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ABSTRACT

3D-printed gears made from polylactic acid (PLA) are widely used in classroom kits and other low-cost
mechanisms, but they wear during repeated use, and there is no convenient way to tell that a gear is
changing without stopping and dismantling the system. This study asks a deliberately narrow question:
whether a single-channel sound level recording, of the kind a phone-based sound meter produces,
contains time-localized events that can be detected reproducibly. One 42-minute run of a battery-driven
two-gear PLA assembly was logged as relative sound level against time at 9.51 Hz and analyzed in
Python. Because that sampling rate restricts the analysis to frequencies below 4.76 Hz, and because the
gear pair carries 100 and 40 teeth, the gear-meshing frequency lies outside the measured band for any
motor speed above 7.1 rev/min. The measurement is therefore treated throughout as an envelope
measurement, describing how loudness varies over time rather than the acoustics of the meshing teeth.
The record divides into a loud opening segment and a stationary remainder 7.0 dB quieter; only the
stationary segment is analyzed. Within it, four events exceed the detection threshold, at 1,454, 2,019,
2,127 and 2,180 s. The same four events are returned by every analysis band between 0.5 and 4.5 Hz and
every threshold between 6 and 9 dB above the segment mean, and none of 500 phase-randomized
surrogates with the same power spectrum produced any detection at all. The study does not establish that
these events reflect gear damage.

INTRODUCTION

Polylactic acid is known for its ease of use, low cost, and availability (Sandanamsamy et al.; Farah et al.).
These properties are made possible through its low thermal expansion and high tensile strength. PLA is
therefore often printed into gears for use in small-scale mechanical systems (Liao et al.), which is most
visible in educational settings, where it is used in toolkits and student projects. Such gears are porous, and
PLA is subject to degradation and fatigue after repeated use, with a fatigue life that depends on how
quickly it is loaded as well as on how heavily (Cesnik and Slavi¢). In most systems this leads to sudden
failure, which is an extra cost to the user and disrupts the application. Industrial steel gears benefit from
established protocols to prevent this situation (International Organization for Standardization, ISO
6336-1; ISO 20816-9), but there is no equally accessible method for tracking the condition of lightweight
3D-printed polymer gears without taking the system apart.
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One possible route is acoustic analysis of the vibration produced when gear teeth mesh, because surface
irregularities alter the sound a gear pair produces, and an acoustic measurement does not require the
system to be disassembled (Qu et al.; Feng et al.). Established implementations of this idea rely on
instrumentation that resolves the meshing frequency and its sidebands. The present study asks what, if
anything, survives when the instrument is a phone-based sound meter logging at roughly ten samples per
second.

Two properties of that measurement set hard limits on what this study can claim, and both are stated here
rather than left for the reader to discover. First, the recording is a sound level log sampled at 9.51 Hz, so
the analysis is restricted to fluctuations below 4.76 Hz. It describes the envelope of the sound the system
produces, not the meshing frequencies that conventional gear diagnostics use. Second, the study reports a
single run, and the gear was not inspected afterwards, so no detected event can be matched to any
physical change in the gear. The study therefore does not test for fatigue, and no result below should be
read as evidence of fatigue.

What the paper does contribute is a documented and fully reproducible procedure for extracting
time-localized events from a low-rate acoustic log, together with two tests of whether those events are
properties of the signal or of the analyst's choices. The question it answers is whether such events can be
detected at all, and how robustly, which is a precondition for any later study that attempts to connect them
to gear condition.

METHODS
Apparatus and Recording

The gear pair was part of a 3D-printed educational kit, shown in Figure 1. A 40-tooth input gear and a
100-tooth output gear, both printed in PLA, were mounted on a perforated PLA baseplate so that their
teeth meshed, giving a reduction ratio of 2.5 to 1. Tooth counts were confirmed from a photograph of the
assembly by taking the Fourier transform of the gear outline radius as a function of angle; the dominant
angular harmonics are 100 and 40. A small direct-current motor driven by two AA cells was fixed directly
to the input gear, with no intermediate reduction stage. Sound was recorded with the built-in microphone
of an Apple iPhone running the phyphox acoustic logging experiment, placed beside the assembly and left
undisturbed for the duration; its distance from the gear pair was not recorded at the time, so absolute
levels would not be comparable with another recording even if the instrument had been calibrated. The
recording was made on 20 December 2025 between 18:28 and 19:10 local time, and ran for 2,528 s. The
instrument calibration offset was zero, so levels are reported as relative decibels and no absolute sound
pressure level is claimed. This paper reports one run; no second run exists, and the apparatus has since
been dismantled.
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Signal Conditioning and Segmentation

The exported file contained 24,044 rows, of which the final 832 carried no level value and were removed,
leaving 23,212 samples spanning 0 to 2,440.6 s. The mean sample interval is 0.1051 s, giving a sampling
rate of 9.51 Hz and, by the Nyquist criterion, an analysis limit of 4.76 Hz (Oppenheim and Schafer).
Levels were converted from decibels to linear amplitude using linear amplitude = 10"(dB/20) before any
frequency-domain step.

Inspection of the record showed that it is not stationary. The first 565 s sit 7.0 dB above the remainder,
with a mean of -59.5 dB against -66.4 dB and a standard deviation of 3.6 dB against 2.7 dB. Because a
detection threshold referred to the mean of a whole record is not meaningful when the record contains a
step of this size, the opening segment was excluded and all subsequent analysis was performed on the
stationary remainder, 565.3 to 2,440.6 s, a span of 31.3 minutes. The cause of the step was not recorded
and is not identified here.

Frequency-Domain Analysis

The spectrum of the stationary segment was computed by Fourier transform of the linear amplitude
signal, with magnitudes scaled by two divided by the number of samples. A spectrogram was then
computed using a segment length of 512 samples with 256 samples of overlap, which at 9.51 Hz
corresponds to a 53.8 s window advanced in 26.9 s steps, giving a frequency resolution of 0.019 Hz and a
time resolution of 53.8 s. Any event located by this method is therefore localized to a window rather than
to an instant.

Event Detection and Its Justification

Mean spectrogram power in the 1 to 3 Hz band was computed for each window, producing a single curve
of band level against time, and events were taken as peaks in that curve exceeding the segment mean by 6
dB. Neither the band nor the threshold was derived from theory, so both were tested rather than asserted.
The band was varied across 0.5to 2, 1to 2, 1to 3,2 to 4 and 0.5 to 4.5 Hz and the threshold across 3 to 9
dB above the segment mean, and the resulting event sets were compared. Separately, the detection
procedure was run unchanged on 500 phase-randomized surrogates of the stationary segment. Each
surrogate preserves the power spectrum of the measured signal exactly while destroying its time structure,
so the number of detections a surrogate produces is the number this procedure returns from a stationary
process with the same spectrum and no events in it. All processing used Python with NumPy (Harris et
al.) and SciPy (Virtanen et al.).
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RESULTS

The full record and the level step that divides it are shown in Figure 2. The step at 565 s is abrupt and
separates a louder, more variable opening from a quieter remainder, and all four events reported below fall
in the second half of the stationary segment.
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Figure 1. The gear assembly. A 40-tooth PLA input gear, driven directly by a two-cell direct-current
motor, meshes with a 100-tooth PLA output gear on a perforated PLA baseplate. Tooth counts were
measured from this photograph by Fourier analysis of each gear outline. The reduction ratio is 2.5 to 1.

Nov 2026
Vol 13. No 2.
Oxford Journal of Student Scholarship
www.oxfordjss.org

125



Acoustic Envelope Analysis of a Running 3D-Printed PLA Gear Pair

< level step at 565 s

_40 -

m
=2
T .
3 —50
S
S —60
S
[
o

_70_

T T T T
0 500 1000 1500 2000
Time (s)

Figure 2. Relative sound level across the full 2,441 s record, after removal of 832 rows with missing
values. The dashed line at 565 s marks an abrupt 7.0 dB step: the opening segment has a mean of -59.5 dB
and a standard deviation of 3.6 dB, the remainder -66.4 dB and 2.7 dB. Only the segment to the right of
the dashed line is analyzed in this paper.

Within the stationary segment, spectral energy falls monotonically with frequency across the measured
range and shows no discrete line (Figure 3). The spectral centroid is 1.68 Hz and the spectral spread is
1.36 Hz, and the 1 to 3 Hz band carries 38.3 percent of the total magnitude below 4.76 Hz. Computed
separately over four equal blocks of the stationary segment, the centroid is 1.70 Hz with a standard
deviation of 0.11 Hz and the spread is 1.40 Hz with a standard deviation of 0.06 Hz, so the spectral
description of the signal is stable to about 6 percent across the segment.
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Figure 3. Magnitude spectrum of the stationary segment on a decibel scale, plotted to the 4.76 Hz
Nyquist limit. Magnitude decreases with frequency across the whole range and no discrete peak is
present. The shaded region marks the 1 to 3 Hz band used for event detection.

The spectrogram of the stationary segment (Figure 4) shows energy concentrated below about 2 Hz
throughout, with four short intervals in which energy rises across the band.
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Figure 4. Spectrogram of the stationary segment. Each column spans one 53.8 s analysis window. Four
vertical bands of raised energy are visible in the second half of the segment; elsewhere the pattern is
uniform.

The 1 to 3 Hz band level and the four detected events are shown in Figure 5. The events fall at 1,454,
2,019, 2,127 and 2,180 s, exceeding the segment mean by 19.3, 13.4, 12.7 and 13.9 dB respectively. The
interval from 565 to 1,454 s contains no detection, and neither does the final 260 s of the segment.

Nov 2026
Vol 13. No 2.
Oxford Journal of Student Scholarship
www.oxfordjss.org

127



Acoustic Envelope Analysis of a Running 3D-Printed PLA Gear Pair

~55
—607 1454 s
_65 -
70
—75

_80 -

-85 - W e Vv

_90 -

Band level (dB, arb. ref.)

T T T T T T T
750 1000 1250 1500 1750 2000 2250
Time (s)

—— 1-3 Hz band level —— segment mean ---- threshold (mean + 6 dB) O detected events

Figure 5. Mean spectrogram power in the 1 to 3 Hz band across the stationary segment. The solid line is
the segment mean and the dashed line the detection threshold, 6 dB above it. Four windows exceed the
threshold, marked with circles and labeled by time. The quiet interval between 565 and 1,454 s contains
no detection.

Varying the analysis band and the threshold does not change the result. The same four events, and no
others, are returned for every band tested between 0.5 and 4.5 Hz and for every threshold between 3 and 9
dB above the segment mean. The events are therefore broadband within the measured range rather than
confined to the 1 to 3 Hz band, and the count is not a consequence of where the threshold was placed.

The surrogate test separates the events from the background more sharply still (Figure 6). Across 500
phase-randomized surrogates, each with the same power spectrum as the measured signal, the largest
excursion above the segment mean was 1.9 dB and the mean largest excursion was 1.2 dB. No surrogate
produced a single detection at the 6 dB threshold, or at any threshold down to 3 dB. The four measured
events exceed the largest surrogate excursion by between 10.8 and 17.4 dB, so the probability that a
stationary process with this spectrum produces them is below 1 in 500.

Nov 2026
Vol 13. No 2.
Oxford Journal of Student Scholarship
www.oxfordjss.org

128



Acoustic Envelope Analysis of a Running 3D-Printed PLA Gear Pair

1 1 1
40 - [0 500 phase-randomised slhrriog:,rates i
o~ ---- observed events o I
] 1 11 ]
3 B :
S| 4
S 30 Pl |
fob) o 1
m P |
o 20 | i
o 1o I
: ] s
B 10 I |
] 1 1
1 1 1
1 [ | 1
0 I I I I I |I 1 I I L I
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

Largest excursion above segment mean (dB)

Figure 6. Distribution of the largest excursion above the segment mean in 500 phase-randomized
surrogates of the stationary segment, each preserving the measured power spectrum exactly. The surrogate
distribution lies between 0.6 and 1.9 dB. The dashed vertical lines mark the four measured events, at 12.7
to 19.3 dB. No surrogate produced a detection at any threshold tested.

DISCUSSION
What the Measurement Can and Cannot Reach

The meshing frequency of a gear pair is the product of the rotation rate of either gear and its own tooth
count. With 100 teeth on the output gear, meshing would fall inside the measured band only if the output
gear turned more slowly than one revolution every 21 s, which corresponds to an input speed below 7.1
rev/min. No motor-driven assembly runs that slowly, so the meshing frequency lies outside the measured
band for any plausible operating speed, and this follows from the tooth count alone without knowing the
motor. The acoustic emission associated with crack growth, which established work locates in the tens to
hundreds of kilohertz (Qu et al.), lies outside the band by a far wider margin again.

What the instrument records is the slowly varying loudness of the assembly, sampled about ten times a
second, so the spectrum of that record describes how quickly loudness rises and falls rather than which
tones are present. Amplitude modulation of the meshing signal is the mechanism underlying established
demodulation and envelope methods in gear diagnostics, in which a local fault modulates the meshing
vibration once per revolution and the envelope carries the diagnostic information (Randall; Feng et al.).
The present measurement reaches the low-frequency end of that same quantity, capturing an envelope
while discarding the carrier that would identify its source. The spectrum of the stationary segment
contains no discrete line, so no rotation rate can be identified in it, and the measurement cannot attribute
an envelope fluctuation to any particular rotating component.
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What the Four Events Show

The two robustness tests establish a narrow but definite result. The events are not artifacts of the analysis
band or the threshold, because every combination tested returns the same four. They are not what a
stationary process with this spectrum produces, because 500 surrogates built to have exactly that spectrum
produced nothing above 1.9 dB while the events reach 12.7 to 19.3 dB. The recording therefore contains
four genuine time-localized increases in acoustic energy, three of them within 160 s of each other near the
end of the run.

What produced them is a separate question, and this study cannot answer it. At least three explanations
are consistent with the observation. The gear pair may have changed, through wear or a developing
surface irregularity. The two AA cells, driving a motor continuously for 42 minutes, fall in terminal
voltage over that period and change the shaft speed, which moves energy across a fixed analysis band.
The recording environment was uncontrolled, and a door closing or a voice nearby raises the broadband
level for the duration of one window. Because no physical inspection was carried out and only one run
exists, these cannot be separated. The 7.0 dB step at 565 s makes the point concretely: it is the largest
single feature of the record and its cause was not noted at the time.

Relation to Established Practice

Compared with the methods used in the literature, the limits of this approach are clear. Qu et al. compared
acoustic emission and vibration sensors on gearbox tooth-cut faults and found acoustic emission the more
sensitive, using instrumentation operating three orders of magnitude above the bandwidth available here.
Feng et al., reviewing vibration-based gear wear monitoring, describe a field built on meshing harmonics
and their sidebands, none of which lie inside the band measured in this study. The relevant standard for
gear units specifies broadband vibration measurement rather than a narrow low-frequency indicator
(International Organization for Standardization, ISO 20816-9). The procedure demonstrated here should
therefore be read as a screening indicator that flags when the acoustic behavior of a machine has changed,
not as a diagnostic that identifies what changed.

The polymer literature also suggests that discrete events may be the wrong target. Mao et al., testing
acetal and nylon gears, describe wear in polymer gears as a progressive process governed by contact
temperature and load rather than a sequence of discrete failures, and Cesnik and Slavi¢ show that the
fatigue life of additively manufactured PLA depends on loading frequency as well as stress amplitude. If
polymer degradation is gradual, a slow trend in band level across many runs would be a more informative
variable than isolated events within one, and a comparison of run-averaged band energy between a new
gear and a worn one would test the underlying question more directly than event counting.
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Limitations

Four limitations bound what is reported. The study rests on one run, so experiment-level repeatability
cannot be assessed; the apparatus has been dismantled and cannot be re-run. What can be shown, and is
shown above, is that the spectral description of the signal is stable to about 6 percent across four blocks of
the stationary segment, which is measurement-level stability within a single record and not a substitute for
repetition. No ground truth exists, since the gear was neither inspected nor sectioned afterwards, so no
detected event can be associated with a physical change. The 53.8 s analysis window localizes an event
only to within about half a minute. Finally, the opening 565 s of the record is excluded as non-stationary,
so the method is demonstrated on 31 of the 42 minutes recorded.

Future Work

The useful next step is a better-controlled recording rather than a more elaborate analysis. A regulated
supply in place of batteries would hold the shaft speed steady, and a tachometer would give the rotation
rate independently, which would allow the analysis band to be centered on a known shaft frequency
instead of chosen by inspection. A sampling rate high enough to reach the meshing frequency would
connect the measurement to the existing literature. Repeated runs on new and deliberately worn gears,
with the gear inspected between runs, would supply the ground truth this design lacks and would convert
the procedure from a demonstration into a test.

CONCLUSION

This study asked whether a low-rate sound level log of a running PLA gear pair contains time-localized
events that can be detected reproducibly. It does. Four events were found in the stationary 31-minute
segment of a 42-minute recording, at 1,454, 2,019, 2,127 and 2,180 s, and they survive every analysis
band between 0.5 and 4.5 Hz and every threshold between 3 and 9 dB above the segment mean, while 500
surrogates with the same power spectrum produced no detection at all. Because the recording is sampled
at 9.51 Hz and the gear pair carries 100 and 40 teeth, the meshing frequency lies outside the measured
band for any realistic motor speed, so these events are features of the acoustic envelope and not of the
meshing acoustics. Whether they reflect the condition of the gear is not established here, and the single
run, the absence of inspection and the uncontrolled environment each prevent it. The contribution is a
reproducible detection procedure with its false-alarm behavior characterized, which is what a controlled
study of gear condition would need before it began.
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