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Abstract

The WarmTone is a fully automatic, modern-day vinyl record press manufactured by
Viryl Technologies. The WarmTone has a wide array of sensors, parameters and settings
that can be accessed via it’s ADAPT Interface and the front panel. This thesis is a
collaboration with Viryl Technologies through the Mitacs Accelerate Fellowship. These
advancements in pressing technology enabled a large scale study of the press settings and
parameters and how they related to the audio and visual quality of the finished vinyl record.
For the purpose of this study a test record was developed and over 400 records were pressed
and over 200 recorded. These records were pressed under varying conditions and settings
in the press. The surface noise, number of pops and clicks, wow and flutter, stereo bleed
and total harmonic distortion are measured from recordings of these records and the audio
quality of the record is related back to parameters and settings in the press. Two different
PVC compounds and WarmTone presses were used in the testing and overall the difference
between the two plastics made the largest difference in the surface noise measured. New
clicks were also added to the records as the side b stamper was damaged possibly during the
loading of pressing two. When the surface noise is A-Weighted or CCIR/ARM weighted
then the difference between press parameters and settings is negligible, press parameters do
very little to affect the final audio quality. Unweighted surface noise measurements suggest
that cooling in the moulds is the best way to reduce unweighted surface noise and pops
and clicks on the records. Coherence in the surface noise is observed when the record audio
is separated into “groove segments”, segments of audio equal to the period of rotation of
the record. This coherence, and other key press parameters affecting surface noise, such
as the rotation speed of the extrusion screw, lead to the hypothesis that it is the size of
the vinyl pellets and their residual elasticity that is the primary cause of surface noise and
pops and clicks on the records.
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Chapter 1

Introduction

This thesis is an exploration into the physics of the vinyl pressing process. It's goals are to
understand the process by which noise, pops, clicks and other unwanted audio artifacts are
introduced into the audio of a vinyl record during pressing, develop a series of quantitative
measurements of audio quality of a vinyl record and measure any quantitative di erence in
audio caused by parameter changes in the press. To achieve this a test record was developed
that contained a series of tones, silence and sweeps that allows for the measurement of the
records surface noise, wow and utter, frequency response, stereo bleed, distortion and
more. This test record was then pressed under varying conditions and then recorded.
The resulting audio is then matched up with the press data at the time the record was
pressed and thus any change in audio quality as a result of press parameter changes can
be measured quantitatively.

Creating a high quality vinyl reproduction of sound is as much of an art as what gets
pressed on the disc. Much of the knowledge and expertise required to create high quality
reproductions was lost or forgotten when vinyl records fell out of favour with the public.

In modern days, techniques and processes are being relearned and reinvented as sales of
records reach highs not seen since the heyday of vinyl [1]. This thesis is part of a new
resurgence in interest in vinyl records throughout the world, both commercially as vinyl
record sales continue to boom [2], and academically as the industry demands innovation,
research and training [3].

This project speci cally studies the WarmTone press produced by Viryl Technologies,
a company based in Toronto, Canada. The WarmTone is a modern machine, complete
with full automation and cloud control, designed from the ground up to press records. The
innovations in the WarmTone press and its ADAPT system make this research possible.



A special thank you to the Mitacs Accelerate Fellowship, a research grant that encourages
the collaboration between industry and academic partners. The industry partner for this
research is Viryl Technologies, the manufacturer of the WarmTone. Viryl Technologies
in addition to helping fund the Mitacs Accelerate Fellowship also provided the Technics
SL-1200GR turntable and Ortofon Blue cartridge, funded production of the test lacquers,
stampers and provided the means and expertise to press the test records at their facilities
in Toronto, Canada.

1.1 The WarmTone Press

The WarmTone is a fully-automatic modern record press equipped with Viryl's ADAPT
Platform, a customized cloud based interface that allows full access to press's data through
a smart device. Two individual WarmTone Presses were used in this thesis at Viryl's
Facilities in Toronto, Canada. In addition to the ADAPT data, Viryl Engineers are able

to pull data from the various press sensors that are laid throughout these test machines
to give insight into the pressing process and conditions. This sensor data can later be
matched up with the records beings pressed and recorded as described in Chapter 3.

The WarmTone also features detailed control over the main components and operating
parameters. The WarmTone record press is semi-modular, with an extruder, mould, press
and trimmer making up the WarmTone. Stampers are cleaned and loaded into the moulds
of the WarmTone, the PVC compound starts as vinyl \pellets" that are loaded into the
extruder and melted into a vinyl \puck”. This puck is then moved into the press and
pressed into a record where it is trimmed by the trimmer. The trimmer consists of an
automatic arm that lifts records from the press and trims the excess plastic or \ ash" and
creates a clean edge for the vinyl record. For the most part the trimmer and its associated
parameters, settings and sensors are ignored in this thesis as it has little to do with the
nal audio quality of the record. The extruder, mould and press settings do have an e ect
on the audio quality measured, as has been noticed by press operators and will be the main
focus of research and results in this thesis. Various parameter changes were chosen from
the available parameters and settings for the extruder, mould and press and minimum and
maximum values were chosen for each parameter.

Overall two pressings were done. The rst pressing held parameters and settings con-
stant in the WarmTone and produced over 100 records. This was done to determine how
much the audio quality varied inside of the press while the press was held at a steady state.
In the second pressing done, the goal was to determine which of these parameters and to
what extent these parameters impact the nal audio quality. So instead the parameters
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were varied between maximum and minimum values and at minimum ve records were
pressed at each of these parameter changes. The results of these tests are given in Chapter
4.

1.2 Research Motivations

With the WarmTone press, press operators have access to various controls such as extruder
temperatures, steam heating and cooling cycle times, press pressure and more. These
controls are set in order to maximize both the audio and visual quality of the disc. Records
are spot checked as the press runs, listened to and inspected visually to ensure that they
meet quality standards and that there are no defects. If defects are common or issues with
the audio are heard then the WarmTone settings are adjusted and records listened to and
inspected until these issues are resolved.

This is a very labour intensive and time consuming process that requires a trained ear.
Minute adjustments in the WarmTone's settings are believed to cause changes in the audio
such as increasing or decreasing the surface noise or number of clicks. Operators can spend
time dialing in these settings in order to reduce noise, warp and other unwanted properties
in the records produced. However much skepticism surrounds how much in uence the press
has over the nal audio quality, compared to other steps in the process, as well as whether
or not these minor adjustments do signi cantly in uence the audio of the resulting record.

This project's goal is to quantify these parameter changes with changes in the audio.
A custom test record was designed and pressed under varying conditions in the press and
then recorded. These recordings were analyzed and the settings and sensor measurements
in the press were matched with the audio measurements from the recordings. In this way,
the audio quality of the recordings measured as a function of parameters and sensors in
the WarmTone press.

It's important to note the climate that this research is being conducted in. There has
been a resurgence in vinyl record production and sales in the past few years. Crawford
reports the 12th consecutive year of vinyl sales growth in 2017 [2], even amidst the pandemic
the RIAA reports that in 2020 revenues from vinyl records were larger than from CDs for
the rst time since 1986. [4]. The RTA School of Media reintroduced vinyl theory and
production practices into it's courses [3]. It's clear that the vinyl resurgence is here to stay
in some capacity. This research stands at the forefront of improving and understanding
the vinyl manufacturing process.



1.3 Manufacturing Process

Before records can be pressed by the WarmTone \stampers" need to be produced. Stampers
are negatives of the vinyl record, they have \hills" instead of \grooves", that t into the
tooling of the moulds of the WarmTone press and are what press the grooves into the
vinyl puck. In the days of Eargle and Ruda, music would be recorded to a master tape
before being cut to a lacquer, in the modern era the vast majority of new vinyl projects are
produced digitally using Pro Tools and other DAWSs. A digital le is turned into a physical
vinyl record through a multi-stage process. Special care has to be taken when creating
a le for vinyl playback, as the mastering engineer must be made aware of and correct
for the physical limitations of vinyl. These include constraints on the stereo separation,
dynamic range and maximum time trade o s, and more including a loss in quality in the
inner grooves.[3] The manufacturing process for a vinyl record is multi-staged, with a lot
of room for error to be made and for defects in the process to be introduced. At rst, the
music on the digital le or master tape is cut to the master lacquer by a lathe. Afterward
the lacquer is goes through two rounds of electroplating, the rst to produce a negative
\father" from the lacquer and then a positive \mother" from the father. Stampers are
then electroplated from the mother. [5] All this happens before the pressing of vinyl by
the WarmTone begins.

There are various stages at which manufacturing defects can be introduced into the
pressing process. First a heated stylus cuts the mastered digital le into the lacquer. A
lacquer is an aluminum disc with a lacquer coating that the grooves are cut into. Measure-
ments of the audio of test lacquers sent for evaluation are given in Chapter 5. Consultations
with our mastering engineer and our experiences with the manufacturing of the lacquers
for the test records has corroborated Ruda's claims that the lacquer cutting, including the
manufacture of the lacquers themselves, is still very much an art. Much like the pressing
itself, the process by which a lacquer is made is still as much of an art as a science.[5]

After a lacquer is cut it is cleaned and sprayed in a chemical bath of silver. It is possible
for noise to be added at this stage through residual oils, however in this study it was found
that pressed records can indeed be quieter, suggesting that noise isn't simply added at each
stage of the process, rather that there is a complicated relationship between the audio cut
to the lacquer, the methods by which the stamper are produced and the plastics used to
create the vinyl record. All play crucial roles in determining the resulting sound quality.
After silvering the lacquer is plated with nickel to create the \father", which is a negative
metal mould of the lacquer and can be used as a stamper for pressing records. In this
thesis and in most cases a two-step process is used where a \mother", typically a copper
disc that can be played on turntables, is made from the \father" and the stampers are then
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taken from the \mother" as opposed to from the lacquer directly. [1]

During the process by which the lacquer is cleaned and made electrically conductive
with a chemical bath of silver, Ruda describes a method by which oils on the surface of
the lacquer can produce audible defects during silvering. In this study it was found that
pressed records can indeed be quieter than a test lacquer, suggesting that while noise can
be added during the silvering, plating and stamper production stages of the production of
a record it appears as though the nature of noise on a lacquer is simply di erent compared
to the nature of noise on a vinyl record. Indeed these di erences in the lacquer and vinyl
spectra are also seen in the spectra produced by Eargle [6]. Of course imperfections at
this stage should be avoided. Unfortunately there is no way for us to tell with the current
dataset or measurement techniques how much noise is added or removed during the plating
process.

Immediately after silvering the nickel plating process begins, plating can produce other
audio defects such as echo and ticks. After pre-plating and plating is completed at a
thickness of 0.015 to 0.035 inch the negative silver-faced master is \peeled" from the lacquer.
[5] Typically the lacquer is then discarded. [1] While reproduction from the silver \father"
is possible, the silver negative is very delicate and not built to withstand the manufacturing
process and more commonly, as was done with this test pressing, the two step process is
used and a second round of plating begins in order to produce a \mother". A stamper
averages around 2000 presses for its life. For this thesis four stampers in total were created
however only two have been used, 419 records total were pressed. The metal \mother" disc
has the potential to cause a molding defect called a fractured groove. Careful polishing
removes burrs at the groove edges that are created during the lacquer cutting. After
polishing and cleaning stampers are then created from plating the \mother", once the
stamper is made from the plating it is prepared for interfacing with the press tooling and
moulds. [5]

Inside the press, PVC compound is loaded into a hopper and melted through the
WarmTone's extruder in a multi-stage heating process. This vinyl is extruded into a
\puck"-sized piece of vinyl in the premoulds before the puck is then loaded into the press
alongside the labels and the press compresses the puck into a vinyl record, with the labels
embedding themselves into the vinyl, no adhesive required. As the press is closed, steam
is rst pumped through the moulds heating the vinyl further before cold water is then
pumped through the moulds cooling the record. The press opens and the record is picked
up by the trimmer arm, moved to the trimmer and the excess ash around the ends of the
record are cut o. The record is then stacked and cooling plates are placed on top every
few records to ensure the records cool properly. To press one record takes about 30-45
seconds depending on the timing involved, the WarmTone press is fully automatic, only
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requiring the press operator to supervise and clear any errors or junk records.

1.4 Measurements of Audio Quality

As this is one of the only studies of it's kind into the audio quality of vinyl records man-
ufactured, the standards by which audio quality is to be measured and judged needed to
be developed. In order to facilitate these measurements a custom test record was devel-
oped, a test lacquer was sent for evaluation, four stampers were produced albeit only two
ended up being used and over 400 test records were pressed. Described in Chapter 2 are
how each of the tracks on the test records are used to facilitate measurements of surface
noise RMS levels, wow and utter, frequency response, stereo separation and total har-
monic distortion. Additionally pops and clicks are detected using an adapted MATLAB
version of Audacity's Click Removal tool [7], the details of which are described in Chapter
6. These measurements and the normalization procedure ensure that the measurements
are normalized within our data set, and so records can be compared against one another.
Additionally, our normalization tone mirrors the NAB Standard of 1 kHz 7 cm/s peak, so

in theory the data in this thesis can be compared to other studies that use the same nor-
malization. Eargle uses the same NAB standard for his noise and distortion measurements
in his study however a di erent methodology, and so our results can be compared to his
somewhat as is done in Chapter 7.

The NAB Recording and Reproducing Standards Committee produced the Standards
for Disc Recording and Reproducing to describe standards for wow and utter, disc spec-
i cations and dimensions and some rumble and high frequency noise standards that use
reference tones as the basis for their measurement [3]. In this thesis surface noise measure-
ments are done with reference to a 1 kHz 7 cm/s peak normalization tone, in a normal-
ization procedure described in Chapter 2. RMS levels of surface noise are used and A or
Dolby CCIR/ARM Weighting is used to represent the high frequency content and suppress
the rumble noise. The Unweighted measurement is considered the measurement of rumble
as both A and CCIR/ARM weighted both reduce rumble substantially as discussed in
Chapter 5. [9]

Literature review found two previous studies on the AES E-Library done in 1977 by
Ruda [5] and 1969 by Eargle [6] which had similar research goals and methods. Whereas
those studies looked at the manufacturing process as a whole, including the lacquer cutting
and stamper creation, this thesis primarily focuses on the role that the press plays in the
manufacturing process. The multi-stage manufacturing process, from lacquer, to father,
to mother, to stamper and nally to record has many avenues by which noise and other
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defects can be introduced. The question asked in this thesis is how much control does
the press operator have over the nal audio quality, or is the press operator simply at the
mercy of the mastering and engineering that produced the stamper. Eargle looked more
intently at noise introduced at each stage of the process. He measured the metal mother's
spectra additionally. [6]

For the most part however, the measurements in this thesis are speci c to this thesis
and there are no comparable studies testing the pressing process. This kind of test into the
pressing and audio of vinyl records is uncharted territory. The measurements developed
for this test record are speci c to this test record, however where possible standardized
tones and normalization methods were used, as will be described in Chapter 2. The two
main areas of focus for audio quality is the surface noise of the record and the number of
pops and clicks. Additional measurements of quality are given such as the total harmonic
distortion, wow and utter, and stereo separation alongside visual defects.



Chapter 2

Design of the test record and
measurement technigues

A key component of this thesis is to establish a quantitative basis on which the audio
quality of test records are to be measured and judged. These measurements of audio
quality must accurately re ect how a listener might judge a record. This mirrors the process

by which press operators judge the quality of records as they are made. As records are
pressed in a commercial run, some sample records are chosen and listened to in a controlled
listening environment on professional grade equipment by the press operators. The trained
professional then makes a determination to judge whether the press is producing \good"
or \bad" sounding records and the press is adjusted accordingly until adequate audio and
visual quality is achieved. Such a process can be very time consuming and expensive.

For the purpose of this thesis, a test record was developed in order to allow for a much
more quantitative approach to measuring sound quality to be taken. As parameters are
being varied in the press real numbers needed to be attached to the audio measurements
in order to judge the change in audio due to the parameter change in the press. For this
purpose, a custom test record was developed, cut to a lacquer and four stampers were
produced in order to create test records. Only two stampers were used for the purpose of
this thesis, one for the a-side of the record loaded into the top mould of the WarmTone
and one for the b-side of the record loaded into the bottom mould of the WarmTome. The
test records contain a series of tones, silence and sweeps that facilitate measurements of
the surface noise RMS levels, coherence, wow and utter, frequency response, stereo bleed,
and total harmonic distortion through the development of custom MATLAB scripts. The
three main scripts SeperateTracks, RecordProcess and SensorProcess take as inputs wav
le recordings of the entire test record and the sensor data from the WarmTone and output
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a table of audio and sensor measurements on a per track per record basis, so all the audio
measurements of each individual track on each test record is recorded in a table, and then
matched up with the corresponding sensor data from the WarmTone. This large dataset
is further processed into plots and tables and then conclusions can be drawn from them.

This Chapter details the design of the test record, the signals that it contains and how
the audio measurements are taken using those signals. It also details the MATLAB scripts
that deal with the recordings as well as the press sensor data in order to produce the nal
data set.

2.1 Tracks on the test record

There are in total 25 tracks on the test record not including the leadin and leadout. The
signals found on the record are tones at 100 Hz, 1000 Hz, 3150 Hz and 10 000 Hz, a
logarithmic sweep from 16-16000 Hz and deliberate sections of silence. With the exception
of the 3150 Hz tone, these signals are repeated throughout the record cut in various ways.
First is as a traditional monophonic signal in both stereo channels, where the stylus tracks
laterally. Next as a vertical cut, such that the stylus moves vertically as it tracks the
signal{ as in a Hill and Dale recording. Lastly the tones may be cut to either the left or
the right channel. This set of tones and signals is repeated once on the record, with a long
stretch of silence called the transition in between. The complete track listing is given in
Table 2.1.

The extended periods of \silence" found in the quiet and transition tracks on the record
are in fact not silent at all, they contain over to -30 dB of unweighted RMS surface noise.
The majority of this surface noise is in the very low, inaudible frequencies peaking at
around 12 Hz and is classi ed as rumble noise. This region of low, inaudible rumble noise
also contains the turntable arm resonance, which is right around 20 Hz for the recording
setup. It's important to note that this noise is inaudible and to represent this the A or
CCIR/ARM weighted measurements will be used. When the surface noise is weighted with
A or CCIR/ARM weighting the surface noise RMS is much more reasonable at around -55
dB. In reality these surface noise levels should be interpreted even lower, as our data is
normalized to 7 cm/s, whereas a typical maximum signal found on a record is around 40
cm/s, as is the case on the Shure TTR-103, with Alexandrovich reporting unavoidable
distortion occurring at 50 cm/s. [10] As such, -15.14 dB should be subtracted from our
noise measurements, to normalize to 40 cm/s, the true peak signal found on a record, as
opposed to the 7 cm/s peak signal found on our test records. So the true signal to noise
ratio of our records are around -70 dB, -15.14 dB better than reported in this thesis due
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to the normalization. The details of these surface noise measurements and the record's
spectrum can be found in Chapter 5. The quiet tracks enable a lengthy measurement
of this surface noise which allows the best comparison of RMS noise levels between the
di erent test records. Typically if a press operator wanted to judge a records surface noise
they would only have the lead in and lead out grooves and the brief period of silence
between tracks to clearly listen to the surface noise without any music playing. There are
overall two quiet tracks and one transition track on the record that add up to over 139
seconds of silence on the test record. This enables a lengthy measurement of the surface
noise at three di erent groove radii.

This silence can also be used to measure the record coherence. These coherence mea-
surements are discussed in Chapter 5. This is especially interesting for the transition track.
The transition track is somewhat unique on the record, as it is the section of silence that
connects the two sets of signals, it contains grooves that are spaced close together as they
are in the quiet tracks and grooves that are spaced far apart in order to enable the stylus
to travel a fairly far distance on the record surface. A photograph of the test record is
included in Figure 2.1. The transition track is clearly visible as the large section of silence
that connects the two sets of signals. An interesting conclusion found in this and discussed
in Chapter 6, the transition track by far contains the most amount of clicks of all the tracks
on the record, by a factor of 10.

The tones included on the record are a 1 kHz normalization tone at 5 cm/s RMS, a
tone at 10 kHz, 100 Hz and 3150 Hz. There is a sweep of frequencies from 20 Hz - 16 kHz.
The 1 kHz tone along with the sweep is also repeated in the left channel only, the right
channel only and as a vertical cut, \Hill and Dale" recording. Hill and Dale recordings
modulate the stylus vertically rather than laterally for a signal in both channels, it is a
mainly outdated recording technique, it was noted obsolete in 1964 by the NAB. [3] The
tones cut to a single channel are meant for measuring stereo separation or stereo bleed.
The various other tones are mainly used for distortion measurements. The 3150 Hz is used
for Wow and Flutter however in theory any of the tones can be used for wow and utter.

Lastly the sweep from 20 Hz - 16 kHz enables measurements of the test record's fre-
guency response, a measurement that isn't to be confused with the record's noise spectra.
The frequency response discussed in Section 2.4, is a measurement of the records abil-
ity to reproduce signals of certain frequencies accurately, whereas the noise spectra are a
measurement of the frequencies contained in the record's background surface noise.
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Track name Description Duration (seconds)| Radius
leadin The quiet grooves after the needle drop. { 15 cm
1kHz 1 kHz at 7 cm/s peak velocity 5 cm/s RMS. 60 14.5 cm
10kHz A 10 kHz tone at -20 dB. 30 14.0 cm
100Hz A 100 Hz tone at -20 dB. 31 13.8 cm
sweep 20 Hz - 16 kHz. 36 13.5 cm
quiet A deliberate section of silence. 21 13.3 cm

3150Hz A 3150 Hz tone. 66 13.0 cm
1kHzL A 1 kHz tone in the left channel. 20 12.7 cm
sweepL 20 Hz - 16 kHz in the left channel. 37 12.5 cm
1kHzR A 1 kHz tone only in the left channel. 19 12.3 cm
sweepR 20 Hz - 16 kHz in the right channel. 37 12.1 cm
1kHzV A 1 kHz tone vertically cut. 19 11.8 cm
sweepV 20 Hz - 16 kHz vertically cut. 37 11.6 cm
transition A deliberate section of silence. 97 11.3 cm
1kHz2 Identical to track 1kHz. 60 9.2 cm
10kHz2 Identical to track 10kHz. 30 8.8 cm
100Hz2 Identical to track 100Hz. 31 8.6 cm
sweep2 Identical to track sweep. 36 8.4 cm
quiet2 Identical to track quiet. 21 8.2cm
3150Hz Identical to track 3150 Hz. 66 8.0 cm
1kHzL2 Identical to track 1 kHzL. 20 7.6 cm
sweepl2 Identical to track sweepL. 37 7.3 cm
1kHzR2 Identical to track 1kHzR. 19 7.0 cm
sweepR2 Identical to track sweepR. 37 6.8 cm
1kHzV?2 Identical to track 1kHzV. 19 6.5 cm
sweepV2 Identical to track sweepV. 37 6.3 cm
leadout The quiet and lockout grooves. { 5.2 cm

Table 2.1: The tracks found on the test records. L and R designate a signal only found in
the left or right channel respectively, V designates a signal that is vertically cut.

2.2 Normalization signal and procedure

One of the most crucial parts in the design of the test record is how the audio levels of the
di erent recordings will be normalized. When recording, the gain on the Focusrite interface
is a very key parameter as it sets the signal level and relative \volume™ of the recording.
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Figure 2.1: An image of the test record, note the two sets of signals and the large space
of silence in between them. The transition track is visible as the spaced out grooves in the
middle of the record connecting the two sets of signals.

Since records are being compared to one another and assessed, any measurements that
are sensitive to the volume level will be in uenced by these gain controls. To bypass these
controls a method to read the underlying signal level regardless of the gain on our recording
system was developed.

To accomplish this a reference signal of known velocity is cut to the disc. The level of
this signal is measured during playback, its amplitude in the digital domain directly corre-
sponds to the velocity of the stylus. Since the underlying velocity and the corresponding
digital level is known for this signal, the underlying velocity of an unknown signal can be
determined from its digital level using this reference signal. The NAB de nes a reference
tone of 1 kHz tone at 5 cm/s RMS (7 cm/s peak) for a length of 20 seconds. The ref-
erence tone used in this thesis is a 1 kHz tone at 5 cm/s RMS velocity for a duration of
60 seconds{ however the duration is ultimately unimportant as long as it is su cient to
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