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FOREWORD

It is a pleasure to welcome readers to the first issue of the Young Australians Science Journal.

Across Australia, students are already asking worthwhile scientific questions, designing investigations
and producing work that deserves an audience beyond the classroom. YASJ provides a place for that
work to be shared, discussed and built upon.

This first issue reflects the breadth of that research, from materials science and artificial intelligence
to planetary science, physics, environmental monitoring and chemistry. I congratulate the student
authors, and the teachers, mentors, reviewers and editors who have supported them.

UTS Science is proud to support YASJ, and I hope this inaugural issue is the beginning of a strong
national platform for young Australian scientists.

Professor James Wallman
Dean, Faculty of Science
University of Technology Sydney

YASJ | Volume 1 | Issue 1 | 2026 | yasj.org.au Page iii



Young Australians Science Journal

EDITOR’S NOTE

While one of our editors, James, was sitting down to write this editorial, one of his chickens wandered
into the living room. Fortunately, the dog ignored her. The chicken, meanwhile, had found a couple of
Bogong moths and was trying to eat them. This distracted James from the editorial.

Bogong moths (Agrotis infusa) migrate annually towards the Australian Alps, navigating using the
Earth’s magnetic field and the night sky (Dreyer et al., 2025). Their alpine aggregations are also an
important food source for the endangered mountain pygmy-possum (Burramys parvus) (Lownds et al.,
2026). This season in 2026 has seen an abundance of Bogong moths, sufficient even to show as rain on
the Bureau of Meteorology’s radar.

Within a few minutes, one chicken had connected a dog, a moth, astronomical navigation, radar, and
one of Australia’s smallest possums. It is one of the things we love about science: you notice something,
ask a question, and quickly find yourself somewhere you did not expect.

Across the editorial team, we have spent years reading and working with student research. We have
watched young people develop questions, learn from others’ research, design investigations, wrestle with
experiments, and decipher what their evidence means. Their questions regularly take us somewhere we
would never have thought to explore.

We have wanted something like the Young Australians Science Journal to exist for years because, too
often, students do all that work, write it up, hand it in, and that is where it stops. But science is
cumulative: one finding should become the starting point for another, with each researcher building on
and acknowledging those before them.

Over the years we have seen examples where student research inspired the next cohort. A project
using eggshells [citation not found] was later extended by another student. The same happened with a
project using plant foliage for chelation [citation not found]. It was remembered, passed on by a teacher,
improved by another student, and tested with different plants. The cycle existed, but it depended on
individual teachers and students remembering and passing the work along.

Publication changes that. It gives young researchers a genuine place in the scientific conversation.
As authors, their research becomes part of a wider exchange of ideas, open to scrutiny and further
investigation. They are not simply practising for some future point when they become scientists. They
are taking part in the practices of science now.

Science is a team sport. A project might depend on another student’s skills, a teacher who recognises
that an idea is worth taking further, or a mentor with the right expertise, equipment or question. It
also depends on work done by people the author may never meet. Publication makes those connections
visible.

Peer review is part of that conversation too. “Why did you do it that way?” can be annoying after
months of doing it that way. But answering might uncover an assumption, strengthen an explanation
or make a limitation clearer. Taking young people’s research seriously also means taking it seriously
enough to question it.

The six papers in this first issue range from ion beams (Otaibi, 2026) and artificial intelligence (Loukas,
2026) to projectile physics (Phillips, 2026), sulfur on Mars (Zhang & King, 2026), tunnel air quality
(Cole, 2026) and soapberries (Prokhorov, 2026). It is a wonderfully odd collection, which we quite like.

And perhaps that brings us back to James’ chicken. One observation becomes a question, the question
connects to something else, and somebody takes it somewhere unexpected.

It brings us true joy to be able to cite these accomplished young scientists here. We hope this journal
gives many young scientists somewhere to leave their work, and gives many researchers a starting place
for wonderful new ideas.

The YASJ Editorial Team
Dr Lisa Cabral, James Cleaver, Dr Ann Go6th, Dr Maria Luisa Gutierrez, Dr Matt Johansen and Dr
Lauren McKnight
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Editorial Figure 1. Research featured in the inaugural issue of the Young Australians Science Journal
(2026). Figures reproduced from the six research articles cited above.
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Variations of milling parameters and their effect on the volumetric
sputtering yield of Silicon with the use of a plasma focused ion beam

Willow Bean Otaibi!
!Bankstown Girls High School, NSW, Australia

ABSTRACT

Volumetric sputtering is a technique used to polish the sur-
face of materials at the atomic level used in the production of
semi-conductors and nanotechnology. This study examined the
effects of varying milling parameters, specifically voltage and
current, on the volumetric sputtering yield of silicon using a
plasma focused ion beam with argon gas. The experimental
process used a Helios 5 Hydra DualBeam Scanning Electron
Microscope Plasma Focused Ion Beam (SEM PFIB) to mill sili-
con surfaces with various voltage-current combinations. Milled
depths were analysed in ImageJ, and volumetric sputtering
yields were further calculated. The results demonstrate a statis-
tically significant difference between the effects of voltage and
current on the volumetric sputtering yield (ANOVA p = 0.02).
Current was identified as a significant factor (p = 0.008), while
voltage alone did not show statistical significance (p = 0.395).
Accelerating voltages of 12 kV and 30 kV demonstrated the most
stable and efficient sputtering processes. The results concluded
that the inverse proportionality, Y, = Vm"z]md, was present be-

tween volumetric sputtering yield and charge, through volume
removed, with a significant correlation between their natural
logarithms (p = 0.003).
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INTRODUCTION

Plasma Focused Ion Beam (PFIB) milling is used
in a range of industries that require high pre-
cision levels such as semiconductor production
and nanofabrication (Hoflich et al., 2023) (Bassim
et al., 2014). PFIB milling is used to produce
nanometer thin sections of biological specimens for
in depth structural and compositional analysis in
dental research (House et al., 2022). The rise of ad-
vanced technologies, such as artificial intelligence
and quantum computing, has further expanded
the applications of PFIB milling. The develop-

ment of next generation silicon-based microchips
and nanodevices is reliant on PFIB milling for
the precise etching and patterning of optoelec-
tronic nanoscale structures. Furthermore, recent
advancements in gas source ion beams (GSIBs),
such as He+ PFIBs, offer the potential to re-
place Ga+ PFIBs due to their ability to achieve
nano-resolution imaging with lower implantation
damage and pollution (Li et al., 2021).

Volumetric sputtering refers to the amount of sur-
face material removed per unit of electric charge.
It involves the ejection of atoms or ions from a
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material’s surface, typically a metal, caused by
the bombardment of energetic ions. Sputtering
occurs when these incoming ions transfer energy
to the atoms in the solid, leading to the ejection
of atoms from the surface. The volumetric sput-
tering yield can be mathematically expressed as
the following :

}/S _ V;en;oved (1)

Where Y; is the volumetric sputtering yield,
Viemoved 18 the volume of the material removed,
and ¢ is the charge delivered, expressed in units
of um3/nC (Kim et al., 2012).

Milling is a technique defined as the process of
removal of material from the surface of a sub-
strate, in this case, with the use of a focused ion
beam. Milling parameters refers to the variables
that govern and affect the outcome of how much
material is removed from the substrate. Voltage
and current are the two parameters investigated
in this study.

The effect of high voltage on the volumetric
sputtering yield

High voltages increase the energy of the bom-
barding ion and are responsible for strong electric
fields, consequently increasing the ion acceleration;
leading to efficient sputtering and a high sputter
rate.

The ion has sufficient momentum to cause a contin-
uous cascade of momentum transfer in the target
material (Hashmi, 2016). Therefore, a number of
surface atoms within the target will be disturbed
and accelerated out of the material. These ejected
atoms will travel in a straight line until they de-
posit on a nearby surface in an inelastic collision.
As high voltages increase the ion energy, the colli-
sion rate increases, increasing the sputter rate as
a result. Refer to Figure 1.
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Figure 1. Ion bombardment of a target

material, showing sputtering and deposition.
The diagram is not to scale.

The effect of beam current on the volumetric
sputtering yield

High currents result in a greater flow of charged
ions impacting the target material within a given
time period. As the current increases, the num-
ber of ions striking the target material per sec-
ond also increases, leading to a high collision rate
that results in the ejection of surface atoms from
the target material. Consequently, the volumet-
ric sputtering yield increases with beam current,
which can be mathematically described as:

=1 (2)

where [ is current, ¢ is charge, and ¢ is time.

Despite the extensive interest in gallium ion
milling in literature (Kim et al., 2012) (Pastewka
et al., 2009), other ion species, such as argon,
appear to have been comparatively understudied.
While singly-charged gallium ions (Ga+) ions have
been the focus of numerous investigations due to
their effectiveness in various milling applications,
the exploration of alternative ions remains limited.

Silicon was chosen as the material of study due
to its importance in semiconductor technology
and its extensively reported response to ion beam
processing, making it an ideal material for evalu-
ating the effectiveness of different ion species and
milling parameters, further providing methods to
optimise PFIB processes to establish the scope of
upcoming microelectronics (Siew et al., 2021).

This study addresses the understudied areas
within the field by using argon as the ion species
in a plasma focused ion beam system to examine
how varying milling parameters, specifically volt-
age and current, affect the volumetric sputtering
yield of silicon. Understanding the effects of these
parameters will contribute to the development of
more effective and versatile ion beam tools, leading
to advancements in semiconductor manufacturing
and other high precision applications.

It is hypothesised that the volumetric sputter-
ing yield of silicon in argon PFIB milling is more
strongly influenced by beam current than the ac-
celerating voltage, given the direct dependence
of material removal on ion flux and accumulated
charge. To examine this relationship, the effects
of systematically varying beam current and accel-
erating voltage on volumetric sputtering yield are
investigated under controlled milling conditions.

YASJ | Volume 1 | Issue 1 | 2026 | yasj.org.au
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METHODOLOGY

Preparation of the silicon sample

The silicon sample was prepared through a clean-
ing process, beginning with 2 minute sonication
in acetone to remove contaminants. This was fol-
lowed by a second sonication in isopropyl alcohol
(IPA) to ensure thorough cleansing. Finally, the
sample was dried using pressurised nitrogen gas,
leaving it free of any remaining residues. This
process was completed to reduce the likelihood of
any unwanted particles, such as dust or oils, on
the silicon surface, which may interfere with the
experimental procedure and affect the accuracy
of the results.

Preparation of the scanning electron microscope
plasma focused ion beam

Calibration of the SEM PFIB (Helios 5 Hydra Du-
alBeam) takes place overnight at the end of each
week. This is completed so angle measurements
are accurate and to reduce magnification errors

(Ghosh, 1975).

Process of imaging with the scanning electron
microscope

The Helios SEM was operated through the use of
an algorithm, written in Python and automated
to mill each area of the silicon sample with specific
voltage - current conditions (Table 1). The full
code is provided in Supplementary Code S1. The
collection of one set of sputtering yield data took
place overnight (4 - 8 hour period).

Process of analysis using ImageJ

FEach image was uploaded into the free image-
analysis software ImageJ. The software was cali-
brated and used to find the depth of the image by
counting each selected pixel. After the depth was
found, mathematical calculations were carried out
to determine the correct milled depth. The full
ImageJ analysis procedure and an example calcu-
lation of the corrected milled depth are provided
in the supplementary material.

Table 1. Milling depths for silicon using argon ions
(n=1). An en dash indicates that a value was unavail-
able.

Volumetric
Voltage Current Milled depth sputter yield

(kV) (nA) (1m) (um®nC~t)

5 0.2 — —

5 3.1 0.4962 0.5335

5 4.8 0.7348 0.5103

5 9.3 0.7868 0.2820

5 20.0 0.7690 0.1282

8 0.2 - —

8 3.9 0.4442 0.3796

8 6.1 0.5812 0.3176

8 9.5 0.4784 0.1679

8 20.0 0.8211 0.1368
10 0.21 — —
10 1.4 0.0850 0.2024
10 5.9 0.4442 0.2509
10 12.0 0.8211 0.2281
10 35.0 1.1459 0.1091
12 0.21 - 0.0000
12 1.2 0.1371 0.3807
12 4.8 0.5304 0.3684
12 14.0 1.1193 0.2665
12 50.0 2.2576 0.1505
30 0.2 - -
30 0.7 - -
30 2.0 0.1536 0.2559
30 7.6 0.4619 0.2026
30 28.0 2.0012 0.2382

RESULTS

Figure 2(a) shows that as charge increases, volu-
metric sputtering yield decreases for each voltage.
This is consistent with the inverse relationship sug-
gested by Equation (1), where Yy %. Although
the volume removed is not constant, the overall
hyperbolic trend remains evident. Localised de-
viations from this trend are observed at specific
data points, including (840, 0.2382) at 30 kV and
(177, 0.2509) and (360, 0.2281) at 10 kV, where
the volumetric sputtering yield increases rather
than decreases.

Figure 2(b) shows that milled depth increased with
charge for all voltages. Higher voltages resulted
in greater milled depth for equivalent charge, as
indicated by the sharp increase in milled depth at
12 kV and 30 kV.

Figure 3 shows the silicon sample after milling
under the five accelerating voltages and associated
beam-current conditions listed in Table 1.

Statistical analysis

The hypothesis can be restated as null and alter-
native hypotheses:

Hy: There is no significant difference between the
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(a)

Sputter Yield vs Charge

(b)

Milled Depth vs Charge
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Figure 2. (a) Volumetric sputtering yield of silicon as a function of delivered charge. (b) Milled depth

of silicon as a function of delivered charge.

i

Figure 3. Silicon milled using argon ions. Rows show accelerating voltages of 5, 8, 10, 12 and 30 kV
from top to bottom; beam current varies between milled areas (see Table 1).

effect of voltage and current on the volumetric
sputtering yield of Silicon.

H;y: There is a significant difference between the
effect of voltage and current on the volumetric
sputtering yield of Silicon.

The ANOVA significance value was calculated
using the multiple linear regression model:
Y =B+ 51Xy + FoXo + e

Using the reported units, the fitted multiple linear
regression model is:

Y, = 0.36627 — 0.005361 — 0.00247V
=+ 0.04697

where Y is measured in ym?3/nC, I is beam cur-
rent in nA, and V is accelerating voltage in kV.

The null hypothesis was rejected, as the ANOVA
returned a significance value of 0.02 (o = 0.05)
(Table 2), indicating a significant difference be-
tween the effect of voltage and current on the
volumetric sputtering yield of silicon. Current
was a significant factor affecting the volumetric
sputtering yield (p = 0.008), while voltage alone
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Page 4



Milling parameters and sputtering yield

Young Australians Science Journal

did not show statistical significance (p = 0.395)
(Table 2).

Table 2. p-values for variables associated with volu-
metric sputtering yield and the ANOVA significance
for voltage and current.

Y-variable X-variable p ANOVA
Volumetric Voltage 0.395 0.02 for
sputtering yield Current 0.008 voltage and
Milled depth 0.183 current
Charge 0.008 -
Natural log of Natural log of charge  0.003 -

volumetric
sputtering yield

Using the fitted linear relationship from the log-log
plot demonstrated in Figure 4,

In(Y;) = —0.2778 In(q) + 0.1044

the volumetric sputtering yield can be expressed
as

Y, = 1.1100 ¢~ %2778,

This relationship suggests a power-law dependence
of volumetric sputtering yield on charge, which
may be approximated as

1/3 1/4

Ysocqg /7 or Ysocq

corresponding to Equations (4) and (5), respec-
tively.

Y, ~ 2 (4)
s ql 3
a
Y, ~ L (5)
5T g/

Figure 4 demonstrates a linear relationship be-
tween the natural logarithm of volumetric sput-
tering yield and natural logarithm of charge, in-
dicating that the data follows a power-law model.
Additional sampling and analysis are required to
determine whether Equation (4) or Equation (5)
provides the more accurate description.

The R? value of Figure 4 is higher than the R?
value of Figure 5 (42% compared to 34%), sug-
gesting that the log-log representation provides a
better fit to the data than the linear scale. The
remaining unexplained variance indicates that ad-
ditional parameters not investigated in this study
also have an influence on the volumetric sputtering
yield.

Matural Log of Volumetric Sputtering Yield v Natural Log of Charge

y=-0.2778x +1.2559
R’ = 42.02%

uttering ¥ield (m"3/C)

Natural Leg ofVeolumetric Sp

-18 -17 -16 -15 -14 -13 -12
Natural Log of Charge (C)

Figure 4. Natural logarithm of volumetric
sputtering yield as a function of the natural
logarithm of delivered charge.

Volumetric Sputtering Yield vs Charge

R¥=0.3431

Volumetric Sputtering Yield (m*3/C)
& .
.
.
3

0 0000002 0.0000004 0.0000008 0.000001

Charge (C)

00000012 00000034 0.0000016

Figure 5. Volumetric sputtering yield as a
function of delivered charge, with a fitted
trendline.

DISCUSSION

Volumetric sputtering yield and milled depth
relationship

Figure 2 shows that the higher the voltage, the
more stable and efficient the sputtering and
milling processes are, as shown by the measured

volumetric sputtering yield and the greater milled
depth at high voltages (12 kV and 30 kV).

Inconsistencies in sputtering are shown by the
sharp decrease in the volumetric sputter yield
value regarding a voltage of 5 kV. This inconsis-
tency can be attributed to redeposition of the
sputtered material, surface damage induced by
the ion beam, and surface roughening. These fac-
tors heavily reduce the efficiency of the sputtering
process as milling progresses, leading to low vol-
umetric sputtering yield. The same phenomena
have been observed in similar ion beam studies
regarding milling of silicon. Prolonged milling in-
troduces complexities and inconsistencies which ul-
timately decrease the volumetric sputtering yield
(Jamaludin et al., 2013).
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Further graphical analysis

The volumetric sputter yield generally decreased
with increasing charge across all voltages (Figure
2(a)). The rapid drop at lower voltages (5 kV
and 8 kV) suggests that the energy provided by
the ion beam was insufficient in order to maintain
efficient sputtering as charge accumulates. In con-
trast, the decrease in the volumetric sputter yield
was more stable at high voltages as this provided
more kinetic energy because the ions carry greater
momentum. This allowed them to sustain mate-
rial removal even as the charge increased, leading
to a more stable volumetric sputter yield.

Figure 2(b) shows that high voltages and high
charge values ed in a greater amount of material
removal, suggesting that they provided enough
energy to maintain a high milling rate as charge
increased. This may be due to more energetic
ions penetrating deeper into the target material,
resulting in a more effective milling process.

The SEM PFIB is the industry standard for high
precision milling and analysis, ensuring precise
and relevant measurements (Kim et al., 2018)
(Liu et al., 2020). To minimise potential sources
of measurement error, the used SEM was routinely
calibrated.

This experiment successfully isolated the effect of
the independent parameters, voltage and current,
on volumetric sputtering yield by employing argon
as the ion species across all milling conditions.
The silicon target material and image analysis
methodology were kept consistent throughout the
study, minimising variability.

The data collected closely aligned with theoret-
ical expectations, with higher accelerating volt-
ages producing more stable volumetric sputtering
yields. As shown in Figure 2, the observed trends
are consistent with the relationships described
by Equation (1), confirming an inverse propor-
tionality between volumetric sputtering yield and
delivered charge. Rearranging Equation (1) al-
lows the dependence between milled depth and
charge to be expressed as Equation (4), indicating
a direct proportionality between milled depth and
charge. This proportionality is reflected in Fig-
ure 2(b), where the milled depth increased with
increasing charge delivered by the ion beam.

Y, =-*
q

where the volume removed is given by V, = L X

Yyq
dm = 6
™ Lw (6)
where d,, is the corrected milled depth, Y; is
the volumetric sputtering yield, ¢ is the delivered
charge, and L and w are the length and width of
the milled area, respectively.

Sody X g

Both graphs align with their respective mathe-
matical models, providing initial validation of the

observed relationships between charge, volumet-
ric sputtering yield, and milled depth. However,
further validation would require a larger sample
size in order to reduce statistical uncertainty and
improve the statistical confidence of the results.

Variations in the volumetric sputtering yield,
particularly at lower voltages, suggest potential
sources of uncertainty. These variations may arise
from surface roughening, redeposition of sputtered
material, and ImageJ-based depth measurement
uncertainty. Measurement uncertainty was re-
duced by using high precision instruments.

The experimental process lacked repetition due to
time and resource constraints. The nature of this
study required meticulous calibration and execu-
tion, as the experimental workflow involved multi-
ple stages, including sample preparation, milling,
and imaging. Each session required approximately
4-8 hours for data collection, including overnight
processes for imaging and depth measurement
with the focused ion beam. The availability of the
Helios 5 Hydra DualBeam SEM PFIB was limited,
as the instrument was in high demand. Further
work would benefit from a large sample size and
increased repetition. Despite these limitations,
the image analysis methodology remained consis-
tent across all measurements, and the observed
trends in each graph aligned with their expected
mathematical models.

Future work

Future work should include testing with more
ion species, like investigating xenon, nitrogen and
carbon, and having larger sample sizes incorporat-
ing a broader range of voltage and current values
and repeated trials for each ion species. Further
analysis of the mathematical models presented in
Figures 4 and 5 would also help determine whether
Equation (4) or Equation (5) more accurately de-
scribes the observed behaviour.
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CONCLUSION

This study investigated the effects of varying
milling parameters on the volumetric sputtering
yield of silicon using a plasma-focused ion beam
using an argon ion species. The results demon-
strated a significant difference between the effects
of voltage and current on the volumetric sputter-
ing yield, with an ANOVA significance value of
0.02 (p < 0.05). Higher voltages (12 kV and 30 kV)
resulted in more consistent sputtering behaviour,
as evidenced by greater milled depths and consis-
tent volumetric sputtering yields. The volumetric
sputtering yield showed an inverse relationship
with charge, decreasing as charge increases across
all voltages. Current showed to be a significant
factor, affecting the volumetric sputtering yield
(p = 0.008), while voltage alone did not show sta-
tistical significance (p = 0.395). The natural log
of charge also demonstrated a significant relation-
ship with the natural log of volumetric sputtering
yield (p = 0.003), although more work is needed
to confirm this relationship. These findings con-
tribute to the understanding of ion beam milling
processes and have implications for optimising
parameters in semiconductor manufacturing and
other high-precision applications which include
semiconductor manufacturing, quantum comput-
ing, and nanodevice fabrication.
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ABSTRACT

Ribonucleic acid sequencing-based gene expression profiling
enables molecular-level cancer diagnosis. However, most ma-
chine learning approaches lack the interpretability required for
clinical adoption. This investigation examined how accurately
a recurrent neural network could classify gene expression data
to distinguish malignant from healthy breast tissue, determine
molecular subtypes, and reveal key gene expression patterns.
It was hypothesised that a multi-task recurrent neural net-
work would achieve high diagnostic accuracy while providing
gene-level interpretability. A bidirectional long short-term mem-
ory model was trained on The Cancer Genome Atlas Breast
Cancer dataset (1,109 malignant and 109 solid tissue normal
samples) following extensive preprocessing, including reducing
20,530 genes to 5,000 features. The model achieved 96.5%
accuracy for malignancy classification, with 100% sensitivity
and 70.6% specificity, and 75.4% accuracy for molecular sub-
type classification. Explainability analysis identified transferrin,
adenosine diphosphate ribosylation factor interacting protein 2,
and moesin as key genes, highlighting roles of iron metabolism
and cytoskeletal regulation. These findings demonstrate that
recurrent neural networks can achieve clinically applicable accu-
racy for transcriptomic breast cancer diagnosis whilst providing
interpretable, gene-level insights, thereby addressing critical
barriers to artificial intelligence adoption in oncology.
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INTRODUCTION

Breast cancer is the most frequently diagnosed ma-
lignancy among women worldwide and remains a
leading cause of cancer-related mortality, account-
ing for approximately 15% of female cancer deaths
globally (Zhang et al., 2025). In Australia, an-
nual diagnoses have increased from approximately
13,500 cases in 2000 to over 20,000 in 2024, with
mortality also rising despite advances in imaging,

pathology, and treatment (Australian Institute of
Health and Welfare, 2025). “While the overall
5-year survival rate in stage 1 breast cancer is
99%, it drops to 27% when distant metastases are
detected” (Burcu et al., 2023). This highlights
the need for earlier, molecular-level diagnostic
strategies which detect malignancy before overt
morphological change.

Breast cancer is biologically heterogeneous and
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comprises distinct molecular subtypes: luminal
A, luminal B, human epidermal growth factor
receptor 2-enriched (HER2-enriched), and basal-
like. These principal subtypes are currently classi-
fied using immunohistochemistry (IHC) markers
for oestrogen, progesterone, and HER?2 receptors
(Orrantia-Borunda et al., 2022). However, IHC
oversimplifies tumour biology and fails to cap-
ture transcriptional heterogeneity. Gene expres-
sion profiling reveals earlier and more nuanced
distinctions, such as elevated estrogen-receptor
1 (ESR1) and guanine-adenine-thymine-adenine
binding protein 3 (GATA3) in luminal A tumours,
increased marker of proliferation Ki-67 (MKI67)
in luminal B tumours, erb-b2 receptor tyrosine ki-
nase 2 (ERBB2) amplification in HER2-enriched
disease, and tumour protein p53 (TP53) muta-
tions in basal-like cancers (Orrantia-Borunda et
al., 2022). These transcriptional signatures often
precede phenotypic changes, positioning gene-level
analysis as a powerful tool for early detection.

Ribonucleic acid sequencing (RNA-seq) enables
high-resolution transcriptomic profiling and sur-
passes microarrays in sensitivity, range, and the
ability to detect low-abundance and novel tran-
scripts (Mantione et al., 2014). Advances in high-
throughput sequencing system (HiSeq) technolo-
gies have substantially reduced costs (Levy &
Boone, 2019). Despite its biological value, clin-
ical adoption remains limited due to the com-
putational challenges posed by high-dimensional
datasets and the need for robust analytical frame-
works to extract clinically meaningful insights.
(Acedo-Terrades et al., 2025).

Deep learning (DL) approaches have shown
promise in cancer classification, particularly in
medical imaging (Kim et al., 2021). Convolu-
tional neural networks (CNN) have achieved high
diagnostic accuracy using imaging modalities (Yu
et al., 2023). However, such methods often rely on
high-radiation or late-stage morphological data,
limiting their suitability for early detection (Yu
et al., 2023). Recurrent neural networks (RNN),
particularly those incorporating bidirectional long
short-term memory units (Bi-LSTM), are well-
suited to modelling complex dependencies within
sequential data (Schuster & Paliwal, 1997) and
have demonstrated strong predictive performance
in oncology (Dasgupta et al., 2025). Nonetheless,
most existing RNN applications exclude transcrip-
tomic inputs (Kim et al., 2021).

Another barrier to clinical translation is the lim-

ited interpretability of DL models. In oncology,
where decisions are high-stakes, opaque “black-
box” predictions undermine trust and ethical de-
ployment (Islam et al., 2024). Explainable artifi-
cial intelligence (AI) techniques such as SHapley
Additive exPlanations (SHAP) enable gene-level
attribution, allowing model predictions to be in-
terpreted and contextualised within established
biological frameworks (Lundberg & Lee, 2017).
While some studies have applied DL to gene ex-
pression data, few integrate explainability, and
even fewer employ large, well-annotated datasets
such as The Cancer Genome Atlas (TCGA) (Al-
harbi & Vakanski, 2023).

Recent transcriptomic studies have also identi-
fied emerging breast cancer biomarkers, includ-
ing transferrin (TF), adenosine diphosphate ribo-
sylation factor interacting protein 2 (ARFIP2),
and moesin (MSN), which are implicated in iron
metabolism, cytoskeletal regulation, and treat-
ment resistance but remain absent from standard
clinical panels (Alhaddad et al., 2025; Shi et al.,
2024). The detection and validation of such sub-
tle, non-canonical signals highlight the need for
models that combine predictive accuracy with bi-
ological interpretability.

This study therefore asks whether a RNN trained
on RNA-seq gene expression data can accurately
and interpretably classify breast cancer and its
molecular subtypes. The aim of this research
was to develop a Bi-LSTM RNN using RNA-seq
data from TCGA dataset to distinguish malig-
nant from healthy tissue and identify molecular
subtypes while providing gene-level explanations.
It was hypothesised that integrating biologically
informed preprocessing, recurrent DL architec-
ture, and explainable AI would yield clinically
relevant diagnostic accuracy while revealing bio-
logically meaningful gene expression drivers. Col-
lectively, this work demonstrates the potential of
interpretable DL to address key limitations in cur-
rent breast cancer diagnostics and advance the
clinical adoption of transcriptomic Al models.

MATERIALS AND METHODS

Dataset selection and computational infrastruc-
ture

Gene expression data were obtained from The
Cancer Genome Atlas Breast Invasive Carcinoma
(TCGA-BRCA) cohort, comprising 1,109 primary
breast tumours and 109 solid tissue normal sam-
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ples (total n = 1,218), sequenced using the Illu-
mina HiSeq platform (The Cancer Genome Atlas
Program, 2018). Sample identities were assigned
using TCGA barcode conventions, where “-01” de-
noted primary tumours, “-06” revealed metastatic
samples and “-11” indicated normal breast tissue.
All analyses were conducted in Python 3.10 us-
ing TensorFlow for DL implementation. Model
training and experimentation were performed in
Google Colab to enable graphics processing unit
acceleration and reproducibility.

Batch effect assessment and data cleansing

To assess latent technical variation, dimensional-
ity reduction was performed using t-distributed
stochastic neighbour embedding (t-SNE). Sam-
ples were annotated by technical covariates in-
cluding sequencing centre, tissue source site, vial
number, and collection indicators. No batch ef-
fects were detected, hence, batch correction was
not applied. Principal component analysis (PCA)
was additionally used as a confirmatory linear
assessment of variance structure. Outlier detec-
tion was conducted using Mahalanobis distance
to identify samples with multivariate expression
profiles deviating from the cohort centroid. Sta-
tistical outliers were subsequently contextualised
through cohort-level validation against canonical
oncogenes, tumour suppressors, and housekeeping
genes using fold-change analysis. Three filtering
strategies were evaluated, and the final dataset
was selected to maximise molecular subtype sepa-
ration while preserving sufficient sample size for
model training.

Gene filtering and feature selection

Low-information genes were removed using a dual
threshold approach, excluding genes with variance
< 0.1 and those within the lowest 10% of mean
absolute expression. This retained 18,477 genes
while preserving biologically relevant tumour sup-
pressors and regulatory genes. Differential ex-
pression analysis was conducted using two-sample
Student’s t-tests to compare malignant versus
normal tissue and between molecular subtypes.
Genes with p < 0.05 and |logs fold change| >
0.585 were considered significant, yielding 15,925
differentially expressed genes. To reduce redun-
dancy, Pearson correlation filtering was applied
with a threshold of |r| > 0.85. Highly correlated
gene pairs were assessed using F-tests to confirm
comparable variance. Genes were then ranked us-

ing an analysis-of-variance F-statistic to quantify
discriminatory power across molecular subtypes.
The top 5,000 genes were retained for model input,
resulting in an effective sample-to-feature ratio
suitable for DL.

Neural network architecture and training

Data were standardised and stratified into train-
ing (70%), validation (15%), and test (15%) sets.
Input data were reshaped to a (samples, 1, fea-
tures) format. A multi-task Bi-LSTM RNN was
constructed, consisting of two Bi-LSTM layers
(128 and 64 units), followed by dropout (0.30), a
dense layer (32 units, rectified linear unit (ReLU)
activation), and dual output layers for binary (sig-
moid) and subtype (softmax) classification. L2
regularisation (A = 0.001) was applied. The model
was trained using the Adam optimiser (learning
rate = 0.001) with early stopping (patience = 5
epochs). The final architecture comprised 905,495
trainable parameters.

Model evaluation and interpretability

Performance was evaluated using accuracy, sen-
sitivity, specificity, precision, and F1 score, com-
puted with sklearn.metrics. Confusion matrices
were generated for both malignancy and subtype
classification. Model interpretability was assessed
using SHAP, with beeswarm plots used to identify
gene-level contributions to predictions. SHAP-
identified genes were cross-referenced with estab-
lished and emerging breast cancer biomarkers to
assess biological plausibility.

RESULTS

To ensure that downstream modelling was per-
formed on biologically coherent and statistically
reliable data, a systematic dataset curation and
feature selection process was undertaken to im-
prove sample-level quality while preserving dis-
criminative molecular signal. Four sample filtering
strategies were compared - unfiltered, conserva-
tive, moderate, and strict - each removing samples
based on increasing confidence of biological im-
plausibility or transcriptional dysregulation (Table

1).

Dataset quality was quantified using clustering
separation score, compactness, and their ratio as
an overall quality metric.

Progressive filtering resulted in monotonic im-
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Table 1. Comparative analysis of dataset filtering strategies

Dataset Samples Separation Compactness Quality Ratio Sample
Score Retention
Original 956 78.80 331.21 0.24 100%
Conservative 955 78.89 332.85 0.24 99.9%
Moderate 952 80.30 289.27 0.28 99.6%
Strict 932 83.29 271.81 0.31 97.5%

provements in clustering quality, with the separa-
tion score increasing from 78.80 in the unfiltered
dataset to 83.29 under strict filtering, and the
quality ratio increasing from 0.24 to 0.31 (Table
1). However, increasing stringency was associated
with reduced sample retention, decreasing from
100% in the unfiltered dataset to 97.5% under
strict filtering. Conservative filtering yielded min-
imal improvement in clustering quality despite

a) Comparative t-SNE Analysis: Original vs Filtered Datasets
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near-complete sample retention (99.9%), indicat-
ing that removal of only the most extreme outliers
was insufficient to substantially improve dataset
structure.

Visualisation using t-SNE demonstrated progres-
sive refinement of molecular subtype clustering
with increasing filtering stringency (Figure 1a).

b) Comparative PCA Analysis: Original vs Filtered Datasets
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Figure 1. Effect of Progressive Filtering on TCGA-BRCA Sample Structure. (a) Compara-
tive t-SNE plots of TCGA-BRCA sample clustering: original dataset vs. increasing filtering stringency
(conservative, moderate, strict). More stringent filtering yields more defined clusters (colours denote
subtype: grey = normal, blue = Luminal A, orange = Luminal B, purple = HER2-enriched, red =
Basal-like). (b) Comparative PCA of Dataset Filtering Strategies. Each point represents a sample,
projected onto the first two principal components (PC1 and PC2), which together explain 17.9% of

total variance (PC1: 10.2%, PC2: 7.7%).

The unfiltered dataset exhibited diffuse and over-
lapping subtype clusters, whereas moderate filter-
ing produced clearer separation between normal
tissue, luminal, HER2-enriched, and basal-like
samples while preserving expected areas of biolog-
ical overlap. Although strict filtering produced
the most compact clusters, boundaries appeared
overly discrete, suggesting potential over-pruning
of biologically valid intermediate samples. PCA
was used as a complementary quality control mea-
sure and showed broadly consistent subtype or-
ganisation across filtering strategies, with the first
two components explaining 17.9% of total variance
(PC1: 10.2%, PC2: 7.7%; Figure 1b).

Based on the combined quantitative metrics and

clustering visualisations, the moderate filtering
strategy was selected for all downstream analyses
as it achieved substantial improvement in dataset
quality while retaining 99.6% of samples, thereby
balancing data integrity with statistical power.

Following sample-level curation, feature selection
reduced the dataset from 20,530 genes to 5,000
discriminative features (Table 2).
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Table 2. Gene filtering pipeline results

Step Method Threshold / Criteria Genes
Retained
Initial Count - - 20530
Low-Information Selective Removing genes with mean absolute Var Threshold: 0.10 18477
Filtering expression < £ 0.10
Differential Expression T-test (p < 0.05) p < 0.05 15925
Analysis
Quantile Normalisation Standardised variance 1.001 — 0.088 -
Signal-to-Noise (SNR) Filtering SNR ratio SNR > 1.0 492
Correlation filtering Pearson correlation r > 0.85 15285
F-statistic ranking Top discriminative features Top 5000 5000

Differential expression analysis identified 15,925
significantly dysregulated genes between classes
(p < 0.05, a = 0.05), providing a statistically
supported basis for dimensionality reduction. To

Table 3. Biomarker retention in final feature set

assess biological validity of the final feature set,
retention of established breast cancer biomarkers
was evaluated (Table 3).

Biomarker Category Total Retained Retention Key Examples Retained
(%)

PAM 50 Genes 10 3 30.0 ESR1, PGR, ERBB2

Tumour Suppressors 7 4 57.1 BRCA1, BRCA2, PTEN,
CDKN2A

Oncogenes 6 3 50.0 MYC, CCND1, EGFR

Luminal Markers 5 5 100.0 ESR1, PGR, GATA3, FOXA1,
TFF1

Basal Markers 6 2 33.3 EGFR, FOXC1

HER2-Enriched Pathway 5 60.0 ERBB2, PGAP3, LASP1

Overall 39 20 51.3 -

Binary classification of malignant versus normal
breast tissue achieved an overall accuracy of 96.5%
(Figure 2a).

All malignant samples were correctly classified
(sensitivity = 100%), while 12 of 17 normal sam-

Table 4. Malignancy classification performance metrics

ples were correctly identified (specificity = 70.6%),
resulting in five false positive predictions and no
false negatives. Performance metrics reflected
balanced classification despite class imbalance,
with a weighted Fl-score of 0.96 (Table 4).

Precision Recall F1-Score
Healthy 1.00 0.71 0.83
Malignant 0.96 1.00 0.98
Accuracy - - 0.97
Macro Average 0.98 0.85 0.90
Weighted Average 0.97 0.97 0.96
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Figure 2. Confusion Matrices For Breast Cancer Classification. (a) Confusion Matrix for
Malignancy Classification. The matrix demonstrates high sensitivity (1.00) for malignant tissue
detection with minimal false positive predictions. (b) Confusion Matrix for Molecular Subtype
Classification. Note: TNBC (Triple-Negative Breast Cancer) labels represent the Basal-like

subtype.

Subtype classification achieved an overall accu-
racy of 75.4%, with performance varying across
molecular subtypes (Figure 2b). Luminal A and

basal-like tumours demonstrated the highest clas-
sification performance, with recall values of 86.2%
and 86.4% respectively (Table 5).

Table 5. Molecular subtype classification performance metrics

Precision Recall F1-Score
Luminal A 0.78 0.86 0.82
Luminal B 0.61 0.59 0.60
HER-2 0.50 0.30 0.38
Basal-Like 0.95 0.86 0.90

Luminal B exhibited intermediate performance
(recall = 58.6%), while the HER2-enriched sub-
type showed the lowest recall (30.0%). Misclas-
sification patterns were dominated by confusion
between luminal A and luminal B subtypes, which
together accounted for 61.3% of all classification
errors (Figure 2b). Conversely, basal-like tumours
showed comparatively low overlap with other sub-
types.

Substantial gene overlap was observed across sub-
types, particularly among luminal and HER2-
enriched tumours, whereas basal-like predictions
were driven by more distinct features (Figure 3).

Across all subtypes, TF emerged as a consistently
influential feature, while ARFIP2 and Bardet-
Biedl syndrome 12 (BBS12) appeared in multiple
subtype signatures. In contrast, several genes
demonstrated subtype exclusivity, including cad-

herin 19 (CDH19), hydroxysteroid 17-beta de-
hydrogenase 8 (HSD17B8), and kelch like fam-
ily member 13 (KLHL13) for luminal A; ser-
ine peptidase inhibitor Kazal type 4 (SPINK4)
and Solute Carrier Family 9 Member A3 regula-
tor 1 (SLC9A3RI1) for luminal B; neurofilament
light chain (NEFL), ribosomal protein L26 like 1
(RPL26L1), and MSN for HER2-enriched tumours;
and maternally expressed 3 (MEG3), delta/notch
like epidermal growth factor repeat containing
(DNER), and purinergic receptor P2X 6 (P2RX6)
for basal-like tumours (Table 6).
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Figure 3. SHAP summary plots showing shared and subtype-specific gene
contributions across breast cancer molecular subtypes. Luminal A (top
left), Luminal B (top right), HER2-enriched (bottom left), and Basal-like
(bottom right).

Table 6. Top 10 SHAP-identified genes by molecular subtype

Rank Corresponding Genes
Luminal A Luminal B HER2-Enriched Basal-Like

1 TF ARFIP2 TF ACAT2
2 ARFIP2 HYMAI BBS12 BBS12
3 BBS12 TF ARFIP2 SSPN
4 HYMAI BTRC LHCGR MEG3
5 LHCGR ACAT2 HYMAI PSENEN
6 HSD17B8 SPINK4 NEFL DNER
7 BTRC SSPN ACAT2 HNRPAB
8 KLHL13 SLC9A3R1 RPL26L1 LHCGR
9 PER2 PER2 MSN P2RX6
10 CDH19 PSENEN HNRNPAB TF
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DISCUSSION

This investigation evaluated whether a RNN
trained on RNA-seq gene expression data could
accurately distinguish malignant from healthy
breast tissue, classify molecular subtypes, and
identify key genes driving these predictions. Over-
all, the model achieved high diagnostic perfor-
mance, demonstrating 96.5% accuracy and 100%
sensitivity for malignancy detection (Figure 2a),
alongside moderate specificity (70.6%). Subtype
classification accuracy reached 75.4% (Figure 2b),
with performance varying across molecular sub-
types. Explainability analysis revealed biologically
plausible gene signatures that aligned with both
established and emerging breast cancer biomark-
ers (Figure 3). Collectively, these findings sup-
port the hypothesis that transcriptomic differ-
ences between healthy and malignant tissue can
be leveraged by RNNs to enable accurate and
interpretable breast cancer classification.

The absence of false negatives in malignancy clas-
sification is clinically significant, as it indicates
that no malignant samples were incorrectly clas-
sified as healthy (Figure 2a). While specificity
was lower, resulting in some false positives, this
trade-off is acceptable in a screening or triage con-
text where sensitivity is prioritised. Importantly,
the model operates on molecular data and there-
fore has the potential to detect malignancy prior
to observable anatomical changes, distinguishing
it from imaging-based approaches such as CNN-
driven breast imaging systems (Yu et al., 2023).
These results suggest that RNA-seq-based models
could complement existing diagnostic workflows
as an early molecular screening tool rather than
a definitive standalone test.

Subtype classification performance reflected
known biological relationships between breast can-
cer subtypes. Luminal A and basal-like tumours
were classified with the highest accuracy, while
luminal B and HER2-enriched subtypes exhibited
greater misclassification. Notably, 61.3% of sub-
type classification errors occurred between luminal
A and luminal B tumours (Figure 2b). This pat-
tern is consistent with the biological continuum
between these oestrogen receptor-positive sub-
types, which share hormone-regulated pathways
and differ primarily in proliferation-associated
gene expression (Orrantia-Borunda et al., 2022).
Consequently, the observed confusion is likely at-
tributable to genuine molecular overlap rather
than model inadequacy.

HER2-enriched tumours showed the lowest clas-
sification performance (Figure 2b and Table 5),
which may reflect both the small sample size for
this subtype and its inherent transcriptional het-
erogeneity. The dispersion of misclassified HER2-
enriched samples across multiple predicted classes
suggests variable gene expression patterns that
were not fully captured by the selected feature set.
These findings align with previous research high-
lighting the molecular diversity of HER2-positive
disease and the limitations of single-modality tran-
scriptomic classification (Orrantia-Borunda et al.,
2022).

SHAP analysis provided gene-level insight into
model decision-making, revealing both shared and
subtype-specific molecular drivers. Several genes,
including TF, ARFIP2, and BBS12, appeared
across multiple subtype signatures, suggesting in-
volvement in common regulatory pathways under-
lying breast cancer progression (Table 6). The
identification of TF as a consistently influential
feature aligns with emerging evidence linking iron
metabolism dysregulation to tumour growth and
therapeutic resistance (Alhaddad et al., 2025).
Similarly, ARFIP2 and MSN have been indepen-
dently associated with trastuzumab resistance and
poor prognosis, supporting the biological plau-
sibility of the model’s explanations (Shi et al.,
2024). On the contrary, a subset of genes demon-
strated subtype exclusivity, including CDH19 and
HSD17B8 for luminal A, SPINK4 for luminal B,
NEFL and MSN for HER2-enriched tumours, and
MEG3 and P2RX6 for basal-like disease (Table
6). These findings extend established Prediction
Analysis of Microarray 50 (PAMS50) panels by
highlighting additional genes that may contribute
to refined subtype discrimination.

The preprocessing pipeline played a critical role
in balancing data quality with biological preser-
vation. Moderate filtering improved clustering
structure while retaining 99.6% of samples, avoid-
ing over-pruning of biologically valid intermediate
cases (Table 1). This hybrid approach addressed
limitations of purely computational feature selec-
tion noted in previous studies (Acedo-Terrades et
al., 2025.

Several limitations may have influenced the find-
ings. Class imbalance between malignant and
healthy samples likely contributed to reduced
specificity. Subtype imbalance, particularly for
HER2-enriched tumours, constrained classifica-
tion performance and limits generalisability. Ad-
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ditionally, reliance on transcriptomic data alone
excluded clinical variables such as tumour stage,
treatment history, and imaging features that
are routinely integrated into diagnostic decision-
making. The exclusion of a non-breast cancer
control dataset further limits assessment of cross-
cancer specificity. Future work should prioritise
larger, more balanced multi-cohort datasets and
integrate multimodal inputs, including clinical
and imaging data, to enhance robustness. Longi-
tudinal gene expression analysis could also enable
modelling of disease progression and treatment
response.

CONCLUSION

This study demonstrated that recurrent neural
networks can accurately and interpretably clas-
sify breast cancer using RNA-seq gene expression
data. The proposed multi-task bidirectional long
short-term memory achieved high diagnostic per-
formance for malignancy detection with perfect
sensitivity, alongside reliable molecular subtype
classification, with performance patterns reflect-
ing known biological relationships between sub-
types. Importantly, the preprocessing and feature
selection strategy improved dataset quality while
preserving clinically relevant biomarkers, ensur-
ing alignment with established molecular path-
ways. Explainability analysis further validated
the model by identifying biologically meaning-
ful genes consistent with current breast cancer
literature. Together, these findings support the
research hypothesis that explainable deep learning
approaches can leverage transcriptomic data to
deliver clinically relevant breast cancer classifica-
tion while maintaining transparency essential for
medical adoption.
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ABSTRACT

Projectile kinetic energy is a useful metric in ballistics that
allows for the understanding of the magnitude of chemical

potential energy that is transferred to projectiles in firearms.

The purpose of this report is to investigate the effect that .308
projectile mass has on the kinetic energy of projectiles at muzzle
exit of a .308 target rifle. Velocity was measured with the use
of a radar chronograph, which was used to calculate the kinetic
energy of the projectiles at that point in time. It was found that
although velocity decreased as mass increased, kinetic energy
increased as mass increased. The kinetic energy increased from
approximately 3275J at 155 grains to 3962J at 220 grains. This
was explained by the greater opportunity for work to be done
on projectiles of greater mass due to slower volume expansion
behind the projectile. This acts as a demonstration of Newton’s
Second Law and variables that influence projectile behaviour
in ballistics such as pressure evolution over time.
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YASJ Editors’ Note: This study presents a clear investigation of how projectile mass relates to muzzle velocity
and kinetic energy under controlled loading conditions. The use of chronograph measurements and statistical
analysis gives the work a strong experimental structure. Readers should note that the findings are specific to one
rifle and loading configuration, and that the 220-grain group contains four valid measurements rather than five.
The proposed explanation involving pressure evolution within the barrel is plausible, but was inferred rather than

measured directly.

LITERATURE REVIEW

The behaviour of projectiles when fired by a
firearm is dictated by internal ballistic processes,
in which chemical energy from propellent (smoke-
less powder) is converted into kinetic energy of
the projectile. Understanding the factors that af-
fect the muzzle velocity and energy is central to
applications in ballistics. These processes occur
within the barrel and involve the generation of
dramatically expanding gases due to propellent
combustion which results in the acceleration of the
projectile. The evolution of pressure within the
barrel is highly dynamic, increasing dramatically
initially after ignition then decreasing as the vol-
ume behind the projectile expands, as explained
by Ongaro et al. (2024).

Muzzle velocity, defined as the velocity of a pro-
jectile the instant it exits the barrel of a firearm,
is a crucial parameter in determining projectile
behaviour such as range, trajectory and impact
characteristics. It is governed by a range of vari-
ables such as projectile, propellent and barrel char-
acteristics. As such, it is a significant measurable
indicator on the efficiency of the energy transfer
occurring within the firearm, as noted by Rogers
et al. (2024).

A particularly significant parameter affecting muz-
zle velocity is projectile mass. As described by
Newton’s Second Law, F' = ma, an increase in
mass results in a decrease in acceleration for a
given force, and as such the resulting velocity
of such a mass will be decreased. However, the
motion of the projectile also affects the pressure
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evolution within the barrel. A decrease in acceler-
ation slows the extent to which the volume behind
the projectile expands, allowing higher pressures
to be sustained over a greater length of the bar-
rel. The kinetic energy of a projectile is given
by KE = %va, displaying how kinetic energy
depends linearly on mass but quadratically on
velocity. This indicates competing behaviour, as
velocity tends to decrease with increasing mass due
to lower acceleration, lowering kinetic energy, but
increasing mass increases kinetic energy through
the mass component, thus the result will represent
some balance of these effects, accounting for the
work done on the projectile while inside the barrel.
The work-energy theorem states that W = [ F dx,
indicating that a higher pressure sustained over
a longer length of the barrel can result in an in-
crease in the kinetic energy at muzzle exit. This
is noted in detail in Ongaro et al. (2024).

The use of a radar chronograph in experimental
ballistics studies is a highly accurate and well sup-
ported as seen in Silva-Rivera et al. (2021). It
functions by measuring the time taken for a pro-
jectile to pass between two sensors on the device,
thus making them a reliable and efficient tool for
the measurement of muzzle velocity.

Experimental studies have demonstrated a strong
correlation between theoretical physical models
and experimental measurements, supporting the
validity of studies on highly impactful param-
eters such as kinetic energy of projectiles, as
noted by Kagankiewicz and Magier (2024). Impor-
tantly, many studies are investigating the impact
of firearm, projectile and propellant characteris-
tics, especially in the realm of optimising energy
transfer and the prediction of projectile trajecto-
ries, as seen in Xiao and Zhang (2026), reinforcing
the relevance of research into energy transfer in
firearms.

While many studies investigate the effects of pro-
pellant charge or barrel characteristics, few have
specifically isolated the effect of projectile mass
on the muzzle velocity of firearms and thus the
transfer of kinetic energy to the projectile. Thus,
this study seeks to investigate the relationship
between projectile mass and the net transfer of
kinetic energy, providing insight into factors such
as pressure evolution, acceleration, mass, muzzle
velocity and kinetic energy.

SCIENTIFIC RESEARCH QUESTION

Does the mass of a .308 calibre projectile affect
its kinetic energy at muzzle exit of a .308 calibre
Custom Barnard P Action rifle with a 30 inch
Krieger barrel?

SCIENTIFIC HYPOTHESIS

The .308 projectiles of greater mass will have
greater kinetic energy at muzzle exit of a .308
calibre Custom Barnard P Action rifle with a 30
inch Krieger barrel.

METHODOLOGY

25 total .308 cartridges were loaded with 40 grains
of ADI AR2208 smokeless rifle powder (gunpow-
der) and 220 grain Berger Target, 200 grain Berger
Hybrid, 185 grain Berger Juggernaut Target, 168
grain Berger Hybrid Target HPBT and 155 grain
Sierra Match King HPBT projectiles (all of which
were match-grade hollow point boat tail design
(HPBT) for greatest consistency in internal ballis-
tic performance), 5 cartridges for each projectile
mass to reduce the effect of variance within each
group (see Supplementary Methods S1). The ac-
tual mass of the projectiles was verified using an
Ohaus Precision Standard electronic balance. At
St Marys Indoor Shooting Centre, a .308 Custom
Barnard P Action rifle with a 30 inch Krieger
Barrel was set up on a shooting table using an ad-
justable rest to maintain stability and a consistent
firing position. A Garmin Xero C1 Pro chrono-
graph was positioned behind the end of the barrel,
which records instantaneous velocity at the mo-
ment the projectile exits the muzzle using radar.
In a seated shooting position, the shooter fired a
220 grain projectile cartridge and the chronograph
velocity reading was recorded in feet per second
while connected to an iPhone 8 Plus via Blue-
tooth on ShotView™ mobile application, which
was used exclusively to record the velocities from
the chronograph, which are inputted automati-
cally from the chronograph to the app after each
measurement. This was repeated for the remain-
ing 4 220 grain projectile cartridges, waiting 1:30
minutes between each shot to reduce variance due
to barrel temperature. This process was repeated
for the 200, 185, 168 and 155 grain projectiles. The
experiment was conducted under a documented
risk assessment and in accordance with the appli-
cable shooting-range procedures. The velocity of
each projectile was documented in Microsoft Ex-
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cel and utilised to calculate the kinetic energy of
each projectile mass at muzzle exit using relevant

equations.

RESULTS

The muzzle velocity of projectiles was measured
with a degree of uncertainty +0.05ft/s and were

transferred from ShotView™ and documented in
a table in Microsoft Excel with unit conversions
to metric (ft/s to m/s) (see Supplementary Table
S1). An error occurred in the chronograph for the
220gr projectile where one shot was not recorded.

This was then transferred to a table with only
metric values for velocity (m/s) (Table 1).

Table 1. Relationship between muzzle velocity (m/s) and projectile mass (gr, kg)

Mass (gr) Mass (kg) Velocity (m/s)
Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average
220 0.01425576 746.9124 750.3871 742.2794 742.4928 745.5179
200 0.01295978 773.4605 774.2225 767.6388 775.6855 768.6751 771.9365
185 0.01198780 767.1816 780.2880 779.7698 772.8509 780.1966 776.0574
168 0.01088622 787.5727 804.0014 792.0533 801.5021 799.0942 796.8447
155 0.01004383 815.3400 803.3004 807.6286 806.7446 804.7330 807.5493
Velocity (m/s) vs. Mass (kg) R? = 0.9772
820
810 §
800 A - {
\g 790 T
= 780 i
‘o 770
=l
2 760
750 el
740 §
730
0.0095 0.0105 0.0115 0.0125 0.0135 0.0145
Mass (kg)

ANOVA was used with an alpha value of 0.05
to determine whether there was a statistically
significant difference between the means of the
velocity of each group (see Supplementary Table

S2).

Figure 1. Relationship between muzzle velocity (m/s) and
projectile mass (kg). Group sample sizes were n = 4 for
220 gr and n = 5 for all other projectile masses

The velocities collected from Table 1 were used
to calculate kinetic energy by the formula KFE =

1

§m1)2, where m is the projectile mass in kg and v

is the projectile velocity in m/s (Table 2).

Table 2. Relationship between projectile kinetic energy at muzzle exit (J) and projectile mass (gr, kg)

Mass (gr) Mass (kg) Kinetic energy (J)
Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average
220 0.01425576 3976.488 4013.573 3927.311 3929.569 3961.735
200 0.01295978 3876.537 3884.179 3818.401 3898.873 3828.718 3861.342
185 0.01198780 3527.815 3649.382 3644.536 3580.147 3648.526 3610.081
168 0.01088622 3376.201 3518.525 3414.725 3496.683 3475.705 3456.368
155 0.01004383 3338.466 3240.600 3275.614 3268.448 3252.168 3275.059
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Figure 2. Relationship between kinetic energy of projectile at
muzzle exit (J) and projectile mass (kg). Group sample sizes
were n = 4 for 220 gr and n = 5 for all other projectile masses

ANOVA was used with an alpha value of 0.05
to determine whether there was a statistically
significant difference between the means of the
kinetic energy of each group (see Supplementary
Table S3). Since kinetic energy is proportional to
the square of velocity, propagated uncertainty can
be evaluated as AKE = KFE - 2%, where Av =
+0.015 ms~! based on chronograph precision.

These values are naturally included in the stan-
dard deviation shown in the error bars and con-
tribute a small portion of the total error.

For purposes of discussion, average acceleration
of projectile from rest to recorded velocity and
the time the projectile takes to travel the length

of the barrel were calculated using the following
equations:
2

0?02 . . .
5. —» Where a is average acceleration, v is

final velocity, u is initial velocity and s is displace-
ment (length of the barrel the projectile travels)
(see Supplementary Tables S4 and S5).

v—Uu

t = ==, where t is the time the projectile takes to
travel the length of the barrel, v is final velocity,
u is initial velocity and a is average acceleration

(Table 3).

ANOVA statistical tests were performed on both
data sets with an alpha value of 0.05 (see Supple-
mentary Tables S5 and S6).

a =

Table 3. Relationship between projectile time in barrel (s) and projectile mass (gr, kg)

Mass (gr) Mass (kg) Time in barrel (s)
Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average
220 0.01425576 0.001870367 0.001861706 0.001882041 0.001881500 0.001873903
200 0.01295978 0.001806169 0.001804391 0.001819866 0.001800988 0.001817413 0.001809765
185 0.01198780 0.001820951 0.001790365 0.001791554 0.001807593 0.001790574 0.001800207
168 0.01088622 0.001773804 0.001737559 0.001763770 0.001742977 0.001748230 0.001753268
155 0.01004383 0.001713396 0.001739075 0.001729756 0.001731651 0.001735980 0.001729970
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Figure 3. Relationship between projectile time in barrel (s)
and projectile mass (kg). Group sample sizes were n = 4 for
220 gr and n = 5 for all other projectile masses

DISCUSSION

All data gathered was tested using ANOVA with
an alpha value of 0.05. The F-critical for all data
sets was 2.895107. No injuries occurred during
the experiment.

The projectile muzzle velocity as seen in Table 1
and Figure 1 was observed to decrease as mass in-
creases. This is plausible as it adheres to Newton’s
Second Law, as objects of larger mass experience
less acceleration under application of a constant
force. This remained true despite factors such as
friction on the rifling and the projectile travels
through the barrel, which would theoretically have
a greater deceleration effect on lighter projectiles.
The trend was not linear, as seen in Figure 1, a
polynomial trendline with a slight negative con-
cavity fit the data with the greatest R? value of
0.9772, indicating that the magnitude of the rate
of velocity decrease increases with mass. ANOVA
displayed an F-value of 96.74092 and a pvalue of
2.343792 x 107! (F-value > F-critical, p-value
< 0.05), indicating that there was a statistically
significant difference between the means within
this data set (the results are unlikely (less than
5% probability) to have been caused by random
chance).

Using the velocities calculated from Table 1, the
kinetic energy of the projectiles at the instant that
the muzzle velocity was calculated (the moment
the projectile left the muzzle) using the equa-
tion KE = %va. Theoretically, velocity would

have a greater effect on kinetic energy than mass
would, due to kinetic energy being directly pro-
portional to the square of velocity, while being
directly proportional to mass. Experimentally, as
seen in Table 2 and Figure 2, the kinetic energy of
the projectile increased with mass, despite lighter
projectiles possessing greater velocities. ANOVA
displayed an F-value of 168.7801 and a p-value of
1.465494 x 107 (F-value > F-critical, p-value
< 0.05), indicating that there was a statistically
significant difference between the means within
this data set. This trend can be explained by the
nature of the energy transfer between the poten-
tial energy in the gunpowder charge, that being
the work done on the projectile being proportional
to the force on the projectile integrated over the
length of the barrel.

Although not directly related to the work done
on the projectile, the time the projectile spends
in the barrel affects the rate at which the volume
expands behind the projectile, thus affecting the
magnitude of pressure generated by the propellant
combustion over time and thus being a relevant
relationship to examine with respect to projectile
mass. In order to calculate the time the projectile
spends in the barrel, first the average acceleration
of the projectile must be calculated. The barrel
length was measured to be 30in, and the cartridge
protrudes into the barrel 2.5in when chambered,
so a total displacement of 27.5in was converted

to metric (0.6985 m) and used in calculations.
v2—u2
2s

Using the equation a = , the average acceler-
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ation of each data point was calculated (as shown
in Supplementary Table S4) and analysed using
ANOVA to display an F-value of 94.82958 and a
p-value of 2.805423 x 10712 (F-value > F-critical,
pvalue < 0.05), reinforcing a statistically signifi-
cant difference between the means within the data
set.

The average acceleration of each data point was
then used to calculate the total time the projectile
spent travelling from rest to muzzle exit when
fired. This was achieved using the equation t =
=% (as seen in Table 3) and was also analysed
using ANOVA to display an F-value of 100.4061
and a p-value of 1.675771 x 107!? (F-value > F-
critical, p-value < 0.05), reinforcing a statistically
significant difference between the means within
the data set. Table 3 and Figure 3 depict time
spent in firearm barrel as increasing with mass.
The trendline is polynomial with a slight positive
concavity, indicating that the rate of increase in
time increases with mass. This experimentally
and mathematically confirms Newton’s Second
Law.

Since time spent in firearm barrel increases with
projectile mass, and kinetic energy also increases
with mass, it can be inferred that the greater ki-
netic energy in the heavier projectiles is explained
by a greater opportunity for the combustion of
the propellant to do work on the projectile. When
a round is fired, the chemical potential energy
stored in the gunpowder is released in a combus-
tion reaction which results in the formation of
rapidly expanding gases. The interaction between
the rapidly expanding gases and the projectile
transfers the potential energy released in the com-
bustion reaction to kinetic energy in the projectile.
In all practical applications, some energy is lost in
the system in forms such as bearing surface fric-
tion, air resistance, heat and sound, therefore not
all chemical potential energy is transferred to ki-
netic energy in the projectile. Thus, the difference
in kinetic energy in heavier and lighter projectiles
can be determined to be a result of the heavier
projectiles travelling at slower velocities, therefore
increasing the duration of time spent in the barrel,
which results in a lower volume expansion rate
behind the projectile, causing higher pressures to
be sustained for a longer period of time and thus
for a longer portion of the barrel’s length. Ac-
cording to the work-energy theorem, W = [ F dx,
a greater force due to pressure over a particular
length will result in a greater work done on the
projectile, thus explaining the increasing kinetic

energy with increasing projectile mass.

It should be noted that this experiment contains
limitations. The Ohaus Precision Standard elec-
tronic balance has a degree of uncertainty of
+0.01gr (0.000648g), which is almost negligible
in this experiment. There was also found to be a
deviation of up to 0.22gr (0.0143g) in the weighed
projectiles when compared with their manufac-
turer stated masses. Variables such as neck ten-
sion, brass quality, brass wear, gunpowder mois-
ture content, projectile uniformity, primer charge
uniformity, recoil resistance, bullet centricity also
have effects on the velocity of the projectile, which
could explain the variance within groups. Further
limitations of this research are extrapolation to
other factors in ballistics such as ballistic coef-
ficient and the behaviour of projectiles in long
range flight, which have not been considered in
this investigation.

CONCLUSION

The aim of this investigation was to determine how
.308 projectile mass affected the kinetic energy
of projectiles at muzzle exit of a .308 target rifle.
The data was consistent with the expected rela-
tionship of increased kinetic energy with increased
mass, supported by statistically significant results
despite limitations such as measurement uncer-
tainty and shot variance. Thus, the hypothesis
was supported. These findings reinforce principles
of classical physics and its application to ballistics
in practice.

SUPPLEMENTARY MATERIAL

Supplementary material accompanying this article
contains the raw data and unit conversions, de-
rived acceleration calculations, ANOVA outputs,
an additional derived-data figure and detailed sup-
plementary methods.

The supplementary PDF is available with the on-
line article at https://doi.org/10.67642/ar34df81.
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ABSTRACT

Volcanism was once the primary source of sulfur transport
on Mars, and its present-day surface preserves a geological
record of these mineralogical processes. Sulfur plays a key part
in the eruption process, forming sulfides, and less commonly
sulfates in the magma chamber, and being expelled as sulfur
dioxide-rich gas. However, there is a mismatch between the
location of existing volcanic provinces and detections of high
sulfur abundances measured through satellite instruments such
as the Compact Reconnaissance Imaging Spectrometer for Mars
(CRISM) and the Gamma Ray Spectrometer (GRS). Despite
similarly hosting a basaltic surface, the sulfur content in Martian
meteorites (408-2700 ppm) and by Martian dust measured
by rovers (2 wt% S) exceeds Earth’s basalts by almost an
order of magnitude. This study attempts to account for the
observed abundance of sulfur through applying comparative
planetology using Earth’s volcanoes, including both eruptive
and quiescent degassing rates and solid leachate particles. The
study successfully provided order-of-magnitude estimates of
the mass of sulfur produced in volcanism over the Noachian-
Hesperian periods of >3.7 to 3.1 Ga and it provided values
similar to previous studies. However, it was not possible to
confirm mass balance due to large uncertainties in the mass of
sulfur in the sedimentary reservoir.
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YASJ Editors’ Note: This study applies comparative planetology and box modelling to investigate the Martian
sulfur cycle at a planetary scale. The use of terrestrial volcanic data, including eruptive and quiescent degassing,
provides a creative basis for estimating sulfur fluzes over geological time. Readers should note that the model
relies on assumptions about eruption duration, volcanic surface area and sulfur reservoirs, while the unknown
depth of the sedimentary reservoir prevents a complete mass balance. Within these limitations, the study
provides a useful framework for further investigation.

INTRODUCTION its mineralogical processes and planet formation
(Ehlmann & Edwards, 2014). Mars’ geologic his-
tory is divided into the Noachian (>3.7 Ga), Hes-
perian (3.7-3.1 Ga), and Amazonian (<3.1 Ga)
periods (Figure 1), and has been continuously
constructed through insights from orbital infrared
spectroscopy and in situ chemical measurements

from rovers and landers. Its volcanic rock pri-

Understanding the sulfur budget on Mars is criti-
cal for reconstructing its volcanic history and early
climate evolution. Unlike Earth, Mars has no cur-
rent active volcanism or plate tectonics, hence
hosting many rocks older than 3.6 Ga (Tanaka
et al., 2014) that preserve a historical record for
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marily formed during the planet’s early formation
as a magma ocean 4.48 Ga ago (Moser et al.,
2019), and during the Noachian-Hesperian peri-
ods (Ehlmann & Edwards, 2014). Like the other
terrestrial inner planets, Mars has a dominantly
basaltic surface, however the Martian sulfur con-
tent exceeds Earth’s basalts by almost an order of
magnitude (Ojha et al., 2019). Atmospheric SO2
derived from volcanic activity is highly likely to
have influenced the early climate of Mars, provid-
ing a greenhouse effect that may have maintained
warm, wet conditions in the early Noachian pe-
riod necessary to account for the observed clay
deposits. The widespread availability of sulfur on
Mars could have provided an abundant source for
energy and nutrients to fuel sulfur-metabolizing
microbes. Sulfates also have a high potential to
preserve biomarkers and palaeoenvironmental con-
ditions since they can rapidly precipitate from a
brine. Thus, understanding the source and trans-
port processes for the abundance of sulfur on Mars
can help characterise its past habitability, poten-
tial for life, and climate change that eventuated
in its current dry, oxidising environment.

The excess sulfur on Mars suggests that volcan-
ism was the most important geologic process in
enriching the Martian bedrock (Szynkiewicz et al.,
2022). This is because sulfur is involved in every
part of an eruption process; it forms sulfides and
sulfates in the magma chamber or becomes su-
persaturated into sulfur-bearing species that alter
the crust in a fluid phase, becoming an SOs-rich
gas that is expelled at low pressure (Casas et al.,
2026).

After being released into the atmosphere,
S-bearing volcanic gases undergo oxidation-
reduction reactions and solid disproportionation
to become different sulfur species deposited in
S-bearing solids. At shallow depths of the near-
surface crust within volcanoes, sulfur may become
supersaturated in the melt, forming bubbles of
different S-species that either escape as gas or
build up and release explosively at a volcanic
plume (Casas et al., 2026). When eruptions oc-
cur, solid volcanic fragments can be transported
and deposited, potentially including sulfur-bearing
species. Whilst the ferric oxides that colour Mars’
surface red indicate a currently dry, oxidising en-
vironment (Bibring et al., 2005), sediment anal-
ysis reveals clays older than the mid-Hesperian.
These may indicate a previously wet environment
(Ehlmann & Edwards, 2014) that allowed sulfuric
acid to form and transport S-species. This may

have formed some very early sulfates on Mars’
surface, suggesting other sulfates formed in a con-
tinually drying environment.

Mars’ lack of present volcanic activity prevents
direct observation, hence geochemical information
is derived from rover and satellite missions charac-
terising samples of the sedimentary rock currently
on the Martian surface.

As shown in Figure 2, surface materials containing
typical SO3 abundances have concentrations of
~4-7 wt% (1.6-2.8 wt% S) reaching 40 wt% (16
wt% 8S) for sulfate-rich veins. These sulfur-rich ar-
eas mapped by GRS do not appear to correspond
with CRISM sulfate-bearing rocks, nor with the
volcanic provinces, nor with any particular unit
of volcanic rock, further raising questions regard-
ing the transportation and depositional processes
that result in high S concentrations and distri-
butions. The only currently observed process for
transportation of sedimentary sulfur is aeolian due
to the dry Martian environment, however there is
evidence of previous fluvial and potentially glacial
processes promoting sulfur dissolution. However,
these processes only serve to redistribute existing
sulfur on the Martian surface, and do not affect
how they are sourced, and thus do not explain
their abundance. This suggests that key sulfur
sources or transport mechanisms remain unidenti-

fied.

There have been several attempts to quantify the
output and concentration of sulfur on Martian sur-
faces. Applying the law of uniformitarianism, sci-
entists have used analogue volcanic systems from
Earth to better understand Mars' mineralogy. For
example, Ende and Szynkiewicz (2021) used cho-
sen terrestrial Os-depleted acidic hydrothermal
vents as a geochemical analogue for the hydrother-
mal S-rich deposits in Gusev crater on Mars, in
order to investigate potential oxidation mecha-
nisms of volcanic S. Whereas Earth’s climate and
surface chemistry are mostly dependent on the
water and carbon cycle, Mars likely hosted a sul-
fur cycle (Franz & King, 2026; Hynek et al., 2019;
Ojha et al., 2019). Gaillard et al. (2013) have
attempted to box model this sulfur cycle, conclud-
ing from experimental results, thermodynamic
models, and the direct measurements of Martian
soils that a variety of sulfur reservoirs and sulfur
cycling processes are involved.
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Figure 1. Mars’ geologic time scale from Ehlmann and Edwards (2014)
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Figure 2. Histograms showing sulfur con-
tent as SOz wt% from the Alpha-particle
X-ray Spectrometer (APXS) using bins of 1
wt%. The trend identifies primarily 5 wt%
of SOj3 as the concentration of sulfur content
currently observed in three landing sites on
Mars, with higher concentrations >30 wt%
observed in sulfate-rich veins (Franz and
King, 2026)

Figure 3 represents their proposed early Martian
sulfur cycle, before major reduction in magmatic
rates some time greater than 3 Gyr ago, and out-
lines the major potential reservoirs and transport
processes to be considered for the distribution of
sulfur. However, these estimations lack quantita-
tive values, especially fluxes that consider time.
This existing model only serves as a visualisation
of the many potential interactions of sulfur reser-
voirs.

Other studies, such as Hynek et al. (2019) and
Ojha et al. (2019) have attempted to balance a
box model for local, well-studied sites on Mars,
specifically Meridiani Planum and the Medusae
Fossae Formation (MFF) respectively. Hynek et
al.  (2019) used mass balancing, by providing
relevant volumes and identifying the limitations
of individually proposed scenarios of groundwa-
ter upwelling, volcanic airfall, atmospheric source
and fluvial input. However, these models do not
account for the likely possibility of these input
scenarios occurring simultaneously and affecting
one another. They identified the need for a better
constraint of the primary basaltic sediment and
sulfate sources in order to justify any further cal-
culations. Ojha et al. (2019) concluded the mass
of the S emitted from the MFF-forming event(s)
was up to “8 orders of magnitude higher than the
mass of S emitted from the largest Quaternary vol-
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Figure 3. A simplified box model of the early Martian sulfur cycle, with no quantitative values,
identifying the primary fluxes between reservoirs (from Gaillard et al., 2013)

canic eruption on Earth”, further emphasizing the
need to constrain the source of sulfur that would
create the observed abundance. Neither of these
studies included the effects of time, which signifi-
cantly limits their reliability as the timescale over
which the events they describe occurred would
significantly affect the magnitude of final emitted
sulfur mass.

All three studies described above have produced
models which have remained largely incomplete as
their proposed mechanisms for sulfate deposition
and formation (e.g. groundwater upwelling and flu-
vial input) do not explain the abundance of sulfur
in the bedrock. Eruptions in Kilauea, an ana-
logue basaltic shield volcano in Hawaii, show that
there are other sources of sulfur not considered by
these authors. Sulfates can also form during qui-
escent degassing and also in the eruption plume,
as seen at Kilauea (Franz & King, 2026) and
these may be sampled in volcanic ash-leachates
(the adsorption of volatiles onto ash) that have
avoided contact with water, which would actively
dissolve the sulfates into groundwater (Casas et
al., 2026). Quiescent degassing is the release of
gas during a volcano’s life outside of sole-eruption
events, and can take place over months to decades.
From an estimate of ~2.8x10'2 g of SO, per year
from Earth’s eruption data from 1978-2014, ~43%
is contributed by quiescent degassing (Carn et

al., 2016) demonstrating that it makes significant
contributions to the total amount of sulfur trans-
ported into the atmosphere reservoir.

This study attempts to quantitatively constrain
the sulfur cycle on Mars by applying comparative
planetology using data from Earth’s volcanoes,
including both eruptive and quiescent degassing
rates and incorporating the effects of eruption
duration through flux rates. Box modelling was
used to assess whether incorporating quiescent
degassing alongside eruptive degassing can better
account for the sulfur output by volcanic reser-
voirs on Mars during the Noachian-Hesperian pe-
riods. By doing so, I provide useful estimates
that can be used in future research to help sci-
entists further characterise the primary chemical
cycle on Mars and its broader effect on Martian
climate change. Additionally, this comparative
planetology methodology could be developed and
eventually applied to other rocky planets with
basaltic magma systems to understand their plan-
etary evolution.

METHODOLOGY

Earth’s SO, gas output flux rate

The dataset was chosen from four review papers
which collated multidecadal measurements of ter-
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restrial volcanic eruptive and quiescent degassing
(i.e. Carn et al., 2003; Carn et al., 2016; Carn
et al., 2017; Shinohara, 2008). The volcanoes
chosen had to satisfy the following list of param-
eters in order to best replicate Martian volcanic
conditions:

o Primarily basaltic (Ehlmann & Edwards,
2014)

e Must originate from intraplate volcanism or
intercontinental rift zones, as Mars has no
plate tectonics

e Measurements avoid contact with water to
ensure the sulfur has not been dissolved

The last condition removed mid-ocean ridge for-
mations from consideration; despite contributing
a large amount of basalt production on Earth, the
presence of seawater would render measurements
inaccurate for comparison with Mars. This de-
creased the sample size to 16 volcanoes, a list of
which can be found in Supplementary Material
(Appendix V).

These mass values were collated and converted
to kilotonnes (kT). Their respective flux values
(mass/time) were determined through dividing
this mass with the respective period of eruption
the sulfur was released over, sourced from the
Smithsonian Natural History Global Volcanism
Program. These volcanoes were further classi-
fied by magma type (including alkali-basalts and
basalt-rhyolitic), tectonic environment and type of
eruption (active or quiescent). In order to be able
to apply these fluxes directly to Martian volcanic
sources for which only the surface area is known,
the approximate surface area for each terrestrial
volcano was found through satellite imagery. To
do this, a spherical map projection was used and
simplified into 2D of a circle’s area, with variable
radius. The centre of the circle was placed in
the centre of the volcanic vent, whilst the radius
was adjusted to extend to where volcano elevation
reaches zero.

Thus, each flux was calculated using the following
formula:

vV
t-SA

where (V) = volume of extruded S, (t) = eruption
period, SA = surface area of Earth volcano.

Fluxoutput =

Volcanoes at rift zone boundaries and of slightly
altered basaltic compositions were also included

to identify any different trends in flux. Due to
the large order of magnitude difference in range
between active volcanic eruptions output flux and
quiescent degassing rates, a logarithmic scale was
applied to the data. Flux was then grouped
through the Past4 program, creating a histogram
frequency distribution graph. The bin size var-
ied with integer intervals. When observing for a
peak, there was no difference in the highest value
between the histograms of 5, 6 and 7 bins for the
same range, and hence the primary flux value was
derived by observing the highest frequency value.

Volcanic reservoir sizes

To quantify the Martian volcanic reservoir, a total
surface area was calculated to apply the terres-
trial SO4 flux to and this was applied to predict
the mass of sulfur released during the Noachian-
Hesperian periods. A mass representing the cur-
rent size of the reservoir was also calculated using
known sulfur concentrations from Martian mete-
orites representing the Martian source region for
volcanic rocks.

The total surface area for volcanic Martian reser-
voirs was determined through using the United
States Geological Survey (USGS) Geologic Map
of Mars (Tanaka et al., 2014). The same map
projection process applied for Earth’s volcanoes
in the Earth’s SOy Gas Output Flux Rate sec-
tion was employed for each volcanic unit, using a
different shape maintained by approximating the
projection of the map as two circles attached to
the central rectangle (Figure 9). This shape was
then resized to contain all individual Noachian to
Hesperian volcanic units within it, matching the
scale to calculate the surface area of the volcanics
(Figure 10).

The sum of the surface area of these shapes was
multiplied with the Earth SOs sulfur output flux
to create an equivalent output flux for Martian
volcanism.

In addition, the amount of sulfur in the mantle
reservoir was estimated using the volatile content
of undegassed Martian meteorites such as sher-
gottites and nakhlites with S contents of <0.27
wt% and <0.2865 wt% respectively (Franz & King,
2026). The maximum values of the indicated range
were taken as they represent the least degassed
S contents of the meteorite that was measured.
The assumption was made that the highest sulfur
contents of the meteorites can be used as an esti-
mate for mantle volatile content, as there would
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be no other new sources of S in the meteorite.
This assumes that the mantle has an approximate
uniform distribution of sulfur near the crust. Al-
though likely not precise, this method provides
a range for source regions (i.e. the magma cham-
ber) and surface rocks (Jakosky & Treiman, 2023).
The size of the volcanic reservoir in kt of sulfur
was also calculated through estimates of the total
mass of extruded Martian volcanic materials

with an assumed constant density of 3.3 g cm™

from Craddock & Greeley (2009). Only the values
from the Noachian-Hesperian periods were con-
sidered, hence creating an estimate for the size of
the reservoirs through the chosen time frame.

Sedimentary reservoir sizes

The sedimentary reservoir surface area was cal-
culated through further map projections over a
Mercator projection of the USGS Geological Map
for Mars (Franz & King, 2026).

Using a similar approach to calculating the vol-
canic reservoir sizes, shapes of the CRISM sulfate-
bearing rocks were outlined in rectangles and cir-
cles in Microsoft PowerPoint, with the surface area
calculated. The changing scale of a Mercator pro-
jection was accommodated for through identifying
the different scales at different latitudes through-
out the test. However, the average depth and thus
volume is indeterminable with the limited mea-
surements on Mars, and the dramatic differences
in elevation between the Northern lowlands and
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Figure 6. Frequency histogram showing a logio scale in the x-axis of the SOy flux per surface area
(SA) in kt yr! km™, ranging from -2 to 4 with 5 bins. The peak for Quiescent is from -0.75 to 0.5,

whilst the peak for Active volcanism is from 3 to 4

Southern highlands. Hence, it was not possible
to calculate a valid volume, density, or mass of
its total sulfur. The model only used the surface
area of the sedimentary reservoir to predict the
total flux, as the mass of this reservoir could not
be determined.

RESULTS AND DISCUSSION

Quantifying sulfur release from Noachian to
Hesperian volcanism

By assuming an average duration of eruption of
2 Myr (Jiang et al., 2021), the model indicates
that 5.8x10% to 5.8x10'6 kt of sulfur was re-
leased into the atmosphere from active degassing

(flux of 5x10%2-5x10% kt yr! km™) and quies-
cent degassing (flux of 0.5 kt yr! km) from
the Noachian-Hesperian periods. Once the sul-
fur has been released into the atmosphere, it can
be deposited and redistributed in a multitude of
different ways, however this would not affect the
total amount of sulfur present on the surface of
Mars. This is because the model assumes a closed
system, and hence unlike Gaillard’s qualitative
model, assumes there are no additional inputs or
outputs of sulfur on a planetary scale. Impact
events and meteorites would not reintroduce sig-
nificant amounts of any new material, rather only
redistributing on the surface of Mars. This is
a valid approach, as the orders of magnitude of
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sulfur in consideration as produced by the box
model (10°15-10"16 kt) would not be drastically
disturbed by the small sulfur content supplied by
scattered meteorites. The study also does not con-
sider the effects of hydrothermal transfer between
the reservoirs, and only considers volatile output,
as it primarily focuses on degassing. This is again
a valid approach, as acid and water soluble sulfur
species would only be mobilised if infiltrated by
groundwater, and would not be sourced from the
groundwater itself. The source of S would have to
result from volcanic processes.

The assumed duration eruption period of 2 myr,
which is the average between 1-5 myr as commonly
cited in Jiang et al. (2021), is based on Earth’s

large igneous provinces; intraplate, mafic igneous
volcanic systems. These are intentionally very
similar to Martian volcanic conditions. It does not
consider the possibility of 32 Myr in magnitude,
the maximum cited volcano eruption length, which
would shift results by an order of magnitude.

However, since the duration of Martian eruptions
is unable to be determined, it is in the best interest
to accommodate for a wide range of possibilities
for the eruptive time frame.

The final perceived order of magnitude is in agree-
ment with current literature such as Ojha et al.
(2019), which found >10" kt (10'7 kg) of S was
delivered to the atmosphere. Similarly, the map
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Figure 9. USGS Geologic Map of Mars, modified from Tanaka et al. (2014) with shapes overlain
above through PowerPoint package. This model is limited as the irregularity of the shape of volcanic
units compared indicates it may overestimate the size of the units
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Figure 10. Calculations of one sample of Volcanic Surface Area. When repeated for all samples of
Noachian-Hesperian surface area, the final value is 1.1x107 km?2. All calculated values can be found

in Supplementary Material (Appendix IT)

projection method in calculating volume of vol-
canic rock is consistent with Craddock & Gree-
ley (2009), which estimated a total volume of
4.244x107 km? of S. The total surface area from
map projections of 1.1x10” km? multiplied with
average thickness of 5 km in the Middle Noachian
era (Jakosky & Treiman, 2023), provides 5.5x 107
km?, which is in the same order of magnitude.

Key limitations

The first key limitation to address is the use of
surface areas in order to relate the calculated
Earth sulfur output flux to Martian volcanoes.
Volcanoes, especially the shield volcanoes mainly
observed on Mars, have a gradually decreasing
thickness further away from the volcano. This
variation in slope also determines the volume of

volcanic rock present, and thus provides separate
insight into the size of the volcano and its magma
chamber.

However, due to the lack of precise depth measure-
ments on Mars, it would be impractical to attempt
to account for thickness differences in order to use
volume of volcanic rock to relate the two plan-
ets. Hence, the assumption was made such that
the surface area of a volcano is directly propor-
tional to the rate of sulfur release. As surface area
can be deduced using map projections for both
Earth and Mars, this factor allowed the flux rates
to be related to each other despite differences in
topography.

Another key limitation in deriving the sedimentary
reservoir size was the use of a Mercator projection
geological map, which was necessary as it fea-
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reservoir sizes given in kt (10° g) of S, as well as surface area of Mars. The total output flux rate
(with the addition of quiescent degassing) when multiplied with the eruption period and volcanic
surface area produces 5.8 x 10'°-5.8 x 106 kt of sulfur released into the atmosphere over 2 Myr

tured labelled CRISM sulfur-rich areas. Despite
the scale of the map changing with the latitude,
each area spans only a small latitudinal range,
resulting in minimal error. However, this pro-
cess would have increased the uncertainty of this
method of measurement taking, as there would
be an increased number of scales for different lati-
tudes.

Future directions

As this study is the first to attempt to consoli-
date the total Martian sulfur cycle by using com-
parative planetology as an estimate of the total
sulfur released over time on Mars, more study is
necessary to remove confounding variables and
address the assumptions made. An immediate
next step would be to include the eruption of
early-Amazonian volcanoes (Ehlmann & Edwards,
2014; Tanaka et al., 2014) that may have released
sulfur. Although difficult to acquire, using more
direct data measurements from existing rovers on
Mars to calculate a measurement for the average
depth of sedimentary soil layers and height of vol-
canoes would constrain the size of the sedimentary
reservoir and find a quantitative mass that could
complete the box model. To do this, topographic
data, gravitational anomalies, or potentially seis-

mic studies could be used to determine crustal
thickness. Such an approach would confirm that
the box model is mass balanced if the amount of
sulfur released into the atmosphere is comparable
with the size of the sedimentary deposit reservoir;
further verifying that the methods used in this
study are appropriate.

CONCLUSION

This study successfully used Earth analogues and
box modelling to provide fluxes for the cycling of
sulfur on Mars, notably being the first attempt
at applying this concept to the whole planet as
a closed system. The principles of comparative
planetology were used in selecting a criteria of
Earth volcanoes to replicate Martian conditions.
Previously overlooked quiescent degassing rates
were also considered, increasing the rate of out-
put of sulfur. The final box model approximated
5.8x10™ to 5.8x10' kt of sulfur was released
from the Noachian to Hesperian period from vol-
canism.

A remaining gap is the unknown depth of the
sedimentary reservoir, which hinders a calcula-
tion of mass balance as current data cannot con-
firm whether the proposed output sulfur mass
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truly matches the observed abundance on Mars.
Nonetheless, future studies can consider these cal-
culations and begin to consolidate a sedimentary
reservoir size in order to further test the calculated
flux rates.
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ABSTRACT

Traffic-related air pollutants (TRAP) present a risk to vehicle
occupants (VO) when driving in tunnels. Recirculating vehicle
cabin air (RVCA) is the current recommended strategy to
protect motorists from TRAP exposure. TRAP and carbon
dioxide (COs3) concentrations were hypothesised to be higher in
tunnels, with RVCA reducing TRAP but increasing exposure
to CO2. Air quality testing in tunnels confirmed the presence
of TRAP and that COs accumulates in a passenger vehicle
when two VO use RVCA. The measured levels of CO5 indicate
poor ventilation and a build up of re-breathed air, which may
increase the risk of transmission of airborne viruses when an
infectious person is present, along with fatigue or drowsiness
that may be relevant to driving behaviour. Three scenarios were
tested using different combinations of RVCA and window use.
Testing indicated a trade-off: particulate matter 2.5 pm or less
in diameter (PMs 5) exposure was highest with windows open
and lowest with windows closed and RVCA enabled, while CO»
exposure was highest when RVCA was enabled. Driving with
windows closed and RVCA disabled reduced CO5 exposure but
slightly increased PMs 5 exposure. To help manage this trade-
off, a prototype device known as the Car Canary was developed
to alert VO when PMj 5 reaches a set point, indicating when to
enable RVCA. These preliminary findings from the WestConnex
M4-MS8 tunnel system suggest that closing windows while using
the device to guide RVCA use may help balance exposure to
CO; and TRAP, although further research is needed. This
proof-of-concept device, known as Car Canary was invented
and successfully tested in this pilot study.
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INTRODUCTION

New South Wales (NSW) (Australian Bureau of

Statistics, 2016, 2022). Emissions from motor ve-

Vehicle usage in Australia is increasing, with the
largest number of registered vehicles being in

hicles are termed “traffic-related air pollutants
(TRAP) which are associated with adverse health

”
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effects including asthma and cardiovascular dis-
ease (Health Effects Institute, 2010). Vehicle oc-
cupants (VO) are exposed to the highest concen-
trations of TRAP within road tunnels (Knibbs
et al., 2009; Martin et al., 2016; Morawska et al.,
2008). Recirculating vehicle cabin air (RVCA) is
one strategy recommended to minimise exposure
of TRAP to VO (Transport for NSW, 2023), how-
ever RVCA increases the concentration of exhaled
carbon dioxide (COz). This increases the risk of
infection of airborne viruses such as COVID-19 if
an infected VO is present (Peng & Jimenez, 2021)
and can cause detrimental effects to cognitive func-
tion, leading to effects on decision making and
poor driving ability (Jung et al., 2017; Satish et
al., 2012). Therefore a balance is needed to pro-
vide optimal air quality conditions to VO (Kumar
et al., 2021).

Although there is a need to mitigate health risks
for VO, at present there are no systems or devices
developed that balance the risks of exposure to
TRAP, COs and infection risk to VO in tunnels.
This literature suggests that VO would benefit
from the development of a simple yet sensitive
device that could alert occupants when it is ap-
propriate to disable RVCA (Kumar et al., 2021).

It was hypothesised that concentrations of both
TRAP and COs would be higher inside the tunnel
than they would be in non-tunnel environments.
Additionally, it was anticipated that VO would
be most protected from TRAP when using RVCA
and would be most protected from COs when
RVCA was turned off. It was also anticipated
that PMs 5 exposure would be highest when driv-
ing with windows open and lowest when driving
with windows closed and RVCA enabled, while
CO4 exposure would be highest when RVCA was
enabled. In addition, it was hypothesised that
a home-made engineered device (HMED) would
accurately measure in-vehicle air quality and alert
VO at an appropriate time when RVCA should
be used to maximise VO health and safety.

MATERIALS AND METHODS

Testing occurred in Sydney’s longest section of
road tunnel, being the WestConnex M4-MS8 sys-
tem, a 22.km expressway and involved five phases.

Phase 1: Obtaining and constructing monitoring
devices

Components were sourced to build a HMED
that contained relevant air quality parameters
to measure TRAP and CO;. The HMED
was constructed from readily accessible Arduino-
compatible components and included particulate
matter, particularly fine particles < 2.5 pm in di-
ameter (PMy5), nitrogen dioxide (NOg), and COq
sensors. Wires and sensors were secured to the
circuit board through soldering. The entire unit
was built into a small plastic lunchbox container
to keep it secure.

Research grade devices (RGDs) measuring the
same parameters were also sourced. These in-
cluded the Thermo Fisher Scientific Personal
DataRAM pDR-1500 monitor, the Honeywell
ToxiRAE Pro and the Aranet4 monitor. The
aim of using RGDs was to determine the accuracy
of the HMEDs and how they correlated to the
measurements collected from RGDs.

The HMED and RGDs were placed inside a card-
board box which was placed in the researcher’s
lap in the passenger seat. Devices were secured
to the box with a putty-like adhesive to prevent
movement during testing.

Phase 2: In-field test

The HMED and RGDs were used to measure air
quality while a vehicle was driven along various
testing routes including tunnel and non-tunnel
environments.

The researcher performed all measurement activi-
ties, while a second VO drove the vehicle which
was a 2023 model Volkswagen T-Cross that was
powered by regular unleaded petrol. To mimic
the typical activities of commuters, testing was
undertaken during peak hour.

Seven different routes were used (Table 1). The
route taken was determined by the type of test
being conducted. Route 1 or 2 involved tunnel
testing while non-tunnel (control) testing occurred
in Routes 3 to 7. The purpose of control testing
was to determine whether air quality inside the
tunnel differed from air quality outside the tunnel.

Each device was calibrated before use in accor-
dance with manufacturers instructions. Prior
to entering the tunnel, for all tests, the air-
conditioning (AC) was turned on, RVCA was
turned off and all windows were opened to venti-
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Table 1. Testing routes

Route Start and finish location Type of route
1 Sydney Olympic Park Aquatic Centre (SOPAC) to Tunnel
Kingsgrove
2 Kingsgrove to SOPAC Tunnel
3 SOPAC to Balmain Non tunnel
4 Balmain to SOPAC Non tunnel
5 Kingsgrove to Balmain Non tunnel
6 Balmain to Kingsgrove Non tunnel
7 SOPAC to Kingsgrove Non tunnel

late the car. VO wore P2 respirators to protect
themselves from TRAP during all tests. Upon
entry to the tunnel, the time was recorded. An
overview of how each tunnel test was carried out
is shown in Table 2.

The mitigation strategies listed in Table 2 in the
control tests were active upon commencement of
the test. For the in tunnel tests, these strate-
gies were active upon entry of the tunnel system.
Between 3 to 7 replicates were completed per test.

The data obtained from each device were down-
loaded after each testing day and analysed in
Microsoft Excel.

Phase 3: Preliminary analysis

To compare the control and experimental values
received for both CO9 and TRAP, a T-test for each
treatment was performed to determine whether
there was a difference between air quality inside
and outside of tunnels. Regression analysis de-
termined whether there was a true correlation
between measurements collected from the RGD
and HMED for each parameter and treatment.

Microsoft Excel was used to perform the analysis
and to graph the results.

The parameter in the HMED that most closely
correlated to the RGD was selected by comparing
the Correlation Coefficient.

The COg concentrations recorded while using
RVCA were analysed to determine the average
time it took for COs5 to reach levels that presented
a risk to VO.

The results of the statistical analysis were used to
select the TRAP parameter that had the closest
correlation between the HMED and RGD for use
in an improved HMED.

Phase 4: Device construction

Statistical analyses calculated a line of best fit
between the HMED parameters and the RGD.
That line of fit provided a correction equation
which became the code put into the software of an
improved prototype device so that the measure-
ments displayed would be corrected to be as close
as possible to the measurements from a RGD.

An alarm value was also coded into the software
so that the new prototype device would turn on a
LED light at a specific set-point. The purpose of
the light was to alert VO when to turn RVCA on
or off. All coding was performed in Arduino.

The device was improved to be a compact unit that
could be safely used in a vehicle. A yellow case
was 3D printed and used to house all components.
This improved HMED was given the name the
“Car Canary’.

The initial HMED was constructed as shown in
Figure 1. All phases were completed between
April and August 2024.

SD card

Portable
Charger

- |

0T —

o\ &
E 3 3
' NO2 Sensor / USB to USBC cable
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MQ 13!
. — \_,\
\ SD Card Holder

Figure 1. Home-made engineered device
(HMED).
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Table 2. Purpose of performing each test type

Test Mitigation strategy Measuring

A Windows Open, AC on TRAP in tunnel

B Windows Closed, AC on, Fresh Air TRAP in vehicle in tunnel

C Windows Closed, AC on, RVCA CO3 in vehicle in tunnel
Control A Control: Windows Open, AC on TRAP in road
Control B Control: Windows Closed, AC on, Fresh TRAP in vehicle in road

Air

Control C Control: Windows Closed, AC on, RVCA  CO; in vehicle in road

Phase 5: Device testing

Both the Car Canary and the RGD were used
to measure air quality in parallel both inside and
outside of tunnels. A regression analysis was per-
formed on the data from the Car Canary and the
RGD to determine whether the results were highly
correlated.

To validate and check accuracy, the Car Canary
was exposed to concentrations above the alarm
value to determine whether the LED light turned
on at the specific set-point.

Ethics approval for this study was obtained from
the school’s Ethics Committee in March 2024.

RESULTS

A total of 35 tests of the HMED and RGD were
completed in peak hour across various testing
routes. Testing was done with the windows open
(Test A); windows closed with RVCA disabled
(Test B); and with windows closed with RVCA
enabled (Test C). Between 3 and 7 replicates of
each test were completed.

A review of the trends and the maximum con-
centrations recorded showed that concentrations
of PMa 5 rose steadily when driving through the
tunnels with windows open or when RVCA was
disabled with concentrations decreasing rapidly
upon exiting the tunnel. Conversely, concentra-
tions of PMjy 5 decreased when RVCA was enabled
at the start of the trip and increased when RVCA
was disabled. The highest concentrations of PMs 5
were during Test A (windows open, AC on, in tun-
nel), and the lowest concentrations were during
Test C (windows closed, AC on, RVCA, in tunnel).

Figure 2 displays the average of the maximum con-
centration of PMs 5 for each set of tests recorded
by the RGD.

90
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Closed
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Figure 2. Average maximum concentrations
of PMgy 5 recorded in each test (RGD). The
error bars represent one standard deviation.
The red line represents the 24-hour trigger
limit of 251g/m? for PMy 5. Values repre-
sent n = 3-7 replicates per test type.

The maximum concentration of PMs 5 exceeded
the 24-hour trigger level during Test A and B.
During Test A and Test B, it took an average of 6
and 12-minutes respectively to exceed the 24-hour
trigger level.

A review of the trends and maximum concentra-
tions recorded in each test was performed for the
HMED. Consistent with the RGD, concentrations
of PMy 5 rose steadily when driving through the
tunnels with windows open or when RVCA was
turned off with concentrations decreasing rapidly
upon exiting the tunnel. Concentrations of PMs 5
also decreased when RVCA was turned on and
increased when RVCA was disabled. The high-
est concentrations of PMs 5 were during Test A
and the lowest concentrations were during Test C
(Figure 3).
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Figure 3. Average maximum concentrations
of PMy 5 recorded in each test (HMED).
The error bars represent one standard devi-
ation. Values represent n = 3-7 replicates
per test type.

Similar to the RGD, the concentrations of PMs 5
measured by the HMED were higher while driving
in the tunnel with windows open than they were
when RVCA was used. The highest concentra-
tions of PMs 5 were during Test A and the lowest
concentrations were during Test C.

CO, measurements

CO4 was successfully measured by the RGD and
HMED. A review of the trends and the maxi-
mum concentrations recorded in each test was
performed and showed that concentrations of COq
rose during all tests while driving through the tun-
nel or when RVCA was used. This includes with
windows open (Test A), with air-conditioning on
and no RVCA (Test B) and with air-conditioning
on and recirculated air (Test C). Concentrations
of CO4y were the highest during Test C.

Figure 4 displays the average of the maximum
concentrations of COs recorded in each test by
the RGD. The red lines represent the trigger limits
of 800 ppm, 1000 ppm, and 3000 ppm for COs.

There were two COqy sensors in the HMED: an
eCOy and MQ135 sensor. The MQ135 sensor
recorded a value that correlates to CO9 concentra-
tions, however the recorded values had a minimal
range (between 35 and 40) and did not change
significantly between tests. These data were there-
fore excluded. The eCO5 sensor was more sensitive
and recorded measurements of COs that ranged
between expected ambient concentrations to over

2000 parts per million (ppm). The data from the
eCOg sensor was included in this analysis.

A review of the trends and maximum concentra-
tions recorded in each test was performed from the
HMED. Consistent with the RGD, concentrations
of CO3 rose when driving in the tunnel or when
RVCA was enabled. However, concentrations of
COg3 recorded by the HMED were higher in Test
A and B compared to Test C.

Figure 5 displays the average of the maximum
concentrations of CO2 recorded in each test by
the HMED. The red lines represent the trigger
limits of 800 ppm, 1000 ppm, and 3000 ppm for
COas.

In comparison to the RGD, the HMED did not
show significantly different maximum concentra-
tions of CO2 while driving in the tunnel than
when not in the tunnel, nor did it show the high-
est concentrations when RVCA was used.

Table 3 provides a summary of air quality tests
conducted in the tunnel along with the average
time it took in minutes to exceed the safety thresh-
olds.

Statistical analysis

An F-test confirmed the control and experimen-
tal values of both PMs s and COs had an equal
variance and supported the use of a two-sample
t-test assuming equal variances.

The analysis demonstrated that there was a sig-
nificant difference between Test A and Control
A (PMas p = 0.004, CO2 p = 0.000003) and
Test B and Control B (PMa5 p = 0.0001, COq
p = 3.3 x 107%). There was no significant dif-
ference between Test C and Control C (PMa
p=0.8, CO2 p=0.3).

An ANOVA was conducted for both parame-
ters to determine if there was a significant dif-
ference between Test A, B and C. The analysis
provided evidence to reject the null hypothesis
of this statistical test (PMsa5 p = 0.000005 and
F[30.2] > Feuitical[3-7]; CO2 p = 0.00000002 and
F[70.3] > Feritical[3-7]), indicating that there was
a significant difference between the three tests in
both parameters.

To determine where this difference was, a Tukey
test was conducted on the average PMy 5 between
tests. The analysis showed there was a significant
difference between each test type (p < 0.01). For
COg, the analysis showed there was a significant
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Figure 4. Maximum concentrations of CO recorded in each test by the RGD. The error bars represent
one standard deviation. Values represent n = 3-7 replicates per test type.

Table 3. Average time to reach threshold values for PMs 5 and CO2 under different mitigation scenarios (NR =

not reached)

Parameter Threshold Windows Windows Closed Windows Closed
Open (min) RVCA disabled RVCA enabled
(min) (min)

PMa 5 2511g,/m3 6 12 NR

PM, 5 50 ng/m? 14 NR NR

COs 800 ppm 7 2 3

COq 1000 ppm 9 3 4

COq 3000 ppm NR NR 16

difference between Test A and C (p < 0.01) as
well as between Test B and C (p < 0.01) but not

between Test A and B.

Therefore, there was a significant difference be-
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Figure 5. Maximum concentrations of COs recorded in each test (HMED). The error bars represent
one standard deviation. Values represent n = 3-7 replicates per test type.

tween PMs 5 and CO4 concentrations when driv-
ing through tunnels in comparison to a non-tunnel
environment when windows were open (Test A) or
closed (Test B) without RVCA. However there was
not a significant difference between PMs 5 or CO9
concentrations inside the vehicle whether driving
through a tunnel or non-tunnel environment when

RVCA was used.

PMs 5 remained below the threshold values in
both tests. Further, the concentrations of PMs 5
inside the vehicle were significantly different dur-
ing each mitigation strategy. Concentrations of
CO9 when using RVCA were significantly different
in comparison to when RVCA was disabled.

A regression analysis was performed on the PMs 5
data collected from the RGD and the HMED from
all Test A results (with outliers omitted). The
RGD consistently recorded higher concentrations
of PMs 5 in comparison to the HMED, but the

Pearson Correlation Coefficient was strong (Mul-
tiple R = 0.89) and the proportion of points that
fit the regression line were also high (R? = 0.80).
Figure 6 displays the results of the line of best fit.
A regression analysis was performed on the COq
data collected from the RGD and the HMED from
all Test C results. The RGD consistently recorded
higher concentrations of COs in comparison to
the HMED. The Pearson Correlation Coefficient
was low (Multiple R = 0.31) and the proportion
of points that fit the regression line were also low
(R? = 0.10). Figure 7 displays the results of the
line fit plot.

The TRAP sensor in the HMED that most closely
correlated to the scientific grade monitor was
PMs 5. Therefore it was this parameter selected
for use in the improved HMED, known as the
Car Canary.
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Figure 6. Line Fit Plot of PMy 5 data for
RGD and HMED measurements.

Car Canary prototype implementation

The Car Canary was upgraded and enhanced using
the same low-cost PMs 5 sensor as used in the
initial testing. Other features included can be
seen in Figure 8. The Car Canary was powered
by an external USB charger which was connected
via USB cable.

The formula below was programmed into the code
in Arduino so that the measurements recorded by
the PMs 5 sensor in the Car Canary more closely
aligned with the concentrations measured by the
RGD:

OUTPUT = 59342z — 7.1122+8 (1)

where OUTPUT = numbers displayed and
recorded by the Car Canary, and z = concen-
tration measured by the PMs 5 sensor in the Car
Canary.

The formula was obtained from the line of best fit
of PMs 5 data and adding a value for the standard
error. The standard error represents the value
that the average calculated values were to the
regression line of the data, which was 8 pg/m?>.
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Figure 7. Line Fit Plot of COy data for
RGD and HMED measurements.

Other items included in the code in Arduino were
to include a trigger limit of 50 pg/m3. At that
value, the Car Canary was programmed to turn on
an LED light when PMjy 5 concentrations reached
or exceeded 50 g/m?. To minimise the light turn-
ing on and off when PMs 5 concentrations are near
that limit, the measurements were programmed
to run as a 10-second average. The value of 50
ng/m? was selected as a conservative measure to
keep average exposures to VO below 25 pg/m3.
This is further explained in the discussion. A copy
of the code can be provided upon request.

DISCUSSION

This investigation explored whether a HMED
could monitor air quality and alert VO to en-
able or disable RVCA to minimize health risks.
Testing focused on NOs, PMs 5, and COs in tun-
nels. NOy was undetectable and excluded from
analysis. PMs 5 and CO4 showed significant dif-
ferences in air quality inside and outside tunnels
with RVCA on or off.

It was found that:

e PMy 5 concentrations were highest with win-
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Figure 8. Car Canary layout and enclosure design.

dows open and lowest with windows closed
and RVCA enabled, supporting the hypothe-
sis that closing windows and enabling RVCA
protects VO from TRAP exposure.

e COy concentrations were highest with RVCA
enabled and lowest with windows open. COq
levels exceeded trigger thresholds with RVCA
enabled.

e A significant difference in COq levels between
Test A and Control A (p < 0.05) and Test
B and Control B (p < 0.05) indicated ad-
ditional COs sources, likely vehicle exhaust.
No significant difference was found between
Test C and Control C (p > 0.05), confirming
VO as the primary COgz source in those tests.

High CO4 exposure is associated with risks of
fatigue, and is a proxy for poor ventilation and
re-breathed air. An increased infection risk arises
from accumulation and recirculation of virus-laden
aerosols when an infectious person is present. Re-
ducing CO4 exposure may therefore be beneficial.
TRAP is also associated with adverse health ef-
fects including asthma and cardiovascular disease
(Health Effects Institute, 2010). Disabling RVCA
while keeping windows closed and AC on fresh
air reduced COq exposure but slightly increased
PM, 5 exposure.

In regards to device effectiveness, the PMs 5 sen-
sor in the HMED closely matched scientific-grade
monitors, while the COs sensor showed poor ac-
curacy at high concentrations. The Car Canary

Arduino Teensy 3.2

LED light as visual
alarm

Touch sensitive
on/off button

prototype effectively alerted VO when PMy 5 ex-
ceeded 50 pg/m?3, prompting RVCA activation to
limit exposure.

The quality of the data was considered when inter-
preting these results. For PMs 5, the home-made
device correlated strongly with the research-grade
monitor (Multiple R = 0.89; R? = 0.80), sug-
gesting the PMs 5 measurements were reasonably
accurate, although the device consistently read
lower than the research-grade monitor, which was
corrected using a line of best fit. In contrast, the
COg sensor correlated poorly with the research-
grade monitor (Multiple R = 0.31; R? = 0.10),
so the CO9 concentrations from the home-made
device should be treated with caution and were
not used in the final device. Precision and re-
liability were also limited by the small number
of replicates (between three and seven per test)
and by the use of a single vehicle with two occu-
pants, which restricts how far the findings can be
generalised. These results are broadly consistent
with previous studies reporting elevated TRAP
for vehicle occupants in road tunnels (Knibbs et
al., 2009; Martin et al., 2016; Morawska et al.,
2008) and with reports that recirculating cabin
air can reduce particle exposure while affecting
COg concentrations (Jung et al., 2017; Kumar et
al., 2021).

The limitations of this research include: limited
TRAP parameters being measured due to time
and material constraints and specific controls used
that may not apply to all cars (e.g., vehicles with
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more or less than 2 passengers). This study used
the WestConnex M4—-MS8 tunnel system. The ap-
plication of these results to other tunnel systems
were not assessed.

Enhancements to the device could include moni-
toring multiple TRAP parameters and automating
RVCA control for optimal air quality management.
The study could be strengthened by including
more replicates across varied vehicle types and
routes, and by testing higher occupancy levels,
which would directly increase CO4 accumulation.

This study highlights the need for improved sen-
sor accuracy and expanded TRAP monitoring to
refine strategies for minimizing VO exposure to
air pollutants and COq in tunnels, however the
findings provide valuable preliminary information
and proof of concept.

CONCLUSION

Exposure to TRAP in tunnels poses a health risk
to VO. This study reports TRAP and COs con-
centrations being higher inside the WestConnex
M4-MS8 tunnel system, highlighting the need for
targeted interventions. Air quality varied by treat-
ment, with RVCA offering the most protection
from TRAP but leading to CO9 buildup. COs
levels exceeded 800 ppm in 3 minutes, 1000 ppm
in 4 minutes, and 3000 ppm in 16 minutes. CO2
at these levels has been associated with risks to
cognitive function, fatigue, and infection transmis-
sion. While RVCA is the recommended mitigation
strategy, this preliminary study suggests that pro-
longed use may increase exposure to COs.

To further reduce TRAP exposure, the study in-
troduced Car Canary, a prototype device that
alerts VO when TRAP reaches a critical level,
signaling when to enable RVCA. This research
provides valuable preliminary evidence and proof
of concept, filling a gap by developing a device to
balance TRAP and COq exposure risks, with the
aim of enhancing driver health and safety.
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ABSTRACT

The widespread use of synthetic cleaning products significantly
contributes to environmental pollution, creating the need for
natural alternatives. In this study, the capillary tube method
was used to investigate the effect of concentration, temperature
and pH on the effectiveness of soapberry as a plant-based de-
tergent and compare its effectiveness to commercially available
detergent and bio-detergent. Effectiveness was measured as a
decrease in surface tension, which in turn affects the forma-
tion of micelles that enclose lipids and dissolve grease and oils.
The results of this study showed that greater effectiveness was
achieved at higher concentration (5%), temperature (60°C) and
pH (12) of soapberry surfactant and found soapberry to be
more effective than water (control), similarly as effective as
commercial bio-detergent, and less effective than commercial
detergent. These findings support the use of soapberry in both
domestic and industrial settings as an alternative to commercial
cleaning products, reducing the chemical and plastic pollution
associated with conventional detergents.
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YASJ Editors’ Note: This study systematically investigates soapberry as a potential alternative to commercial
cleaning products by examining the effects of concentration, temperature and pH on surface tension. Comparison
with conventional detergent, bio-detergent and water provides a clear experimental framework. Readers should
note that surface tension was used as a proxy for cleaning effectiveness rather than measuring soil or oil removal
directly, and that the capillary-tube method introduces measurement assumptions and uncertainty. Further
direct cleaning-performance testing would strengthen the practical conclusions of the investigation.

INTRODUCTION

Hygiene is one of the most significant aspects of
human life. Maintaining good hygiene is crucial
in order for humans to survive (Curtis, 2007). As
a result, humans themselves have developed, engi-
neered and produced an immense range of hygiene
and cleaning products for their homes and environ-
ments. The widespread use of these products has
contributed to the development of a substantial
commercial industry, with the global household
cleaners market generating approximately USD
39.79 billion in revenue in 2024 and projected to
grow at a compound annual growth rate of 3.17%

between 2024 and 2029 (Statista, 2024).

However, over time, with the discovery of more
chemicals and resources, as well as increased
knowledge of their properties and applications,
these everyday cleaning products have become in-
creasingly complex mixtures containing harsh and
potentially toxic chemicals. Such chemicals can
pose risks not only to humans, but also to the en-
vironment and the flora and fauna it encompasses,
primarily through entering aquatic environments
as greywater (Yuan et al., 2014). Persistent con-
taminants in particular can remain in environ-
mental systems for extended periods due to their
resistance to degradation, leading to their accumu-
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lation within organisms when uptake occurs faster
than elimination — a process known as bioaccu-
mulation. Once absorbed, these chemicals may
undergo biotransformation, whereby metabolic
processes alter their chemical structure, further af-
fecting their toxicity, persistence and elimination.
Moreover, contaminants can be transferred be-
tween organisms through feeding and accumulate
at higher trophic levels through biomagnification,
increasing exposure among organisms higher in
the food chain, including humans (Mackay et al.,
2018).

For example, triclosan (TCS), an antimicrobial
compound commonly used in products such as
hand soaps and cosmetics, has been detected in
human body fluids across all age groups, with
evidence indicating that prolonged exposure may
adversely affect multiple biological systems, in-
cluding hormone homeostasis and liver function
(Yueh & Tukey, 2016). Similarly, lead is a cu-
mulative toxicant that can affect multiple body
systems, including the neurological, haematologi-
cal, gastrointestinal, cardiovascular and renal sys-
tems; long-term exposure is particularly harmful
to children, in whom even relatively low exposure
can cause serious and, in some cases, irreversible
neurological effects (World Health Organization,
2025).

Additionally, commercial bio-detergents — while
specifically designed to replace some harmful com-
ponents found in conventional detergents using
enzymes such as cellulase and lipases (Ito et al.,
2005) — are still manufactured cleaning prod-
ucts that require industrial processing and plas-
tic packaging. As a result, both detergents and
bio-detergents contribute to the release of toxic
chemicals that end up in the ocean, in marine
ecosystems, and even in seafood (Couture, 2019),
with the chemicals in their plastic packaging, such
as flame retardants, also being highly persistent
in the environment, impacting coral in particular

(Aminot et al., 2020).

However, some resources in nature can be used to
perform the same function as artificial cleaning
products without causing as much harm. An
example of such a resource is the soapberry tree,
Sapindus — from ‘sapo’, Latin for ‘soap’ — which
is found in warm temperate and tropical regions
such as China and India (Liu et al., 2021). The
fruits of this tree, also known as soapnuts, contain
organic compounds called saponins, which act

as natural surfactants. The key ingredient in

detergents and soaps, surfactants are chemical
compounds that decrease surface tension and form
micelles, molecular structures that enclose lipids
and dissolve grease and oils (Kregiel et al., 2017),
allowing for effective cleaning. Not only is this
property of soapberries not limited to domestic
applications — soapberry-derived saponins have
also been used to facilitate the removal of heavy
metals from contaminated soil (Maity et al., 2013)
— but their many beneficial properties make them
an environmentally friendly alternative across a
range of applications.

Soapberries are natural, free of artificial chemi-
cals, hypoallergenic, greywater safe, zero waste,
biodegradable, antibacterial and antifungal (Rai
et al., 2021). By not needing to be contained
in plastic packaging and being themselves fully
biodegradable, as well as lacking artificial chem-
icals, soapberries completely eliminate any plas-
tic and chemical pollution that could occur from
their widespread use. In addition, soapberries are
commercially viable due to their low cost and ac-
cessibility; they are readily available for purchase
online with a 1 kg bag costing approximately 10c
per wash, compared with around 50c per wash for
commercial bio-detergent (Only 1 Earth, 2022).

However, despite soapberries’ numerous benefi-
cial qualities, their use by the public and in the
industry is very limited. This is likely due to
the greater trust, chemical strength, and cleaning
efficiency that conventional cleaning products pos-
sess. Therefore, more research into the properties
of soapberries and how they function, how to en-
hance their properties, and their effectiveness in
comparison to conventional cleaning products can
increase their cleaning capability and make their
use as an alternative more widespread, benefiting
the environment.

Thus, this study was designed to determine the
optimum conditions for the use of soapberries as
a cleaning agent and assess their effectiveness as
an alternative to commercially available cleaning
products. Specifically, it investigated the effect of
surfactant concentration, temperature and pH on
soapberry effectiveness, measured through surface
tension, and compared the effectiveness of soap-
berry with water (control), commercial detergent
and commercial bio-detergent. Lower surface ten-
sion facilitates the formation of micelles, which
enclose lipids and dissolve grease and oils, thereby
contributing to cleaning effectiveness. The critical
micelle concentration (CMC) is the concentration
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point at which micelles are formed and after which
surface tension remains relatively constant; there-
fore, determining the CMC of soapberry provides
an indication of the concentration required for
effective surfactant activity.

The variables surfactant concentration, tempera-
ture and pH were selected based on their potential
effects on surfactant performance. As indicated by
the CMC, a certain concentration of surfactant is
required to form micelles and hence function effec-
tively; the CMC of the Sapindus saponin extracted
from pods has been determined to be 0.75%, and
0.45% when extracted from the pericarp (Balakr-
ishnan et al., 2006; Rai et al., 2021). Tempera-
ture was selected because changes in molecular
thermal activity can alter cohesive forces and in-
termolecular interactions within a solution, and
temperature has been shown to impact the ef-
ficiency of soapberry-derived saponin (Maity et
al., 2013). Additionally, commercial laundry de-
tergents have been shown to contain ingredients
to control and maintain pH, commonly including
alkaline builders that help produce and maintain
an alkaline environment, which can contribute to
cleaning effectiveness.

Hence, it was hypothesised that increases in soap-
berry surfactant concentration (until a CMC level
of 0.75%), temperature and pH would lead to a
decrease in surface tension and hence an increase
in effectiveness; and that soapberry would perform
more effectively than water, similarly as effectively
as commercial bio-detergent, and less effectively
than commercial detergent.

MATERIALS AND METHODS

Method for calculating surface tension

Surface tension was determined using the capillary
tube method. Capillary tubes of 1 mm inner di-
ameter and the Duratech TD-2081 Digital vernier
calliper were used to measure the change in wa-
ter level and the following formula was used to
calculate surface tension:

_p><7r><g><r2><h
~cos(f) x2x X T

where T is the surface tension (N/m); p is the
density (kg/m3); 7 is the constant 3.14; g is the
force of gravity (9.8 m/s?); r is the capillary tube
radius (0.0005 m); h is the height travelled (m);
and cos(f) = 1 (where 6 is the contact angle

between the liquid and the glass of the capillary
tube, assumed to equal 0°).

Experiment 1: Effect of concentration on sur-
face tension

Organic soapnut powder (Sapindus mukorossi)
from Root2Leaf Organic, laundry detergent pow-
der from Cussons Radiant, laundry bio-detergent
powder from Earth Choice, and an AMIR Digital
Mini Scale and Intllab magnetic stirrer were used.
Solutions of 0%, 0.5%, 1%, 2%, 3%, 4% and 5%
(w/v) concentration of each of the agents were
prepared by weighing 0 g, 0.5¢g,1g,2¢g,3g,4¢g
and 5 g of powder, adding to 100 ml of deionised
water and stirring for 1 min at bar 4. Surface
tension was calculated using the method provided.
The Critical Micelle Concentration (CMC) point
for each agent was identified graphically using the
data collected.

Experiment 2: Effect of temperature on surface
tension

The IVYX Scientific Thermostatically controlled
water bath and Pasco Temperature Probe were
used to achieve solution temperatures of 20°C,
25°C, 30°C, 40°C, 50°C and 60°C for water (con-
trol), and 1% concentration solutions of soapberry,
detergent and bio-detergent (prepared using the
method in Experiment 1). Surface tension was
calculated using the method provided.

Experiment 3: Effect of pH on surface tension

Solutions of pH 4, 7 and 12 of each of the agents
at 1% concentration were prepared by addition of
hydrochloric acid (0.01 M) or sodium hydroxide
(1 M) to deionised water [soapberry — 20:0:80,
0:0:100, 0:10:90; detergent and bio-detergent —
60:0:40, 10:0:90, 0:0:100]. The pH values were
measured using the Techvida Digital pH Meter.
Surface tension was calculated using the method
provided.

Data analysis

To ensure precision, all the experiments were per-
formed in replicate and results were presented as
averages of the replication values. A One-Way
ANOVA statistical analysis was performed using
the Data Analysis Tool in Excel, which compared
the surface tension of the different types of sur-
factants at critical micelle concentration level and
water (control) in order to see if they were signif-
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icantly different (a« = 0.05). A series of t-tests
were further performed using the Data Analysis
Tool in Excel, which compared surface tension
at the critical micelle concentration for different
types of surfactants in order to see if they were
significantly different.

RESULTS

The results of Experiment 1 showed that surface
tension decreased as the concentration of all three
surfactants (soapberry, detergent and commercial
bio-detergent) increased until the critical micelle
concentration levels of 0.65% (Figure 1), 0.70%
(Figure 2) and 1.06% (Figure 3) were reached,
respectively.

Surface Tension (N/m)

0.00

0 085 1 2 3 4

Concentration (%)

Figure 1. Average surface tension (IN/m)
of soapberry at increasing concentrations.
Surface tension decreased until the critical
micelle concentration (CMC) of 0.65% was
reached, after which it remained relatively
constant.

Surface Tension (N/m)
o

0 070 1 2 3 4 5

Concentration (%)

Figure 2. Average surface tension (IN/m)
of detergent at increasing concentrations.
Surface tension decreased until the critical
micelle concentration (CMC) of 0.70% was
reached, after which it remained relatively
constant.

0.06

0.043
0.04

Surface Tension (Nim)

0 1106 2 3 4

Concentration (%)

Figure 3. Average surface tension (N/m) of
bio-detergent at increasing concentrations.
Surface tension decreased until the critical
micelle concentration (CMC) of 1.06% was
reached, after which it remained relatively
constant.

Comparing soapberries, detergent, and commer-
cial bio-detergent based on their critical micelle
concentration and water (control) showed that wa-
ter had the highest surface tension of 0.077 N/m
as expected, detergent had the lowest surface ten-
sion of 0.036 N/m, soapberry and commercial
bio-detergent had similar surface tension of 0.048
N/m and 0.043 N/m, respectively, and the surface
tension of soapberry and commercial bio-detergent
was higher than detergent and lower than water
(Figure 4). The data analysis showed that the
surface tension of surfactants and water was sig-
nificantly different (F-value = 7.918, p = 0.001, «
= 0.05, One-Way ANOVA) and the surface ten-
sion of soapberry was significantly different from
the surface tension of detergent (p = 0.022, o =
0.05, t-test) and water (control) (p = 0.035), but
not significantly different from commercial bio-
detergent (p = 0.429). The results of Experiment
2 showed that as the temperature increased the
surface tension of all three types of surfactants and
water (control) decreased; higher surface tensions
were achieved at the lowest temperature of 20°C
and lower surface tension was observed at 50°C—
60°C (Figure 5). The results of Experiment 3
showed that as the pH level increased, the surface
tension decreased for all three surfactants; higher
surface tensions (0.062 N/m, 0.053 N/m, 0.0471
N/m) were observed in the acidic environment pH
4, and lower surface tensions were noted at the
neutral pH 7 and basic pH 12 levels (Figure 6).
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Surface Tension (N/m)
|

Water (control) Soapberry Detergent Bio-detergent

Type of Surfactant

Figure 4. Average surface tension (N/m)
of water (control), soapberry, detergent and
bio-detergent at their respective critical mi-
celle concentrations. Water had the highest
surface tension (0.077 N/m), while deter-
gent had the lowest (0.036 N/m); soapberry
and bio-detergent had surface tensions of
0.048 N/m and 0.043 N/m, respectively.

® Water @ Soapberry Detergent @ Bio-detergent

0.06 \

0.05
004
0.03

Surface Tension (N/m)

20 30 40 50 60

Temperature (°C)

Figure 5. Average surface tension (N/m)
of water (control), soapberry, detergent and
bio-detergent at increasing temperatures.
Surface tension decreased as temperature
increased across all four substances.

@ Soapbery @ Detergent Bio-detergent

0.06 + k
oo 1 \\'

Surface Tension (N/m)

t t t
Acidic (4) Neutral (7) Basic (12)

PH level (0-14)

Figure 6. Average surface tension (N/m)
of soapberry, detergent and bio-detergent
under acidic (pH 4), neutral (pH 7) and
basic (pH 12) conditions. Surface tension
decreased as pH increased across all three
surfactants.

DISCUSSION

The widespread use of commercial cleaning prod-
ucts contributes to increasing levels of environmen-
tal pollution and plastic waste, creating a need
for effective and environmentally sustainable al-
ternatives. The findings of this study support the
potential of soapberry as such an alternative, sug-
gesting that although soapberry may not provide
equivalent surfactant performance to conventional
detergent, it has potential as a lower-impact alter-
native to commercial bio-detergents.

The results supported the established inverse re-
lationship between surfactant concentration and
surface tension until the critical micelle concen-
tration (CMC) is reached (Yuan et al., 2014).
The surface tension of all three surfactants (soap-
berry, detergent and commercial bio-detergent)
decreased as concentration increased until their
respective CMC levels were reached, with the
CMC of soapberry (0.65%) being close to the hy-
pothesised and previously reported value of 0.75%
(Balakrishnan et al., 2006; Kregiel et al., 2017;
Rai et al., 2021). This indicated that all three
substances had functioned as surfactants under
the conditions tested.

The lower surface tension of detergent compared
with soapberry and commercial bio-detergent was
consistent with previous research showing that
conventional detergents can produce greater re-
ductions in surface tension due to their additional
chemical components (Fuchs, 2015), while the
similar (not significantly different) surface tension
of soapberry and commercial bio-detergent was
consistent with research indicating that commer-
cial bio-detergents contain plant-based ingredients
similar to those present in soapberry (Azuokwu
et al., 2021). This suggests that soapberry may
provide similar surfactant performance to com-
mercial bio-detergent while avoiding the need for
industrial processing and plastic packaging.

To further enhance this performance, conditions
such as temperature and pH are important to
consider. The observed trend of decreasing sur-
face tension as temperature and pH increased sup-
ported the hypothesis and was consistent with pre-
vious research (Rai et al., 2021). This trend was
observed across all three surfactants, as well as wa-
ter (control) for temperature, suggesting that the
effects of temperature and pH on surface tension
are not unique to soapberry but may reflect more
general effects on surfactant performance. This
supports the potential for optimisation of temper-
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ature and pH conditions to further improve the
cleaning effectiveness of soapberry and incentivise
its use.

The findings have implications for the use of soap-
berries as an alternative cleaning product in do-
mestic settings. Although soapberry had lower
surfactant performance than commercial deter-
gent, its similar performance to commercial bio-
detergent suggests that it may provide a lower-
impact alternative to manufactured bio-detergents.
This is particularly relevant given that soapber-
ries do not require industrial processing or plastic
packaging, potentially reducing the environmental
impacts associated with manufactured cleaning
products. The optimisation of concentration, tem-
perature and pH conditions may further enhance
the appeal and practical application of soapberry
and support investigation into its use in other
settings, including industrial applications such as
soil and oil remediation.

The reliability of the findings was supported by
the close agreement between the calculated den-
sity of water (921 kg/m?) and its accepted value
(1000 kg/m?), as well as between the measured
surface tension of water at 25°C (0.060 N/m) and
its accepted value (0.071 N/m). Measurement
readings were performed at eye level to minimise
parallax error, and the small standard deviation
and range across the data indicated consistency
between repeated trials. All variables, apart from
the independent variable in each experiment, were
controlled, supporting the reproducibility of the
results. These factors support the validity of the
capillary tube method as a measure of surface
tension. The presence of foam in the soapberry
solution initially introduced measurement error;
however, this was minimised by determining the
stirring intensity that produced the least foam and
maintaining the same stirring intensity and du-
ration throughout the experiments. In addition,
assuming that the contact angle § was always
equal to 0°, giving cos(f) = 1, was a potential
source of error. This could be addressed in future
measurements by using a tensiometer to directly
measure the contact angle and improve the accu-
racy of surface tension measurements.

Further research could investigate the antibacte-
rial and antifungal properties of soapberries us-
ing agar plates and the disk diffusion method,
which would allow the soapberry extract to diffuse
through the agar medium. The cleaning effective-
ness of soapberries could also be assessed directly

using oil or soil remediation experiments under
varying concentration, temperature and pH condi-
tions. Such investigations would provide further
evidence of the practical cleaning applications of
soapberries beyond surface tension measurements.

CONCLUSION

This study showed that higher concentration (5%),
temperature (60°C) and pH (12) of soapberry sur-
factant resulted in lower surface tension, indicat-
ing greater cleaning effectiveness, and that soap-
berry was more effective than water, less effective
than commercial detergent and similarly as effec-
tive as commercial bio-detergent. These findings
support the use of soapberries in both domestic
and industrial applications and demonstrate their
potential as an environmentally friendly cleaning
alternative.
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