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This study examines the production of Voice Onset Time (VOT) in English stop consonants by native speakers of 
American English and Arabic-speaking English as a Foreign Language (EFL) learners at two proficiency levels. VOT, 
an acoustic parameter, is an essential feature in distinguishing between voiced and voiceless stops. Drawing on Flege’s 
Speech Learning Model (SLM), the research investigates whether learners differentiate between voiceless and voiced 
stops (/p/ vs. /b/) and apply appropriate aspiration in /sp/ clusters, and whether proficiency influences VOT patterns. 
Data were collected from 29 native English speakers and 58 Arabic-speaking learners, who produced minimal pairs and 
/sp/ cluster words embedded in carrier sentences. All tokens were annotated manually in Praat and analyzed using lin-
ear mixed effects models. Results showed that native speakers maintained robust VOT distinctions, while Novice-High 
learners exhibited overlapping distributions between /p/ and /b/ and inappropriate aspiration in clusters. Intermedi-
ate-High learners produced more target-like patterns, suggesting early stages of L2 category formation. Findings support 
the SLM’s predictions and underscore the need for explicit instruction on VOT contrasts and improvements in AI-assist-
ed pronunciation feedback tools. The study concludes with some pedagogical implications for pronunciation instruction. 
For example, teachers working with Arabic-speaking learners should highlight the role of aspiration in English voicing 
contrasts and explicitly address its absence in /sp/ clusters. 
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1. Introduction
Voice Onset Time (VOT) is one of the most widely 

studied acoustic cues for distinguishing voicing in stop 
consonants [1–7] (to mention a few). In English, this dis-
tinction is primarily realized through aspiration: voiceless 
stops such as /p/, /t/, and /k/ are produced with a long-
lag VOT, while voiced stops such as /b/, /d/, and /g/ have 
short-lag or near-zero VOT. Mastery of these contrasts 
is essential for intelligibility, as misarticulated voicing 
distinctions can lead to misunderstandings and contrib-
ute to accentedness in second language (L2) speech [6–8]. 
In their groundbreaking research [9], VOT across eleven 
different languages and categorized these languages into 
two primary groups based on their VOT contrasts. The 
first group consists of languages such as English, German, 
and Swedish, which exhibit a long-lag (positive) VOT for 
voiceless stops and a short-lag or zero VOT for voiced 
stops. The second group includes languages like Dutch, 
Russian, and Swedish, in which voiceless stops show 
a short positive VOT while voiced stops display a lead 
(negative) VOT. They noted that the lead VOT values for 
voiced stops range from -125 to -75 ms, indicating that 
voicing begins before the stop burst occurs. For voiceless 
unaspirated stops, VOT values fall between 0 and 25 
ms, meaning voicing starts simultaneously with the stop 
burst. In contrast, voiceless aspirated stops have a VOT 
of 60 to 100 ms due to the prolonged aspiration that char-
acterizes these sounds. In a subsequent study on Spanish 
word-initial stops [10], found that using VOT to distinguish 
between voiced and voiceless stops was both noticeable 
and effective.

The VOT values found in different spoken Arabic 
dialects show variability and inconsistency based on the 
specific dialect. The results can be categorized into two 
primary groups: The first group of studies indicates that 
voiced plosives are articulated with lead (negative) voicing, 
while voiceless plosives are produced with short-lag (posi-
tive) voicing, seen in Lebanese and Jordanian Arabic [7,11,12]. 
In contrast, the second group of studies reveals that in the 
Ghamdi dialect of Saudi Arabic, voiced stops have led 
(negative) voicing, whereas voiceless stops are articulat-
ed with long-lag (positive) voicing. For Arabic-speaking 
learners of English, acquiring accurate VOT patterns pres-
ents unique challenges. While Arabic exhibits a voicing 

contrast between /b/ and /t/, it does not utilize aspiration 
as a phonemic feature. Consequently, Arabic learners may 
have difficulty perceiving and producing the aspirated–
unaspirated contrast that characterizes English voiceless 
stops. These difficulties may be further compounded 
in specific phonological environments, such as /s/-stop 
clusters (e.g., speak, spin), where English suppresses as-
piration despite the presence of a voiceless stop. In such 
environments, learners often overgeneralize the aspiration 
rule, leading to unnatural production patterns [13].

This study is informed by Flege’s Speech Learning 
Model (SLM), which posits that L2 learners’ ability to 
acquire new phonetic categories depends on the perceived 
similarity between L1 and L2 sounds [10,14,15]. According to 
the model, when an L2 sound is perceived as sufficiently 
different from any L1 sound, learners are more likely to 
form a new category. Conversely, when the perceived 
difference is small, learners may assimilate the L2 sound 
into an existing L1 category, resulting in compromised 
perception and production. Applying this framework, 
Arabic-speaking learners may either fail to differentiate 
English /p/ from /b/ due to assimilation or gradually form 
a distinct /p/ category with increased proficiency and ex-
posure.

Despite the importance of accurate stop production, 
much remains unknown about how Arabic EFL learners 
at different proficiency levels negotiate English VOT con-
trasts, particularly in cluster environments. Furthermore, 
with the growing use of AI-based pronunciation tools, 
there is an urgent need for annotated L2 data that reflects 
real learner variability and informs the development of 
fine-grained acoustic feedback systems.

This study investigates VOT production in three stop 
contexts—voiceless /p/, voiced /b/, and /p/ in /sp/ clus-
ters—among native English speakers and Arabic-speaking 
learners at Novice-High and Intermediate-High proficien-
cy levels. It addresses the following research questions:

1. Do native speakers and L2 learners maintain contrasts 
between the VOTs of voiceless /p/ and voiced /b/?

2. Do native speakers and L2 learners maintain contrasts 
between the VOTs of aspirated /p/ and unaspirated /p/ 
in /sp/ clusters?

3. Are VOT values influenced by learners’ experience 
with English?
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4. Do Arabic EFL learners show evidence of forming 
new phonetic categories for English stops, or do they 
assimilate them to existing L1 categories based on 
VOT distribution patterns?

By addressing these questions through a controlled 
production task and quantitative analysis, the study con-
tributes to current understandings of phonetic acquisition 
in L2 speech and offers implications for both pedagogy 
and AI-based pronunciation feedback systems.

2. Theoretical Framework
This study adopts Flege’s [10,15] Speech Learning 

Model (SLM) as its principal theoretical framework for 
interpreting the acquisition of English stop contrasts by 
Arabic-speaking learners. The SLM posits that second lan-
guage (L2) phonetic learning is shaped by the perceived 
phonetic similarity between the learner’s first language 
(L1) and the target L2 sounds. It emphasizes the role of 
experience and perception in shaping production patterns 
and accounts for both successful category formation and 
persistent cross-linguistic interference.

A key premise of the SLM is that the formation of a 
new L2 phonetic category depends on whether learners 
perceive the L2 sound as sufficiently different from any 
existing L1 category. If the perceived phonetic distance 
is great enough, learners may establish a new category; if 
not, the L2 sound is likely to be assimilated to an L1 cat-
egory, leading to reduced accuracy in perception and pro-
duction. This model allows for gradient development and 
variability in learner outcomes, depending on factors such 
as age of acquisition, amount of L2 input, and the nature 
of the contrast in question.

In the case of Arabic-speaking learners of English, 
the acquisition of VOT contrasts is particularly infor-
mative. Although Arabic includes a range of voiced and 
voiceless stop consonants, it does not use aspiration as 
a phonemic feature, and the voiceless bilabial plosive /
p/ is absent from its phonemic inventory. Consequently, 
English voiceless aspirated stops may be assimilated into 
existing Arabic categories that lack a long-lag VOT dis-
tinction. This perceptual assimilation can hinder learners 
from identifying aspiration as a contrastive cue in English, 
particularly at lower proficiency levels. With increased 

exposure and targeted instruction, learners may begin to 
form new phonetic categories that reflect the aspirated–
unaspirated distinction, but this development is gradual 
and not guaranteed.

The present study also considers the specific phono-
logical context of /sp/ clusters, where English suppresses 
aspiration for voiceless stops. This context poses addi-
tional challenges for learners, as it requires the inhibition 
of a rule (aspiration of voiceless stops) that is otherwise 
consistently applied. The ability to suppress aspiration in 
these environments reflects more advanced phonological 
knowledge and finer-grained control over production.

While the Perceptual Assimilation Model for L2 
learners (PAM-L2 [16]) offer complementary insights, es-
pecially for perception studies, the SLM remains better 
suited for analyzing L2 production data. The model’s inte-
gration of perceptual and articulatory dimensions, its em-
phasis on category formation, and its compatibility with 
developmental phonetics research make it an appropriate 
framework for interpreting the VOT patterns observed in 
this study.

3. Methodology

3.1. Participants

The study included 87 participants divided into two 
main groups. The control group consisted of 29 monolin-
gual native speakers of American English (15 males, 14 
females), aged 18 to 23, all of whom were undergraduate 
students at a Midwestern university in the United States. 
The experimental group included 58 Arabic-speaking 
English as a Foreign Language (EFL) learners enrolled 
in undergraduate English language programs at a public 
university in Jordan. Proficiency levels were determined 
by the primary researcher, who has received extensive 
training in conducting and rating ACTFL Oral Proficiency 
Interviews (OPIs). Each learner completed a structured 
OPI, and their performance was assessed according to 
ACTFL proficiency guidelines. Based on these inter-
views, 30 learners were classified as Novice-High and 
28 as Intermediate-High. This process ensured consistent 
and experience-based placement aligned with established 
standards for oral proficiency assessment. All participants 
reported normal hearing and no history of speech or lan-
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guage disorders. All participants reported no known histo-
ry of either speech or hearing impairment.

3.2. Materials and Stimuli

The speech stimuli were composed of 20 En-
glish words presented in a fixed carrier phrase (see 
Appendix A). These included ten minimal pairs that 
contrasted voiceless /p/ with voiced /b/ (e.g., peak vs. 
beak), matched for vowel quality (For more informa-
tion about vowels in Arabic, see the reference [17].) and is 
designed to follow a simple CVC syllable structure. 
Some minimal pairs included low-frequency or non-
sense words (e.g., peem, peeg) due to the absence 
of real English words that systematically contrast /
p/ and /b/ across all vowel and coda environments. 
In such cases, phonotactically legal nonsense items 
were introduced to preserve phonological balance 
and allow for controlled comparisons. This approach 
ensured that VOT measurements reflected learners’ 
phonetic encoding of the target contrast rather than 
their familiarity with lexical items, and it aligns with 
established practices in L2 phonetics research where 
nonce forms are used to elicit segmental production 
in a controlled manner. The second set of ten items 
consisted of naturally occurring English words con-
taining /sp/ clusters (e.g., speak, speech, speedy), 
which were included to examine learners’ ability to 
suppress aspiration in complex onset environments. 
Syllable structure was not controlled in this set, as 
only real words were used, resulting in natural varia-
tion in syllable length and coda complexity; howev-
er, the consistent /sp/ onset across items allowed for 
systematic investigation of aspiration suppression in 
this phonological context.

All words were embedded in the fixed carrier sen-
tence “Say ___ once!”, allowing consistent prosodic con-
text across participants. All minimal pair items contrasting 
/p/ and /b/ (e.g., peak–beak, peep–beep, peach–beach) 
were designed to follow a simple CVC structure, with a 
single onset consonant, a monophthongal vowel nucleus, 
and a simple coda. This phonological consistency min-
imized variability in syllable complexity, ensuring that 
VOT differences were attributable to stop voicing rather 
than structural differences. Phonotactically legal nonsense 

words such as peem and peeg were included to complete 
the set of contrasts, as English lacks real minimal pairs 
for certain vowel-consonant combinations involving /p/ 
and /b/. In contrast, syllable structure was not controlled 
in the /sp/ cluster word list, which consisted of naturally 
occurring English words (e.g., speak, speech, speedboat, 
speedy). These items varied in syllable length and coda 
structure, reflecting the constraints of using real lexical 
forms in this condition. While this variability may intro-
duce minor differences in segmental context, the cluster 
onset /sp/ remained consistent across all items and served 
as the primary environment of interest for examining aspi-
ration suppression.

3.3. Procedure

Recordings were conducted in quiet, supervised 
settings with minimal background noise. All participants 
were recorded using high-quality microphones with a 
minimum sampling rate of 44.1 kHz. Each participant 
read the full randomized stimulus list, with each word re-
peated three times. They were instructed to speak at a nat-
ural pace and avoid hyper-articulation. Each word was re-
peated three times by the participants. VOT was measured 
for all three repetitions, and the mean value was used as 
the representative measure for each condition. This ap-
proach reduced the influence of token-level variability and 
ensured a more stable estimate of individual production 
patterns. All annotations followed a standardized segmen-
tation protocol using Praat.

3.4. Acoustic Analysis

VOT measurements were performed using Praat 

[18], version 6.4.27). VOT was defined as the interval in 
milliseconds between the release burst of the stop conso-
nant and the onset of periodic voicing for the following 
vowel. For each stop, VOT was measured as the period 
between the beginning of the release burst of the stop and 
the onset of the glottal vibration [3]. Vowel onset was de-
fined as the apparent emergence of F1; vowel offset was 
taken as the point at which F2 substantially weakened 
or disappeared from the spectrogram. VOT was the time 
between when a plosive is released and when periodicity 
begins [19,20]. The release burst was identified as a sudden 

https://www.fon.hum.uva.nl/praat/manual/What_s_new_.html
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increase in aperiodic energy in the waveform, while the 
onset of voicing was marked by the appearance of the 
first regular pitch periods and the emergence of voicing 
striations in the spectrogram. All tokens were segmented 
manually using both waveform and spectrogram views in 
Praat at a sampling rate of 44.1 kHz. Annotators followed 
a standardized protocol to ensure consistency across 
measurements. Manual segmentation was carried out 
by trained annotators following a standardized protocol. 
To assess reliability, 10% of the recordings were inde-
pendently annotated by a second rater who was blind to 
group assignment. Inter-rater reliability was calculated us-
ing the Intraclass Correlation Coefficient (ICC), yielding 
strong agreement.

3.5. Statistical Analysis

All statistical analyses were conducted in Python us-
ing the statsmodels package. A linear mixed effects model 
was fitted with VOT (in milliseconds) as the dependent 
variable. Fixed effects included Group (Control, Interme-
diate-High, Novice-High), Condition (Voiced /b/, Voice-
less /p/, /sp/ Cluster), and their interaction. Random in-
tercepts were specified for participants and word items to 
account for repeated measures and subject-level variabil-
ity. While the inclusion of random slopes for within-sub-
ject predictors such as Condition is often recommended, 
the statsmodels package in Python does not currently 
support fully crossed random slope structures in the same 
way as R’s lme4. Therefore, we adopted a parsimonious 

and stable model specification appropriate for the capabil-
ities of the Python-based environment and consistent with 
prior L2 phonetics research. No outliers were removed, as 
all VOT values fell within expected ranges for each group 
and condition. All reported effects are accompanied by 
standard errors, p-values, and 95% confidence intervals. 
Effect sizes were also calculated and interpreted where 
appropriate.

4. Results
This section presents the findings of both descrip-

tive and inferential analyses that examine Voice Onset 
Time (VOT) production across three stop conditions, i.e., 
voiceless /p/, voiced /b/, and /p/ in /sp/ clusters across 
three groups: native English speakers (Control), Interme-
diate-High EFL learners, and Novice-High EFL learners.

4.1. Descriptive Statistics

Descriptive statistics were calculated for each Group × 
Condition combination to examine general patterns in VOT 
production. As shown in Table 1, native English speakers 
produced long-lag VOT for voiceless /p/ (M = 90.00 ms), 
short-lag VOT for /b/ (M = 13.83 ms), and appropriately 
short VOT for /p/ in /sp/ clusters (M = 19.21 ms). Interme-
diate-High learners showed intermediate values, suggesting 
developing phonetic categories, while Novice-High learn-
ers exhibited overlap between /p/ and /b/, indicating incom-
plete acquisition of the voicing contrast.

Table 1. Descriptive Statistics by Group and Condition.

Group Condition Mean VOT (ms) SD Min Max N
Control /sp/ Cluster 19.207 5.778 10 28 29
Control Voiced /b/ 13.828 5.751 5 25 29
Control Voiceless /p/ 90.0 15.09 69 120 29

Intermediate-High /sp/ Cluster 18.607 5.633 8 26 28
Intermediate-High Voiced /b/ 13.179 5.099 4 23 28
Intermediate-High Voiceless /p/ 77.321 12.769 56 97 28

Novice-High /sp/ Cluster 8.6 2.686 5 13 30
Novice-High Voiced /b/ 8.267 4.323 0 15 30
Novice-High Voiceless /p/ 9.1 2.857 5 13 30

Visual inspection of VOT distributions further illus-
trates these trends. As depicted in the boxplot in Figure 1, 
native speakers show distinct VOT bands for each condi-
tion. Intermediate-High learners display partial separation, 

particularly between /p/ and /b/, while Novice-High learn-
ers show substantial overlap between categories and a 
wider spread in /sp/ cluster tokens, suggesting variability 

in the application of aspiration suppression rules.
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4.2. Inferential Statistics

To statistically test the influence of Group and Condi-
tion on VOT, a linear mixed effects model was fitted. The 
model included fixed effects for Group, Condition, and 
their interaction, with random intercepts for Participant ID 
to account for repeated measures.

As summarized in Table 2, there was a significant 
main effect of Condition. Voiceless /p/ produced substan-
tially higher VOT values than voiced /b/ and /sp/ clusters. 
There was also a significant main effect of Group, with 
Novice-High learners producing significantly lower VOTs 
overall compared to native speakers. The Intermedi-

ate-High group did not differ significantly in overall VOT 
from the Control group, but showed notable interaction 
effects with Condition.

The Group × Condition interaction was statistically 
significant, indicating that group-based differences varied 
by phonetic context. As shown in Table 3, Novice-High 
learners did not produce a reliable VOT distinction be-
tween /p/ and /b/, and also showed a tendency to over-as-
pirate /p/ in /sp/ clusters (marginally significant, p = 0.072). 
Intermediate-High learners displayed more native-like 
behavior in the /sp/ context and showed significant sep-
aration between /p/ and /b/, although VOT values for /p/ 
remained lower than those of native speakers.

Figure 1. VOT Distribution by Condition and Group.

Table 2. Main Effects from Linear Mixed Effects Model.

Effect Coefficient Std. Error p CI Lower CI Upper
Group[T.Intermediate-High]: Condition [T./sp/ Cluster] 0.049 2.858 0.986 -5.552 5.651

Group[T.Novice-High]: Condition [T./sp/ Cluster] -5.046 2.809 0.072 -10.552 0.46
Group[T.Intermediate-High]: Condition [T.Voiceless /p/] -12.03 2.858 0.0 -17.631 -6.428

Group[T.Novice-High]: Condition [T.Voiceless /p/] -75.339 2.809 0.0 -80.845 -69.833

Table 3.  Interaction Effects from Linear Mixed Effects Model.

Effect Coefficient Std. Error p CI Lower CI Upper
Intercept 13.828 1.416 0.0 11.051 16.604

Group[T.Intermediate-High] -0.649 2.021 0.748 -4.61 3.312
Group[T.Novice-High] -5.561 1.986 0.005 -9.454 -1.668

Condition [T./sp/ Cluster] 5.379 2.003 0.007 1.453 9.305
Condition [T.Voiceless /p/] 76.172 2.003 0.0 72.246 80.098

Group Var 0.0 0.062 1.0 -0.122 0.122
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Taken together, these results suggest a clear develop-
mental trajectory. Novice learners appear to assimilate L2 
stops to L1 categories, while intermediate learners begin 
to form distinct phonetic categories, consistent with the 
predictions of the Speech Learning Model [10,15].

5. Discussion
This study examined the production of Voice Onset 

Time (VOT) in English stop consonants by native English 
speakers and Arabic-speaking learners at two proficiency 
levels. By analyzing the VOT values of voiced /b/, voice-
less /p/, and unaspirated voiceless /p/ in /sp/ clusters, the 
study aimed to assess learners’ acquisition of English stop 
contrasts and to evaluate whether these patterns reflected 
assimilation to L1 categories or the emergence of new 
phonetic categories. The results support the predictions of 
Flege’s Speech Learning Model (SLM), which posits that 
the perceived similarity between L1 and L2 sounds gov-
erns the likelihood of category formation in L2 phonetic 
acquisition.

5.1. Development of Phonetic Categories

The Control group produced VOT values consistent 
with established norms for native English speakers: long-
lag VOT for voiceless /p/, short-lag for voiced /b/, and 
short VOT for /p/ in /sp/ clusters. These contrasts were 
robust and clearly separated across conditions. In contrast, 
the Novice-High group exhibited substantial overlap be-
tween /p/ and /b/, and showed limited evidence of mod-
ulating aspiration in /sp/ clusters. These patterns suggest 
that Novice-High learners had not yet formed distinct L2 
phonetic categories for voiceless aspirated stops and were 
instead assimilating English /p/ into an L1-like unaspirat-
ed stop category.

Interestingly, the Novice-High group produced high-
ly similar VOT values across all three stop contexts, with 
average durations clustered around 9 milliseconds. This 
overlap likely reflects the learners’ reliance on a single 
L1-influenced stop category with short-lag voicing, into 
which both English /p/ and /b/ are assimilated. While 
such convergence is consistent with the predictions of the 
Speech Learning Model, the near-total absence of VOT 
differentiation may also indicate reduced phonetic sensi-

tivity or limited awareness of aspiration as a contrastive 
feature. It is also possible that the controlled reading task 
masked subtle articulatory distinctions, highlighting the 
need for complementary perception data in future work.

Intermediate-High learners, by contrast, demonstrat-
ed more target-like production. Their VOT values for /
p/ were significantly longer than those for /b/, indicating 
that they had begun to develop a productive distinction 
between these two categories. Although their VOT values 
for /p/ remained lower than those of native speakers, the 
reduced overlap and greater consistency suggest emerging 
category formation. Because VOT values were averaged 
across three repetitions, the distributions presented reflect 
central production tendencies rather than token-level fluc-
tuation. This approach minimizes within-speaker noise 
and enhances the reliability of group-level comparisons. 
However, it may also obscure momentary instability in 
learners’ productions, particularly at lower proficiency 
levels where category boundaries may not yet be stable. 
These developmental differences align with SLM’s claim 
that phonetic categories emerge gradually through in-
creased L2 experience and exposure.

5.2. Effects of Phonological Context

The study also highlights the challenge posed by 
phonological contexts such as /sp/ clusters. While native 
speakers correctly suppressed aspiration in these envi-
ronments, Novice-High learners tended to over-aspirate, 
and even Intermediate-High learners displayed slightly 
elevated VOT values compared to the native norm. These 
findings suggest that L2 learners may overgeneralize the 
aspiration rule, applying it in contexts where English 
phonology requires its suppression. This difficulty in 
context-sensitive application of phonetic rules reflects a 
broader issue in L2 phonological acquisition and empha-
sizes the need for instruction that targets not only segmen-
tal contrasts but also phonotactic constraints.

5.3. Alignment with the Speech Learning 
Model

The observed group differences are consistent with 
SLM’s core assumptions. Novice-High learners’ over-
lapping VOT distributions reflect the assimilation of L2 
categories into existing L1 categories, due to insufficient 
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perceived phonetic distance. Intermediate learners’ more 
native-like patterns suggest the beginning of new catego-
ry formation, as increased experience enables learners to 
distinguish L2 sounds from L1 equivalents. The model’s 
emphasis on perceptual similarity, experience, and gradual 
restructuring provides a robust explanatory framework for 
interpreting these developmental trajectories.

5.4. Implications for Instruction and Technol-
ogy

These findings have clear implications for pronunci-
ation instruction. Teachers working with Arabic-speaking 
learners should highlight the role of aspiration in English 
voicing contrasts and explicitly address its absence in /sp/ 
clusters. Instruction should include perceptual training, 
visual feedback such as spectrograms or VOT measure-
ments, and structured practice to improve the timing of 
stop consonant production. Activities like delayed imi-
tation, spectrogram reading, and minimal pair drills can 
help learners perceive and produce voicing contrasts more 
accurately, particularly when their first language does not 
use aspiration as a contrastive feature.

The results also draw attention to limitations in 
many current AI-based pronunciation tools, which often 
overlook fine-grained temporal features such as voice 
onset time. Popular platforms, including ELSA Speak, 
Duolingo, and SpeechAce, tend to emphasize broader pro-
nunciation elements such as stress placement or general 
intelligibility. However, these tools frequently lack the 
acoustic resolution needed to identify critical timing-based 
distinctions between aspirated and unaspirated stops. Con-
sequently, learners may receive feedback that is either too 
general or insufficiently accurate to address specific pho-
netic challenges tied to their first language background.

Recent developments in AI-enhanced computer-assist-
ed language learning have highlighted the value of person-
alized, data-informed feedback. Research by Li [8] empha-
sizes that effective AI-driven pronunciation support must 
account for precise acoustic cues, not only overall speech 
quality. Similarly, Levis J.M. and Moyer A. [21] note 
that subsegmental features like voice onset time are cen-
tral to intelligibility and accentedness, yet are commonly 
overlooked in commercial systems.

Improving this situation requires training AI models 

on annotated learner speech that reflects cross-linguistic 
influences. Voice onset time can be extracted using forced 
alignment techniques that match audio with phonetic 
transcriptions, or through end-to-end machine learning 
methods such as convolutional neural networks trained 
on spectrograms or waveform data. These approaches re-
quire high-quality, well-labeled training sets. The dataset 
developed in this study, which contains Arabic-accented 
English annotated for VOT, offers a valuable resource for 
such applications.

Incorporating learner-specific data into model train-
ing would allow pronunciation tools to detect and respond 
to aspiration patterns with greater accuracy. For example, 
systems could provide targeted feedback when a learner 
over-aspirates /p/ in a cluster environment or fails to dis-
tinguish between /p/ and /b/. Feedback based on measur-
able acoustic contrasts can guide learners toward more 
accurate production and help instructors monitor phonetic 
development over time.

Ultimately, aligning phonetic research with AI-as-
sisted instruction requires both carefully annotated speech 
data and model designs that are sensitive to the specific 
needs of learners. By contributing detailed, learner-in-
formed acoustic data, studies like the present one help ad-
vance the development of AI pronunciation tools that are 
not only technologically robust but also linguistically and 
pedagogically meaningful.

6. Conclusions and Pedagogical 
Implications

From a pedagogical perspective, the findings of this 
study underscore the importance of integrating explicit 
pronunciation instruction into EFL curricula [22–24], espe-
cially for learners whose L1 lacks aspiration as a phone-
mic feature. Teachers should prioritize the development 
of learners’ awareness of aspiration contrasts through 
multimodal approaches that combine auditory, articula-
tory, and visual cues. For instance, spectrogram-reading 
activities in software like Praat or user-friendly acoustic 
analysis tools can help learners visualize aspiration as a 
burst of aperiodic energy followed by voicing. Structured 
repetition tasks, delayed imitation, and minimal pair drills 
can be used to reinforce accurate timing in voiceless stop 
production.
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In addition to segment-level practice, classroom in-
struction should address phonological context effects, such 
as the suppression of aspiration in /sp/ clusters. Learners 
may benefit from explicit instruction that contrasts sin-
gle-word contexts with cluster environments, helping 
them identify where aspiration is expected or inhibited. 
Given the findings that even Intermediate-High learners 
displayed partial overgeneralization of aspiration, instruc-
tional strategies must go beyond isolated word production 
and incorporate contextualized practice, such as sentence 
reading or controlled dialogues.

Finally, teacher training programs should provide 
language instructors with foundational knowledge in 
acoustic phonetics and tools for pronunciation assessment. 
Equipping instructors with the ability to analyze learner 
speech at the segmental and subsegmental levels would 
enable more targeted, informed intervention. Such training 
is particularly essential in contexts where pronunciation is 
often underrepresented in formal language instruction.

This study investigated the production of Voice Onset 
Time (VOT) in English stop consonants by native English 
speakers and Arabic-speaking English as a Foreign Lan-
guage (EFL) learners at two proficiency levels. Through 
acoustic analysis of voiced /b/, voiceless /p/, and unaspi-
rated /p/ in /sp/ clusters, the study assessed learners’ abil-
ity to distinguish phonetic categories that are not contras-
tive in Arabic. The findings confirm that native speakers 
maintain robust VOT distinctions across contexts, while 
Novice-High learners show considerable overlap between 
categories, and Intermediate-High learners demonstrate 
more target-like, though still variable, patterns.

These results support Flege’s Speech Learning Mod-
el, which emphasizes the role of perceived L1–L2 simi-
larity in determining whether learners form new phonetic 
categories or assimilate L2 sounds into existing ones. 
Novice learners’ VOT patterns reflect assimilation and 
limited phonetic differentiation, while the more distinct 
and consistent VOTs produced by intermediate learners 
point to emergent category formation. These developmen-
tal trajectories underscore the importance of structured 
exposure and meaningful phonetic practice in second lan-
guage instruction.

From a pedagogical perspective, the study highlights 
the need for explicit instruction on VOT contrasts and 

phonological rules governing aspiration in English. Teach-
ers should guide learners in distinguishing between voiced 
and voiceless stops not only through articulatory de-
scriptions but also through perceptual training and visual 
feedback. Contextual variability, such as the suppression 
of aspiration in /sp/ clusters, should be addressed through 
focused practice and awareness-raising activities.

The study also carries implications for AI-enhanced 
language learning. Current speech recognition tools are 
limited in their ability to detect subtle, millisecond-level 
timing differences such as those that define VOT. To be 
truly effective in second language phonetics training, these 
tools must evolve to incorporate fine-grained acoustic 
sensitivity. Annotated datasets such as the one developed 
in this study may serve as valuable training corpora for 
future systems, bridging the gap between technological 
capability and phonetic precision.

Ultimately, this study contributes to a growing body 
of research emphasizing the complexity of L2 phonetic 
development and the need for pedagogical and technolog-
ical tools that are grounded in linguistic theory and acous-
tic reality. Future research should explore longitudinal 
changes in VOT production, integrate perception-based 
measures, and examine how AI-based interventions can 
support both learners and instructors in navigating the 
challenges of second language pronunciation.
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Stimulus Words Used in the Production Task.
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