQ] had developed a solution to the wear issue: A hybrid cup
design had been created that re-introduced the hard hemispheres while still enclosing
the magnetic circuit sufficiently. Figure shows this. Three tungsten balls were
now embedded into the rim of the cup, raising the spine’s ball slightly off the face. In
addition to this modification, the spine balls had been coated with titanium nitride
to further increase wear resistance. This had become the baseline design for the
UMOST][AESOP] positioner.

It was a simple matter to build a new motor prototype using the latest [AAQ]

cup design, several assemblies of which were generously provided by [AAQ] engineers.

The [MLP| motor assembly procedure was essentially unchanged by this. Figure [6.3
shows close-up views of ‘Prototype 5, which was the first to use this new format.

A side-effect of the new cup design was that the spine step size had a slight
directional dependence relative to the positions of the small tungsten balls. This is

generally accounted for when calibrating the motor, so is of no real consequence but
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MAGNET

TUNGSTEN BALLS

(a) cup design (b) IMLP|motor assembly (c¢) Completed prototype

Figure 6.3: An improved magnetic cup assembly (provided by the was incorporated
into the [MLP| motor prototypes with minimal hassle. In this design, the spine ball sits
on three small tungsten balls (circled) that are embedded into the inside face of the cup.
This provides the necessary magnetic circuit while allowing the use of a hardened precision
contact surface at three equally-spaced points.

is worth noting. This phenomenon was the cause of the shape previously seen in the
blended move calibration plots (refer to Figure [5.11] p. [L80).
Continued testing showed no evidence of the issue observed with the previous

prototypes, and there continues to be no such effect.

6.3 Closed-loop positioning performance

The speed and accuracy of closed-loop positioning was dramatically improved from
the first [MLP| prototype tests due to a combination of factors relating to the hardware
and the software. One major factor was the discovery that the initial prototypes
performed much better after a ‘running in’ period.

Results for both component and blended move modes will be presented, although

most testing and analysis took place before blended moves were made possible.

6.3.1 Component moves

Even before the addition of the improved cup assembly described in the previous
section, some excellent results were seen with the original motor (Prototype 2) after
it had been ‘run in’ for a few thousand positioning cycles. This, along with the
use of adaptive calibration, vastly improved the early closed-loop positioning results.
Figure [6.4] shows an positioning accuracy of 2.9 pm being achieved in just six
moves, with all cycles achieving <10 pm errors. This already meets our performance

goals, and at a drive amplitude range of only £8.0V.
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Figure 6.4: The initial motor prototype showed excellent performance after ‘running
in’. Details: Prototype 2; Spine 1; 500 random targets; 8.0 V/75Hz coarse; 3.4V /75Hz
fine; Rpairor=11.2mm; Zd=180°; component moves; adaptive calibration on (fine mode).
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Figure 6.5: A new motor prototype with a modified cup design showed very similar
performance to the initial prototype and was able to sustain it for longer. Details: Proto-
type 5; Spine 2; 3500 random targets; 8.0 V/75 Hz coarse; 2.8 V/5 Hz fine; Rpqiror = 12.0 mm;
Zd=90°; component moves; adaptive calibration on (fine mode).

Prototype 3, which had the same format as Prototype 2, was found to achieve
almost identical performance (2.8 pm m final positioning accuracy) after a similar
running-in period. The same evidence of wear was also seen.

The wear issue prevented good performance being achieved for more than ~500
successive targets. Prototype 5, with the modified cup design, solved this problem
and also eliminated the need for running in. Figure [6.5] shows similar, although
‘slower’, performance over 3500 cycles. Note the bump in Figure at move two,
corresponding to the 50 pm switching radius from coarse to fine mode. This suggests
that drift in the coarse mode behaviour is to blame, because adaptive calibration was

only enabled for fine moves. Figure appears to confirm this.
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Figure 6.6: Throughout 3500 successive targets (a period of 21h), coarse moves (upper
points) become generally less accurate while fine moves (lower points) maintain accuracy.
This suggests that the adaptive calibration is working, since it was only enabled for fine
moves. M1-M6 are move numbers; [RMS] distances for each move are indicated by the
triangular markers. These results are for the same test as Figure

The coarse move drift was later remedied by scheduling an automatic coarse mode
recalibration after every 500 targets (~6 h)ﬂ Following this fix, a much longer test
was run over an uninterrupted period of 25 days. Figures and show that
excellent positioning performance is maintained, with an [RMS] positioning accuracy
of 3.2 um after six moves and 99.994 % of those cycles achieving <10 pm errors.

The 50 000-cycle test could almost count as an instrument lifetime in terms of

target numbers, but longevity will be discussed separately in a later section.

'Recall that adaptive calibration is not possible for compound moves without incurring a time

penalty (refer to Section [5.7.2.5, p. [185)).
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Figure 6.7: A long-term test showed excellent performance throughout, with periodic coarse
mode recalibration improving the accuracy of the first two moves. Details: Prototype 5;
Spine 2; 50000 random targets; 8.0V /75Hz coarse; 2.8 V/5Hz fine; Rpgror = 12.0 mm;
Zd=180°; component moves; adaptive calibration on (fine mode); 500-move coarse mode
recalibration period.
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Figure 6.8: Throughout 50 000 successive targets (a period of ~25d), performance is shown
to be stable. There is no evidence of the previous wear issue with the modified cup design.
Accuracy actually improves after the first week of testing, which may be the result of the
adaptive calibration algorithm, but is more likely due to the lab being vacated over the 2015
festive seasor[} M1-M6 are move numbers; [RMS)] distances for each move are indicated by
the triangular markers. These results are for the same test as Figure

2This plot may also be evidence of a healthy Australian work-life balance.
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6.3.1.1 Position-dependence

Recall from the introduction to this chapter (Table p. that ideally a spine
would show identical performance regardless of location in the patrol area. One way
to check this is by plotting the number of moves required to achieve a certain accuracy
based on the target location. Figure shows such a plot. A slight spatial bias does
appear to be present, with spines achieving <10 pm errors in fewer moves when the
target is closer to the spine’s home position (the centre of the patrol area). This may
be caused by a spine imbalance, tension in the fibre, or a slight deformation of the
spine’s ball.

While the observed spatial variations may not be ideal, the overall performance of
the positioner for any random target is almost always within our goal of a <10.0 pm

error in six moves or fewer. Therefore this phenomenon is considered insignificant.
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Figure 6.9: This motor and spine combination was able to achieve a <10.0 pm error
in fewer moves when targets were closer to the centre of the patrol area. These results are
for the same test as Figure (Zd=180°).
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6.3.1.2 Speed

Until now there has been no mention of the time taken to position a fibre, because
achievable accuracy in a certain number of moves has been considered more impor-
tant. The number of moves is so crucial because positioning time is likely to be
dominated by the camera exposure and image processing time of the fibre measure-
ment procedure, rather than by the spine move time itself.

Figure|6.10| shows the cumulative amount of time that the fibre is actually moving
for each target in the 50 000-target test reported previously. This has been called the
‘positioner busy’ time. To give some context, this is required to be <60s for the
UMOST][AESOP] positioner. This single-spine test easily satisfies that requirement,

but of course the figure would increase for a positioner comprising many spines that

must all finish moving before a feedback image is captured.

From the plot we see that every positioning cycle completes its sixth move in
<15s, giving a mean move duration of ~2.5s. Position measurement for thousands
of fibres is likely to take longer than thifl7 so spine move time is not the critical factor.
Furthermore, the fact that spine move calculations, collision avoidance planning, and
software-hardware communication overheads are not included, further adds to the
per-move time cost. The number of moves to reach a certain positioning error should

therefore be our main concern.
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Figure 6.10: The cumulative amount of time spent waiting for a spine to reach its destination
(not including move calculations) is relatively small when compared to the position feedback
and control software overheads that would occur for every closed-loop iteration. The initial
coarse moves will naturally be the longest, so speed is mostly influenced by the coarse mode
frequency. M1-M6 are move numbers. These results are for the same test as Figure

1AESOP| design documentation allows 5.0s for the fibre measurement process.
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6.3.2 Blended moves

The building of the hardware and software to enable blended moves came late in the
development process, so much of the important analysis had been done for component
moves, as we have seen. Much of this still stands, so will not be repeated.

The blended moves principle was proven and shown to provide faster convergence
on targets. This is in addition to the time-saving advantages offered in terms of
simplified collision avoidance. Figure shows the results of a short run of 100
random targets, with blended moves performing very well indeed. A 1V increase in
the coarse mode amplitude was required to maintain similar step sizes to component
moves, because the ‘drive angle’ algorithm does result in a reduction of the differential
actuator displacements in the component directions (refer to equation p. .

Successfully proving the blended moves concept was a significant achievement, as
this feature makes the entire tilting spine technology more flexible. It also enabled
full adaptive calibration to be used on both coarse and fine moves.

All results reported from here onwards will use blended moves unless otherwise

specified.
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Figure 6.11: As hoped, blended moves showed much faster convergence. Details: Proto-
type 5; Spine 2; 100 random targets; 9.0 V/75 Hz coarse; 3.5V /5 Hz fine; Rpqiroi =12.0 mm;
Zd=180°; blended moves; adaptive calibration on.
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6.4 Gravity vector response

A tilting spine positioner will often be placed at the prime or Cassegrain focus of a
telescope, and as such must perform well regardless of the telescope’s pointing angle.
Tilting spine positioners are designed for this: Each spine is balanced about its pivot
point, and magnet strengths are high enough to hold all spines securely in their motor
assemblies regardless of the local gravity vector.

Excellent results have already been presented for spines that are both vertical
and horizontal in orientation, but these were also calibrated at those orientations.
Therefore, a further experiment was carried out to ensure that changing the gravity
vector under the same calibration, as would occur in reality, did not present a problem.

Figure shows that suddenly switching the spine orientation from pointing
downwards, to pointing horizontally, to pointing upwards, has no significant effect on
the positioning accuracy.

We can conclude that performance is sufficiently stable even under extreme changes
of the local gravity vector. Further comfort can be found in the fact that real telescope

zenith angles rarely exceed 60°.
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Figure 6.12: Changing the spine’s orientation from Zd=180° (left panel) to Zd=90° (centre
panel), to Zd=0° (right panel) had no significant effect on the final positioning accuracy in
this test. [RMS] values are indicated by the triangular markers. The same calibration data
was used throughout. The coloured markers from top to bottom represent moves 1-6.
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6.5 Further characterisation

Much of the early spine testing used waveform frequencies and amplitudes that were
chosen empirically, usually after a limited amount of trial-and-error testing and re-
viewing the results of calibration routines under different settings.

More complete data on how a spine responds to different waveform parameters
was obtained by running many calibration routines in succession and cycling through
different settings. This created a better picture of the conditions under which the

spine performed best.
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Figure 6.13: The mean coarse step size of a spine varies considerably with drive frequency,
as does repeatability. These plots show the step size in x and y as a means of assessing
direction stability (top panels), and the overall step size magnitude (bottom panel). Details:
Prototype 5; Spine 2; 227 calibration cycles per frequency; amplitude 8.0 V; component

moves; error bars show one standard deviation (top panels) or scatter (bottom panel);
the legend for DO-D5 applies to all panels and indicates the component direction number.
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Figure 6.14: The mean fine step size of a spine is quite stable at low frequencies. These plots
show the step size in x and y as a means of assessing direction stability (top panels), and the
overall step size magnitude (bottom panel). Details: Prototype 5; Spine 2; 227 calibration
cycles per frequency; amplitude 2.8 V; component moves; error bars show one standard
deviation (top panels) or scatter (bottom panel); the legend for DO-D5 applies to all
panels and indicates the component direction number.

6.5.1 Frequency selection

Resonance in the spine and/or motor assembly means that certain drive frequencies
will result in less repeatable behaviour than others. The first characterisation test
involved fixing nominal coarse and fine mode voltages and running calibration routines
throughout a range of frequencies. Fine mode frequencies were kept low (a few hertz)
on the assumption that this would avoid resonant modes and inertial effects, thus
keeping scatter at a minimum for more precise moves. The results confirm this.
Note that calibration was for component moves rather than blended moves in
order to save time. This also allows the directional performance differences to be

more easily seen when plotted.
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Figure [6.13] shows an upper frequency range for coarse moves, revealing a signifi-
cant variation in behaviour. Rather unfortunate is that a frequency of 75 Hz, used in
many of the tests reported so far, shows poor repeatability. The silver lining here is
that we have seen impressive results despite this. The best frequency appears to be
in the range 90-95 Hz, where step sizes are relatively even and stable.

Figure|6.14] shows a lower frequency range for fine moves. As expected, the results
are less variable than at high frequencies. A frequency of 5Hz seems to be slightly

more even between directions.

6.5.2 Amplitude selection

Selecting drive amplitudes is a more involved task than selecting the frequencies, as
discussed previously (refer to Section , p. . Assuming that we are taking the
traditional approach of fixing the voltage and not the step size, then the plots in
Figure can be used for guidance.
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Figure 6.15: Coarse mode step sizes @) and fine mode step sizes (]EI) have a generally
linear relationship to drive voltage. Coarse move behaviour for this test is generally less
repeatable above 8.5V. Fine move behaviour appears stable down to very fine step sizes
(<2pm), but will be more sensitive to variations in the motor and therefore less robust.
Details: Prototype 5; Spine 2; 81 calibration cycles per voltage; component moves; error
bars show @ scatter; DO-D5 are component direction numbers.

The results show good linearity and repeatability with changing drive amplitude,
although performance does appear to suffer if the coarse voltage is set much higher
than ~8.0 V. Fine mode voltage selection depends on how important accuracy is for
the particular application, as higher voltages will be more impervious to changing
conditions. The complexity of this trade study is instrument-specific so will not be
explored here. What we see is generally good linearity down to step sizes of only a

few microns, which is a positive outcome.
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6.6 Open-loop repeatability

Good open-loop repeatability is advantageous for two reasons: i) full closed-loop
positioning will be faster, requiring fewer corrective moves; and ii) objects that move
due to differential refraction and/or field rotation can be tracked across the focal
surface without disturbing on ongoing observation.

Early tests of open-loop repeatability for the MLP| motor focussed on the stability
of step sizes across many successive calibration routines, often revealing very little
scatter in the data. This paints a misleading picture, however, because in reality
there are more variables to consider.

Figure[6.16a reveals the true ability of the tested prototype to move from a random
point to another random point, based on the distance of the move. We see much larger
relative errors for the finest moves, with >100% discrepancies for single steps that
were supposed to be ~5um in size. Larger distances, made up of multiple steps,
have significantly smaller relative errors. Two possible explanations for this are: i)
hysteresis in the actuators being more significant for single steps (discussed later);

and ii) spine inertia helping to maintain the ‘heading’ (direction) of longer moves.
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Figure 6.16: The open-loop repeatability of any single move depends on the distance of
the move. These plots encompass errors in direction as well as magnitude; they show
the distance between the actual result of a move and the expected result. Results are
for the motor with blended moves @ and the best available comparative data from
the AMOSTJ[AESOP] prototype positioner with compound component moves @ﬂ 110000
data points are shown in @, taken from a long-term closed-loop positioning test. Only
short moves are plotted as these are most significant for object tracking. Note the periodic
evidence of step multiples, and the population of coarse mode moves beginning to appear
at a distance of ~40pm. Axis labels are small in (]ED but match (ED It should be noted
that the prototype positioner has not been optimised for open-loop moves.

“Plot courtesy of Scott Smedley / Australian Astronomical Observatory
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We also see that multiples of a certain distance are less prone to error, which may
be due to spines behaving more predictably in particular directions, or may simply be
an artefact of the calibration and/or move calculation algorithms. One can imagine a
‘perfect’” system with equal step sizes always; in this case the plots would be entirely
discontinuous, with discrete populations of data points in integer multiples of the step

size. It follows that the periodic pattern should perhaps be unsurprising.

6.6.0.1 Comparison with existing technology

Figure shows the best available data for single-move errors in the prototype
UMOST|JAESOP| positioner, which uses the latest form of tilting spine technology.
has no requirement for open-loop positioning, so no attempts have been

made to achieve good performance in this area, but the errors of single moves are
still relevant to closed-loop positioning. There are no moves smaller than 10 pm for
[AESOP] due to the way the control system is programmed, and there is a further
difference in that the results are from multiple spines.

It would be unfair to make an absolute judgement on open-loop capabilities based
on the current data. At most we could claim a marginal improvement with the
motor on the basis of lower maximum errors. Apart from this, average error

magnitudes appear similar at around 5 pm for moves in the 10-20 pm range.

6.6.0.2 Object tracking capabilities

The requirements on object tracking are dependent on several factors, including the
fibre core size, the observatory seeing conditions, the telescope field of view, and of
course the airmass for a given pointing. As such, it’s hard to come up with a general
measure of how useful the prototype motor is. What we can say is that it’s probably
better to make one large correction than several small ones.

Let’s assume for the sake of an example that an instrument has a fibre positioning
accuracy requirement of 10 pm, but that fibres are initially positioned to 5 pm accu-
racy via closed-loop control. Now let’s assume a single open-loop corrective move will
be made during the observation, for the fibres that are most significantly affected by
changes in differential refraction as the telescope tracks (at the edge of a field). If
positioning errors add in quadrature, then our corrective move must have an absolute
error of v/102—52 ~ 8.7 um. Referring to Figure this permits a corrective move

of up to ~12pm or ~22pm for 30 or 20 confidence, respectively.
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6.6.1 Hysteresis and ‘memory effect’

It is known that Echidna spines show a ‘memory effect’, in that the result of future
moves will always depend on the past moves [24]. This is one of the reasons that
adaptive calibration was first proposed by the [AAQ] although not an ideal solution
for such a high-order problem.

A simple test of the presence of a memory effect in the motor was devised,
comparing the results of two types of blended move calibration routines: i) the original
approach to calibration, moving the spine in successive drive angle increments of 18°;
and ii) the same approach as (i), but following each measured calibration move by
an unmeasured ‘backtrack’ in the opposite direction. The results (Figure prove
that small step sizes are heavily dependent on the direction of the previous move.
This will have a major effect on open-loop repeatability, and indeed it can explain
the large relative scatter seen for the smaller moves in Figure [6.16a]

A plausible explanation for the memory effect is hysteresis in the piezo actuators,
where it is known that lower-voltage (or ‘softer’) piezoceramics exhibit worse hystere-
sis than their higher-voltage counterparts. The motor’s use of three actuators
under various operating conditions makes this phenomenon a challenge to understand
analytically.

It is proposed that the effects of hysteresis could be reduced in two ways, although

these have not been explored:

e Hysteresis modelling: It may be possible to model the result of a particular
move as a function of the previous move(s). A suitable empirical model may
become apparent with a carefully-constructed test, exploring all relevant vari-
ables. There is a pattern to the data in Figure that hints at a cumulative
effect from many past moves, hence this model would almost certainly need to

be of a high order.

e Actuator ‘reset’ procedure: There may be a way to ‘ring out’ the actuators
in the motor before doing a fine move, e.g. with a high-frequency sinusoidal sig-
nal that returns the piezoceramic material to a more neutral electromechanical
state. Of course, such a procedure must have a negligible effect on the spine’s

position.

Until the ‘memory effect’ phenomenon is better understood, it appears that tilting
spine positioners will be inherently limited in their ability to make small corrective

moves without position feedback.
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Drive angle (deg) Drive angle (deg)
(a) 3.0V, without backtrack (b) 3.0V, with backtrack
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(c) 8.0V, without backtrack (d) 8.0V, with backtrack

Figure 6.17: Blended move calibration routines, which usually increment the spine drive
angle, have very different results if every move is followed by a ‘backtrack’ in the opposite
direction. The effect is much more significant for fine moves @ — @ than coarse moves
— . This proves that the fine step size is highly dependent on the previous move(s).
Note the definite pattern to the data points in (]ED, making a modelling attempt almost
irresistible. Details: Prototype 7; Spine 2; polar axes show step size in pixels (~25um/px).

6.6.2 Advantages of scatter

It’s worth noting that, with the exception of open-loop object tracking, an amount
of random (or pseudo-random) scatter in a spine’s step size can improve the final
positioning accuracy of an iterative system such as ours. In a perfectly repeatable
system, positioning resolution truly is limited by the minimum achievable step size.
With some additional random scatter, however, there is a chance that a fibre will end
up closer to the target. This explains the observed [MLP|motor positioning accuracies

of <3pm, despite an average fine mode step size of ~8 pm.
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6.7 Increasing spine length

A key aim of this work was to improve the motor design to a degree that would allow
spines to be lengthened, reducing the optical losses caused by tilt-induced FRD.

Spine length has previously been limited to ~250 mm by the minimum achievable
step size of the spines and by mechanical limitations involving resonance. The hope
was that the new [MLP/motor would overcome the latter limitation due to its reduction
of forces orthogonal to the spine (i.e. actuators now move along the spine axis).

Recall from the introduction that the relationship between tilt angle (and there-
fore spine length) and optical losses is approximately quadratic. With this in mind,
two experiments were carried out with spine length increases of ~1.2x and ~1.4x,
corresponding to optical loss reductions of ~35 % and ~50 % respectively. Figure
shows successful positioning results in both cases, with accuracies reducing only by the
factor of length increase. The longest spine is able to achieve 4.0 pm [RMS| accuracy
in six moves, and therefore still meets our ultimate positioning goal.

This is further proof that the motor is superior to the existing technology;

optical losses can be halved while maintaining excellent positioning performance.
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Figure 6.18: Longer spines performed very well in two short closed-loop positioning tests
of 200 targets. The test setup was otherwise equivalent to that of Figure (p. [196]). The
positioning errors after each move scale very closely with spine length, as hoped.
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6.8 Removal of ground connection

The original [MLP] motor design had four electrical connections: three ‘active’ drive
waveforms connected to the outer electrodes of each actuator, and a ground connec-
tion to all three inner electrodes. The grounded electrodes are all electrically bridged

via the metal cup.
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(a) Simplified electrical model (b) Equivalent circuit

Figure 6.19: There is a synergy between the calculations for blended move actuator ampli-
tudes and the equivalent electrical circuit of an [MLP| motor, which results in the potential
Veup being implicitly 0V without the need for a ground connection. One of the four motor
connections can therefore be eliminated. Actuators are modelled here as simple impedances,
and the example voltages are for a blended move in a direction pointing up the page.

If we consider the equivalent electrical circuit for this arrangement, we find that
the ground connection should not be strictly necessary. Figure shows a simplified
diagram for the case of a blended move, with the potential on the cup being implicitly
zero without having to make the connection. This holds as long as the actuator
impedances match, which they should within a nominal 10 % tolerance. In any case,
any minor asymmetry in this respect would only skew the step size vs. drive angle
relationship, and would be accounted for by calibration.

Figure [6.20] shows blended move calibration data for the same prototype motor
with the ground connected and disconnected. We see practically no difference in the
results, confirming that the ground connection is superfluous for blended moves. With
this the motor has become even more attractive, requiring only three electrical
connections to the easily-accessible outer electrodes of its actuators. This would make

design, assembly and integration in a full-size positioner much easier.
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270° 270°
Drive angle (deg) Drive angle (deg)
(a) Ground connected (b) Ground disconnected

Figure 6.20: As expected, removing the ground connection on Prototype 5 had no discernible
effect on its blended move calibration results. Polar axis shows step size in pm.

6.9 Longevity

The final test of the MLPlmotor conducted for this research concerned the mechanical
robustness of the design and its ability to maintain good performance over a very large
number of positioning cycles.

The lifetime of a [MOS] instrument is highly dependent on the observing strategy.
The instrument is a good example of high demands on a positioner through-
out its planned 15 yr operational life, because of its relatively short ‘observation block’
size (exposure time) of 20 min. Every spine must be able to operate for

15yr x 350 nights/yr x 10h/night x 3fields/h = 157500 cycles (6.1)

At the time of writing, [MLP] ‘Prototype 5’ has completed >160000 closed-loop
positioning cycles in total, with no signs of performance degradation. The most recent
100000 targets were part of an eight-week-long test that brought together many of
the core hardware and software developments described in the previous sections: the
miniaturised drive amplifiers, blended moves, adaptive calibration, and the use of
only three signal connections (ground removed). A zenith angle of 45° was chosen to

simulate general telescope pointing.

212



PART II: A NEW TILTING SPINE MOTOR

—— 10.0 ym ]|
—— 8.0 pm
—— 5.0 um |

[
o
—

Distance from target (um)
-
o
N

2 4 6 8 10

Number of moves Number of moves
(a) [RMS| positioning error (b) Cumulative convergence
4
10 M1 +M1

~ M2 M2

3
g 10 +M3 E {1 M3
= M4 o M4
o 2 M5 & | +ms
8 M6 S M6
: :
E 10! =
Q Q
e e
© ©
2 10° )
a [a)

N b o i TR E i L - - e A W e T [

10 20 40 60 80 100 10
Target number [ x10° | Total 'positioner busy' time (s)
(¢) Accuracy over time (d) Total move time

Figure 6.21: Throughout 100 000 successive targets (a period of ~60d) the prototype
motor showed consistent and accurate closed-loop performance with an [RMS| positioning
error of <2.8 um after five moves, with negligible improvement thereafter. The maximum
final error across all targets was 5.8 pm. M1-M6 in and @ are move numbers. Details:
Prototype 5; Spine 2; 100 000 random targets; 9.0 V /84 Hz coarse; 3.5V /5 Hz fine; Rpairo1 =
11.5 mm; Zd=45°; blended moves; adaptive calibration on.

Figures [6.2]] and show that performance is excellent, even after a number of
positioning cycles that would far outlast some [MO§] instruments’ lifetimes. <2.8 pm
errors are achieved in five moves, at which point 98.76 % of cycles were within 5.0 pm
of the target. 99.97% of cycles were within 5.0 um in six moves, and the maximum
final error across all targets was 5.8 pm. These results go a long way in proving the
robustness of the motor’s design, particularly concerning the strength of the
bond between the actuator layers (refer to Section , p. 4.3.5)). The control and
calibration algorithms have also been proven suitable.

This testing was done under normal laboratory conditions, so does not account for
the environmental changes that would occur throughout a decade or more on a real

telescope. This would be a natural next step in the verification of this technology.
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Figure 6.22: The final positioning error (once the spine was closer than a single step size)
had an even distribution, suggesting that the control approach works well for any arbitrary
move. These results are for the same test as Figure (100000 targets).

6.10 Section summary

In this section we have reviewed the most important results of extensive performance
testing for various [MLP| motor prototypes. We have seen how the [AAQ[s latest cup
design has solved wear issues that were experienced with the first prototypes, allowing
longevity tests that have so far exceeded 160 000 positioning cycles.

A closed-loop accuracy of 2.8 pm [RMS] has been seen across three different pro-
totypes and has not worsened after longevity testing. This accuracy is achievable in
just five moves when using blended moves. Our performance goal of <5um

error in six moves is nearly satisfied in four moves (5.1 pm).
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Changes in the local gravity vector (zenith angle) have been shown to have no
significant effect on positioning performance. One of the four electrical connections
on the original motor design (the most fiddly one) has been removed without
affecting performance.

The [MLP]motor is able to position spines up to 1.4x the existing length limit with
an increase in positioning error no larger than the associated 1.4x increase in step
size, meaning our accuracy target is still achieved. Spines of this length (354 mm) cut
tilt-induced optical throughput losses in half.

The motor has been proven to be robust, as has the control hardware and software.
Blended moves work as expected, presenting a flexible collision-avoidance solution
when controlling multiple spines.

The maximum operational voltage range for all testing was a mere +9V, easily
accommodated by a 15V, £12V, or 10V power supply, all of which are common

in electronics systems.
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7 Conclusions and prospects

This research had a rather broad set of goals, aimed at improving several aspects of
tilting spine technology in order to make it more attractive for future astronomical
instruments. Of high priority was reducing the drive voltage of the spine actuators.

A new motor has been designed that uses low-voltage multilayer plate (MLP)) piezo
actuators. The motor remains true to the stick—slip principle of the traditional
Echidna technology and requires no changes to the existing spine format. Moreover,
it utilises the latest [AAQ]| spine mount design.

Closed-loop positioning has been demonstrated that outperforms the existing tilt-
ing spine technology in terms of both accuracy and speed. Drive voltage has been
reduced by more than an order of magnitude, to just £9 V.

The [MLP| motor’s demonstrated [RMS] closed-loop fibre positioning accuracy cur-
rently beats all other published methods for automated parallel fibre positioning, at
<2.8um in only five moves. This has been shown to hold for >150000 targets over
90 days of non-stop operation.

Echidna technology’s lowest possible tilt-induced throughput loss has been halved
by achieving a ~1.4x increase of the current spine length limit, to ~354 mm. This
means that: a) survey [SNRE5 improve, increasing scientific value; and/or b) spectro-
graph collimator speeds can be more efficiently matched to the nominal f-number of
the instrument, reducing costs. Good accuracy is maintained (4.0 pm in six
moves) and a further length increase looks plausible.

A new control architecture has been designed and tested, made possible by lower
voltage demands. This provides every actuator on every motor with a customisable
drive waveform, meaning that each spine can now achieve its full performance poten-
tial. Spines can also move in any direction, simplifying collision avoidance strategies.

The cost of implementing the new motor in a full positioner appears similar to the
existing technology, with reasons to believe that the overall size of a full motor
control system will be smaller than it is at present. There is potential, therefore, to

reduce the size and/or numbers of electronics cabinets required on-telescope.
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An additional avenue of investigation concerned fully modularising the control
electronics to allow a distributed control system with stand-alone spine assemblies.
This was shown to be feasible, but likely to require additional cooling measures.

Adaptive calibration algorithms have been designed and implemented that au-
tomatically compensate for changes in spine behaviour over a range of timescales.
Spatial variation in spine performance is also automatically accounted for. These
algorithms learn from normal fibre positioning operations and therefore come with
no time penalty to field reconfigurations.

The design of the [MLP| motor is such that mechanical crosstalk between neigh-
bouring spines in a full positioner should be reduced as a matter of course, although
this has not been quantitatively measured. The improved design, along with the
fact that waveform phases can now be staggered to reduce vibration magnitudes,
significantly reduces the threat that crosstalk poses to positioning accuracy.

Table summarises the outcomes of this research against the development goals
set out at the beginning. In this respect we can conclude that the work has been
successful. Also recall our general wish to improve tilting spine technology to a level
that could compete with the high-accuracy radial arm positioners of recent years;
Figure shows that this has been accomplished.

Table 7.1: Comparison of outcomes with the goals of this research.

General goal Specific goal Achieved

Reduce drive voltage +24V (pref. £15V) 19V

range

Improve <5.0 pm (pref. <3.6 um) <2.8pm in five moves
closed-loop accuracy in six moves

Increase max. spine None set; must maintain ~1.4x increase, halving losses;
length to reduce losses  goal accuracy 4.0 pm accuracy in six moves
Improve open-loop None set Marginal improvement evident
repeatability

Reduce actuator forces  None set Achieved by design

orthogonal to spine
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Figure 7.1: In five moves, the motor is able to beat all other published technologies in
terms of closed-loop positioning accuracy @ and consistency across multiple targets
(). This includes the Cobra [29] and ES-CH [32] radial arm (6-¢) positioners, although
we see that the latter of these can achieve smaller errors in its first four moves. In any case,
the [MLP| motor is a clear competitor.
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Improvements to open-loop capabilities were somewhat difficult to evaluate due
to a lack of comparative data from the existing technology, but look similar. Analysis
of the motor’s general move errors as a function of distance has shown that
small, single-step moves suffer a much larger relative error than multi-step moves.
Moreover, the influence of previous moves on fine step sizes, probably from actuator
hysteresis, has been shown to be substantial.

The motor technology has so far been developed to a Technology Readiness
Level of 4, meaning that the technology has been validated in a laboratory
environment. It is suggested that future work shall include accelerated life testing with
relevant temperature and humidity levels to further prove the technology’s suitability
for use in an observatory environment, therefore raising the [TRIL]

Future work could also include: testing of more prototype assemblies, possibly
in a group, to increase confidence in consistent performance; investigation of the
effect of ball-cup contact angle on performance; a miniaturisation exercise to match
the ~7mm pitch previously achieved with the existing Echidna technology [27]; and
attempts to model the memory effects seen in small moves, to enhance open-loop
repeatability for ‘blind’ object tracking during exposures.

Excepting a reasonable amount of further validation, there appears to be no tech-
nical reason why the [MLP| motor should not become the new standard in tilting spine
fibre positioning.

This work has been recently been accepted for presentation at the 2016 SPIE
Astronomical Telescopes + Instrumentation conference in Edinburgh, in a paper cur-
rently entitled “Echidna Mark II: one giant leap for ‘tilting spine’ fibre positioning
technology” [57].
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A Piezo actuator background

This appendix summarises the nature of piezoelectric materials, how they are man-
ufactured, and how their microscopic displacements are used in larger motor mecha-

nisms to produce motion over a long range of travel.

A.1 Traditional materials and manufacturing
processes

The piezoceramic industry has been producing bulk ceramic actuators for decades.
Although a number of synthetic ceramic compounds exhibit piezoelectric properties,
the most widely used is lead zirconate titanate, commonly referred to as {PZT].

PZT has substantially better piezoelectric properties than any similar alternative,
to such an extent that it currently has an exemption under the Restriction of Haz-
ardous Substances directive, despite its lead content. Many manufacturers
offer standardised compounds alongside their own proprietary recipes, doped
with ions of different elements and therefore optimised for different applications.

The process involved in making traditional piezoceramic actuators has remained
relatively unchanged for some time. Ceramic compounds are mixed in powder form,
then heated, wetted, formed, and finally sintered at a high temperature. This pro-
cedure is well understood in the context of mass production, meaning that many
companies offer off-the-shelf actuators in various shapes and sizes.

Bulk actuators are often a low-risk and cost-effective choice when designing
a micro-positioning system. Furthermore, they have properties that have been hard

to match with other materials in the past. The existing tilting spine actuators are

[PZT devices.
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A.2 Typical voltages and displacements

The actuator displacement that results from a given electric field strength depends on
the properties of the piezo material. Specifically, the piezoelectric charge constant, d,
gives the sensitivity of a piezo material when used in a particular mode, in metres per
volt. When designing positioning systems for the lowest possible voltage, we generally
want d to be as large as possible.

The highest piezoelectric charge constants in traditional ceramic actuators are of
the order 100 x 1072m V~!, which means a theoretical 10kV signal is required to

produce a displacement of just 1 pm.

A.3 Actuator stacks

The small displacements achievable with longitudinal and shear mode piezo actuators
can be increased by stacking multiple elements on top of each other. This has the
effect of multiplying the displacement by n, where n is the number of actuators in
the stack. The drawback here is that signals need to be connected to each actuator,
which is labour-intensive and increases the bulk of the whole assembly. Furthermore,
a minimum thickness of around 0.5 mm for monolithic actuatord!] limits the practical
number of stacked actuators.

Tilting spine fibre positioner actuators must be cost-effective and compact in order
to keep their appeal for massively-multiplexed instruments with densely-packed fields.
Therefore, actuator stacking was not considered a viable option for improving the

tilting spine motor design.

A.4 Piezo actuation styles

The way in which piezoelectric actuators are used in micro-positioning applications
can be split into two broad categories: i) quasi-statically, for low-displacement appli-
cations; and ii) dynamically, for high-displacement applications. We are dealing with
the latter. More specifically, the motor designs presented in this thesis are all of the

dynamic ‘stick—slip’ type.

'Minimum thickness specification obtained from Noliac A/S, for their shear plate actuators.
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A.4.1 Quasi-static drives

The term quasi-static is used here to denote the use of a piezo actuator for relatively
low-frequency motion throughout its natural displacement range. In other words,
these actuators are used ‘as is’. Examples of quasi-static piezo applications include
electron beam steering in scanning tunnelling microscopes, and mirror deformation for
wavefront correction in adaptive optics systems; both of these applications, although

not ‘slow’, use piezo actuators within their natural ranges of travel.

A.4.2 Dynamic drives

The small displacements produced by piezo actuator elements can be used to produce
continuous linear or rotary motion by dynamically driving them as part of a larger
mechanism. Examples of dynamic piezo applications include linear stages for labora-
tory positioning and auto-focus motors in camera lenses; both of these have long or
unlimited travel ranges because of how they cyclically drive their actuators at high
frequencies, producing many hundreds or thousands of microscopic ‘steps’ every sec-
ond. The traditional Echidna fibre positioner motor is also in this category, because
it must be able to provide relatively fast and long-distance travel (tens of millimetres

in a few seconds) while remaining very accurate (a few microns resolution).

Table A.1: Dynamic-drive piezoelectric motor mechanisms generally fall into one of two
categories, each with their own unique strengths and weaknesses.

Discrete-stepping  Stick—slip

Repeatability Better Worse
Mechanical wear | Less More
Complexity Higher Lower
Motor size Larger Smaller
Cost Higher Lower

While there are many dynamic piezo motor designs, almost all are one of two
types: i) discrete-stepping motors; or ii) stick—slip motors. The merits of each are
summarised in Table . Discrete-stepping motors, such as the inchworm (Fig-
ure , offer superior repeatability due to the continuous contact between their
actuators and the surface being moved. Stick—slip designs (Figure , with their
reliance on breaking friction with high accelerations, are much less predictable by
comparison. Nevertheless, stick—slip designs are more suitable for tilting spine posi-

tioners because of their simplicity, lower cost, and smaller footprint.
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Six Step Actuation Processes
of the
Piezo Inchworm Motor
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Image credit: | User:Jatosado| /| Wikimedia Commons / Public Domain

Figure A.1: The ‘inchworm’ is a popular type of discrete-stepping piezo motor that produces
a small and precise displacement step using several actuators.
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Image credit: | User:Inductiveload / Wikimedia Commons / CC-BY-SA-2.5

Figure A.2: The stick—slip principle uses inertia in concert with the difference between
static and kinetic friction of materials to produce a small displacement step using only one
actuator.
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