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11 Gesture shape and gesture—speech
alignment predict simultaneous
L2 sound production accuracy

Peng Li, Florence Baills, Xiaotong Xi,
and Pilar Prieto

Research focus

Previous studies have suggested that hand gestures can be useful for teaching
and learning second language (L2) pronunciation. However, the underly-
ing mechanisms behind this learning process are unclear. This study inves-
tigates whether learners’ accuracy in imitating gestures during embodied
phonetic training predicts their accuracy in producing non-native sounds
simultaneously. Twenty-nine Catalan speakers without prior knowledge of
Chinese were trained to pronounce Chinese aspirated plosives while doing
a fist-to-open-palm gesture mimicking the strong airburst of the aspirated
consonants. We assessed the learners’ gesture imitation accuracy by ges-
ture shape and the temporal alignment of the gesture and the aspirated
sounds. Results showed that more accurate speech imitation (i.e., longer
Voice Onset Time (VOT) of the aspirated consonants) was predicted by a
more accurate gesture shape and a finer gesture-speech alignment. These
results support the importance of the spatiotemporal coupling between
hand gestures and speech during embodied L2 phonetic training.

Background
Embodied pronunciation learning

According to the Embodied Cognition paradigm, body and mind are
closely related, and more specifically, cognitive processes are grounded
in sensory-motor processes in the human body (Ionescu & Vasc, 2014).
Body movements can facilitate cognitive activities such as conceptualizing
abstract meaning (Barsalou, 2008, 2010) and information recall (Kontra et
al., 2015; Mizelle & Wheaton, 2010). The idea that the body plays a direct
role in the cognitive process entails important implications for education
(see Shapiro & Stolz, 2019 for a summary; see also Tellier, this volume, for
the role of the body in language classrooms). In the field of L2 acquisition,
it is shown that embodied training involving hand gestures can enhance
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the learning of various aspects of L2, including vocabulary (Macedonia,
2014) and grammar (Matsumoto & Dobs, 2017), as well as L2 speech
production. For instance, beat gestures cueing speech prominence can
improve learners’ pronunciation proficiency (Llanes-Coromina et al.,
2018), gestures mimicking the nuclear configurations of L2 pitch contours
can improve L2 intonation patterns (Yuan et al., 2019), horizontal hand
sweep gestures help the production of L2 long vowels (Li et al., 2020),
and hand gestures imitating sentence-level prosodic features can contrib-
ute to reducing L2 accentedness and improving suprasegmental accuracy
(Li et al., 2022). On the learning of specific L2 sounds, gestures, or tactile
cues showing acoustic and articulatory facilitated the pronunciation of L2
sounds, such as Spanish /u/ (Hoetjes & van Maastricht, 2020), Chinese
aspirated stops (Li et al., 2021; Xi et al., 2020), and English /6-8/ (Ozakin
et al., 2023) and /&-a/ contrasts (Xi et al., 2023). Despite these positive
findings, the underlying mechanisms that explain the positive effects of
embodied training on L2 pronunciation are still not clear.

Moreover, successful embodied phonetic training relies on multiple fac-
tors, one of which is the shape of hand gestures. In one of the studies
noted above, Li et al. (2021) trained 67 Catalan speakers to learn Chinese
aspirated voiceless stops /p", t", k"/ by making a fist-to-open-palm hand
gesture representing the strong airburst of aspirated stops when producing
the sounds. Gesture imitation accuracy was assessed using a holistic rating
scheme that integrated both gesture shape and gesture—speech alignment
for a given gesture event. Pronunciation accuracy was assessed in a pretest/
posttest/delayed posttest paradigm by measuring the learners’ VOT of the
plosives. The results revealed that while good gesture performers showed
an improvement after training and had maintained it after three days (the
delayed post-test), poor gesture performers showed no significant change
in VOT across the three tests.

Furthermore, if the learners observe hand gestures that do not effec-
tively represent the target phonetic features, gestural training will lead to
null or even negative effects on L2 pronunciation. For example, Hoetjes
and van Maastricht (2020) found that using a complex iconic gesture
shape could even harm the learning of non-native interdental fricatives,
possibly because “seeing the iconic gesture cost a fair amount of process-
ing energy” (p. 14). Similarly, although Xi et al. (2020) found that having
learners observe the same gesture as Li et al. (2021) helped the learning of
aspirated plosives, it had no such effect on aspirated affricates, probably
because the gesture shape did not accurately mimic the prolonged friction
period of aspirated affricates.

Another factor that may potentially affect the effects of L2 phonetic
training is the temporal alignment of speech and gesture. Crosslinguistic
research has shown evidence that gesture and human speech are temporally
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aligned (see Shattuck-Hufnagel, 2019 for a review). For example, point-
ing gesture apexes — the phase of the gesture that contains the kinematic
peak of maximum velocity — frequently co-occur with peaks in intona-
tion (Esteve-Gibert & Prieto, 2013) and speech prominence (Danner et al.,
2018). Beat strokes are aligned with pitch-accented syllables (Shattuck-
Hufnagel & Ren, 2018). The maximum extension of arm movements co-
occurs with peaks in pitch and amplitude (Pouw et al., 2020). Interestingly,
the arm movement affects airflow during respiration, which in turn influ-
ences vocalization, and modifies the pronunciation of individual sounds
and syllables (Pouw et al., 2020; Pouw et al., 2021). Nevertheless, despite
the cross-linguistic evidence enumerated above, little research in L2 speech
training has focused on the role of gesture—speech alignment in L2 pho-
netic training.

Goals of the study

Based on the literature review, we surmise that accuracy in the imitation
of the gesture and the alignment with speech during 1.2 embodied pho-
netic training may condition the role of hand gestures in embodied pho-
netic training. Therefore, this chapter further investigates the importance
of accurate gesture imitation during phonetic training. The database for
this chapter comes from Li et al.’s (2021) training experiment. Li et al.’s
study assessed the effects of the participants’ gesture imitation accuracy
during an embodied training session which focused on the improvement
after training. By contrast, in this chapter, we analyzed the participants’
speech and gesture performance during this training session. Therefore, the
novelty of this research is to test the claim that gesture imitation accuracy
does not only affect pronunciation gains after training, which was proven
by Li et al.’s study, but also the simultaneous speech production accuracy
during training.

We address the following research question in this chapter: To what
extent do learners’ accuracy in gesture shape and the temporal alignment
between the gesture and target L2 sounds predict the pronunciation accu-
racy of the target sounds? To answer this question, we analyzed the perfor-
mance of 29 learners during a five-minute embodied training experiment
reported by Li et al. (2021). The target L2 sounds were the Chinese aspi-
rated stops /pP, th, kI, which are not part of the sound inventory of the
participants’ native language, Catalan.

The participants’ gesture imitation accuracy during training was assessed
based on two complementary aspects, namely (a) the accuracy of the ges-
ture shape and (b) the precision of gesture—speech temporal alignment. In
terms of gesture shape, as the gesture was a fist-to-open-palm movement, we
decomposed the gesture into two phases, the “fist” phase, and the “palm”
phase. Then we evaluated whether the participants imitated each phase
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accurately and measured the duration of each phase. As for gesture-speech
alignment, we analyzed the temporal distance in milliseconds between the
onset of aspiration and the moment when the palm began to open.

We hypothesized that both accurate gesture shape and gesture—speech
alignment would significantly correlate with the learners’ simultaneous
speech imitation accuracy. Specifically, participants who held their fists
closed and then opened their hands precisely at the moment of aspiration
would better channel their energy into producing a strong airburst, result-
ing in more native-like aspirated stops. As for gesture—speech alignment,
we predicted that by opening their palms o later than the airburst release,
participants would produce an airburst with sufficient strength, resulting
in a more accurate pronunciation of the target aspirated sounds.

Method
Participants

Twenty-nine Catalan speakers (26 females; age 18-24 years, M = 19.31,
SD = 1.70), who had no prior knowledge of Chinese, voluntarily partici-
pated in the experiment. All the participants gave written consent, allowing
the researchers to record and analyze the oral and gestural data collected
during the experiment.

Materials

The training materials were six pairs of Chinese disyllabic words con-
trasting only in the word-initial aspiration of the plosive consonant (e.g.,
tu li ‘independence’ vs #u li ‘legend’, see Li et al., 2021 for full details).
Participants watched videos of two native Chinese-speaking instructors
(one female) producing the 12 target words. The two instructors mimicked
the airburst using their hands when producing the aspirated plosives. They
held their fists firmly, raised both fists to the height of their shoulders, and
quickly opened their palms toward the camera during the aspirated conso-
nants to visually represent the airburst (refer to Li et al., 2021). No gesture
was performed for unaspirated /p, t, k/; therefore, these sounds were not
part of the analysis in this chapter.

Procedure

Before undergoing training, participants received a brief introduction
regarding the Chinese aspirated consonant contrasts and instructions
about what they would be expected to do during the session. They were
explicitly instructed to repeat the training words after the instructors and
simultaneously imitate the gestures they had seen.
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Participants did the experiment individually in a silent room and were
video recorded throughout the session using the laptop camera, which was
also used to present the stimuli. During the training session, each of the
training words was trained four times, with the unaspirated word always
appearing before the aspirated one. In each of the four trials, partici-
pants first saw the approximate phonetic transcription of the target word
adapted to the Catalan orthography, together with a superscripted “h” to
indicate the aspirated consonants (e.g., t"« li). Next, they saw an instructor
uttering the two target words consecutively. They also saw the instructor
perform the target hand gestures for the words containing the aspirated
consonants. After hearing the instructor, a three-second black screen with
the instruction Repeteix-ho ‘Repeat that’ appeared, to remind participants
to repeat both the speech and gestures. The training session lasted around
five minutes altogether. All verbal and written instructions were given in
Catalan to ensure full understanding.

Data coding

The data for analysis in this chapter were extracted from the video record-
ings of the 29 participants. The total duration of the audiovisual corpus
was 145 min (29 participants X 5 minutes per training session). From the
video files, we extracted a total of 696 clips showing participants produc-
ing target words while gesturing (29 participants X 6 aspirated items X 4
repetitions). Out of the total clips extracted, seven were excluded as the
participants’ gesturing position was too low for the camera to capture
all gesture movements. The remaining 689 clips were then annotated as
follows.

a. Speech annotation. The first author annotated the VOT of the aspi-
rated consonants produced by the participants using Praat (Boersma &
Weenink, 2020). VOT measures assess the time interval between the air-
burst and the onset of voicing (Johnson, 2011). Chinese aspirated plosives
/p", th, kP/ show a mean VOT of around 114.40 ms in isolated words (Xi
et al., under review), which is much longer than the VOT reported for the
Catalan voiceless plosive counterparts /p, t, k/, which ranges from 0 to
30 ms (Aliaga-Garcia & Mora, 2008). Therefore, since the gestures were
designed to mimic the strong airburst, performing them was expected to
trigger longer VOT in the participants’ online speech imitation than what
they would naturally produce in their native language. The audio data
were then imported from the Praat Text Grid into ELAN (ELAN, 2022),
where the aspiration phase of the target sounds was annotated as “VOT”.

b. Gesture annotation. The first author manually annotated two sets
of information on the Gesture tier, namely Gesture shape and Gesture—
speech alignment.
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(1) Gesture shape. We defined two phases for each gesture event, the
fist and palm phases. We annotated each gesture in a binary coding system
(two levels, “accurate” or “inaccurate”) by visually assessing the accuracy
with which learners produced the fist and the palm phases, respectively.
For the fist phase, if the learner’s fingers were all bent and bunched tightly
together on the palms, it was labeled as an “accurate” fist. All other shapes,
such as not firmly bunching the fingers on the palms or not bending the
fingers at all, were labeled as “inaccurate”. Likewise, a palm gesture was
labeled as “accurate” if, by the end of the opening gesture, all five fingers
were fully extended outwards. By contrast, an “inaccurate” palm denoted
all other behaviors, such as slowly spreading the fingers or incompletely
opening the hands. Figure 11.1 shows examples of accurate and inaccurate
fist and palm gestures.

(2) Gesture—speech alignment. First, we annotated the starting and end-
ing points of the fist and palm phases on the Gesture tier. Then, a total
of four measures were exported from ELAN, namely (a) the duration of
the fist phase (henceforth “fist duration”), (b) the fist shape (two levels:
Accurate or inaccurate), (¢) the duration of the palm phase (henceforth
“palm duration”), and (d) the palm shape (two levels: Accurate or inac-
curate). Figure 11.2 shows a screenshot of an ELAN page with annotations
of gesture and speech events.

Finally, we also exported the starting point of the aspiration from the
Speech tier and the onset of the palm-opening gesture from the Gesture tier
to measure the time elapsed between the two points. This variable, referred
to as “gesture latency”, serves as an index of gesture-speech alignment
(Gesture latency = Time . — Time palm opening o)+ HENCE, A poOsitive
gesture latency means that the sound started after opening the palm, while
a negative value indicates the opposite. See Figure 11.2 for a gesture event
with positive gesture latency. Statistical analysis

Fist shape Palm shape

PR PPN -FN
PR pLL-WU-WY

Figure 11.1 Upper left: Accurate fist shape produced with both hands tightly
clenched. Upper right: Accurate palm shape with five fingers of both
hands quickly extended outward. Lower left: Inaccurate fist shape
with the fingers not closed into fists. Lower right: Inaccurate palm
shape with fingers not fully extended.

Accurate

Non-accurate
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Figure 11.2 Screenshot of an ELAN annotation page. The Gesture tier shows the
duration and accuracy rate of each gesture phase, the fist and palm
phases. The Speech tier shows the VOT of aspirated consonants
imported from the Praat Text Grid. The tag “gesture latency” is added
to the screenshot to show the time lag between the initiation of the
palm phase of the gesture and the VOT.

We built a linear mixed effects model (LMM) using the lme4 package
(Bates et al., 2015) in R (R Core Team, 2014) to model the data. First,
all continuous variables, including VOT, fist duration, palm duration,
and gesture latency, were normalized using z-scores. The dependent vari-
able of the model was the VOT. The fixed effects included all five meas-
ures exported from ELAN: Fist duration, fist shape, palm duration, palm
shape, and gesture latency. We also included two two-way interactions:
Fist Duration x Fist Shape and Palm Duration X Palm Shape. Second,
we fitted the model with the most complex random structure, and the
best-fitting random structure was determined using the buildmer() func-
tion from the buildmer package (Voeten, 2021), which identified random
intercepts for participants and items, by-participant random slopes for
gesture latency and palm shape, and by-item random slopes for fist shape
and palm shape.

Finally, we calculated the significance using the Type II Wald chi-
squared test from the car package (Fox & Weisberg, 2019) and carried out
post-hoc comparisons using the emtrends() function with the significance
values adjusted by the Bonferroni method using the emmeans package
(Lenth et al., 2020).
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Findings

The descriptive results are summarized in Table 11.1 from the by-item
data set which was used for statistical analyses.

Additionally, we calculated the by-participant accuracy rate of the fist
shape and palm shape. Overall, the mean accuracy rate of the fist phase
was 69.81% (SD = 36.36) and 74.80% (SD = 34.50) for the palm phase.

Effects of gesture shape and duration

The LMM analysis revealed a significant main effect of fist duration,
¥2(1) =17.33, p < 0.001, with longer fist duration relating to longer VOT,
B =0.24, SE = 0.05, t = 5.35. However, although there was a significant
main effect of fist shape, (1) = 6.73, p = 0.009, the post-hoc analysis did
not show significant differences in the VOT produced with different fist
shape (i.e., accurate vs inaccurate) after Bonferroni adjust for the p values,
AB =0.30,%7.9) =1.85,SE = 0.16, p = 0.102.

More importantly, there was a significant two-way interaction of
Fist Duration x Fist Shape, ¥2(1) = 11.35, p =.001, which suggests that
the effects of fist duration on VOT varied as a function of fist shape.
Post-hoc comparisons revealed that fist duration significantly affected
VOT only when the fist shape was accurate, p = 0.24, SE = 0.05, with
longer fist duration triggering longer VOTs. For the inaccurate fist
shape, fist duration could not significantly affect the VOT of the tar-
get consonant, f = 0.03, SE = 0.05. The difference in the coefficients
between accurate and inaccurate fist shape was significant, Ap = 0.22,
SE = 0.07, ¢(550) = 3.23, p = 0.001. By contrast, no significant main
effects were found for palm duration, y2(1) = 0.73, p = 0.392, palm
shape, »2(1) = 0.08, p = 0.773, or the two-way interaction of Palm
Duration x Palm Shape, ¥2(1) = 0.10, p = 0.753. These results suggest
that palm duration and palm shape did not significantly affect the VOT
value of the co-occurring target sounds.

Table 11.1 Count (N), mean (M), standard deviation (SD), and range of the dura-
tion of fist shape, palm shape, gesture latency, and VOT in milliseconds.

N M SD Range
Fist shape 689 144.85 56.51 48-478
Accurate fist 482 137.93 49.51 51-332
Inaccurate fist 207 160.97 67.58 48-478
Palm shape 689 195.39 46.7 68-440
Accurate palm 518 188.37 40.09 68-440
Inaccurate palm 171 216.65 57.74 114-412
Gesture latency 689 160.96 145.77 -427-945

VOT 689 91.73 39 6-232
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Effect of gesture—speech alignment

There was a significant main effect of gesture latency, y2(1) = 30.37,
p < 0.001, which indicates that the temporal alignment between ges-
ture and speech could significantly predict the VOT duration, = 0.45,
SE = 0.09. The positive coefficient suggests that when the gesture latency
increased, the VOT produced by participants also increased. Thus, the par-
ticipants produced longer VOTs when they released the airburst after they
began to open their palms rather than before they did so, and a longer
gesture latency after the palm opening was more likely to trigger a longer
VOT.

Figure 11.3 visually plots the two-way interaction between Fist
Duration x Fist Shape (left panel) and the significant main effect of gesture
latency (right panel). Note that all the values shown in Figure 11.3 are
plotted in their original units (milliseconds), not their z-scores, to facilitate
the readability of the results. In the right panel, the vertical dashed line
indicates the point at which the aspirated consonant is produced at exactly
the moment when the palm is about to open (gesture latency = 0), and a
positive value indicates that the sound starts being produced after the palm
has started to open. Presumably, because the firmly clenched fist accumu-
lated considerable energy, the tension in the hands may have affected the
strength of the airburst. Therefore, producing the target sounds after palm
opening (gesture latency > 0) indicated a more accurate gesture—speech
alignment pattern.

170

VOT (ms)
8

92

32 145 258 37 484 -714 -276 0 161 598 1036
Fist Duration (ms) Gesture latency (ms)

Fist shape — accurate === inaccurate

Figure 11.3 LMM analysis of the interaction between fist duration and fist shape
(left panel) and gesture latency (right panel), both plotted against
estimated VOT values. In both panels, the gray bands indicate the
95% confidence intervals.
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Conclusion

This chapter investigated how gesture imitation accuracy during an
embodied L2 phonetic training session affected the accuracy of simultane-
ous speech production. Twenty-nine Catalan speakers were trained to pro-
nounce non-native Chinese aspirated plosives by repeating Chinese words
after an instructor while simultaneously imitating the instructor’s fist-to-
open-palm gesture, a hand gesture intended to represent the strong airburst
of the target aspirated sounds. Participants’ gesture imitation accuracy was
assessed in terms of hand gesture shape and temporal alignment between
the palm-opening and the start of aspiration. Participants’ pronunciation
accuracy of the target aspirated plosives was evaluated by measuring the
VOT, with longer VOT indicating more target-like pronunciation.

In terms of gesture shape, the results showed that the shape of the
fist phase of the gesture movement (the fist shape) and its duration were
important to predict the simultaneous L2 sound production accuracy.
When the learners could accurately hold their fist with both hands tightly
clenched, a longer fist duration triggered longer VOT, indicating the more
accurate pronunciation of the target aspirated sounds. This shows that
holding the fists firmly was an important embodiment cue for learners.
This body metaphor and holding the fist for a long time may have induced
the accumulation of more energy to generate a stronger airburst, result-
ing in more accurate VOT. By contrast, the duration of an inaccurate fist
shape (e.g., not holding the fists firmly, or not holding the fists at all) did
not show a significant effect on the VOT values, indicating that an errone-
ous fist shape, even if held longer, did not necessarily entail the production
of a longer VOT. Finally, no significant effects of either palm shape or
palm duration were found on VOT, suggesting that neither of these gesture
features was relevant for the pronunciation of aspirated sounds.

Regarding gesture-speech alignment, the results showed that a tight ges-
ture-speech alignment, as reflected by the gesture latency between the palm
opening phase and the start of the airburst of the aspiration, positively affected
simultaneous speech production accuracy. Specifically, an airburst released
right after the palm opening was stronger than an airburst released before
the palm opening. It is easy to conjecture that a sudden opening of the firmly
held fists would prepare the speaker to release a stronger airburst before the
articulation, and it thus can be interpreted as a tighter gesture—speech align-
ment pattern. Since hand movements temporally align with speech acoustics
via the respiratory-vocal system (Pouw, et al., 2020), a palm-opening gesture
produced after the release would point to inaccurate alignment because the
accumulated energy has already been released before the motor movement.

More importantly, our results complement and expand previous results
on the positive correlations between learners’ gesture imitation accuracy
and their learning outcomes as reported by Li et al. (2021). The results
reported here suggest that during the training phase, learners’ on-target
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VOT had already varied depending on how accurately they performed the
gestures, which explains why gesture performance accuracy was impor-
tant for training the pronunciation of the Chinese L2 sounds. Interestingly,
participants showed considerable individual differences in terms of gesture
shape accuracy as reflected by the large standard deviation (see Findings
section). In our view, individual differences in flexible motor-sensory
control and attention control may have affected the learners’ gesture per-
formance during training. Future studies could explore which individual
factors would affect the shape of gestures.

In conclusion, this study highlights the importance of learners’ abilities
to imitate gestures accurately during embodied L2 phonetic training. First,
the results offer supporting evidence in L2 for recent theories underscoring
the spatiotemporal coupling between hand gestures and speech, more spe-
cifically between manual and articulatory movements (Gentilucci & Dalla
Volta, 2008; Parrell et al., 2014). Second, it provides direct evidence for
the embodied cognition paradigm (Barsalou, 2008, 2010) by showing that
gesture and speech constitute an integrated system in embodied L2 pho-
netic training. All in all, the tight relationship between speech and gesture
offers a unique opportunity for the development and testing of embodied
methodologies in L2 pronunciation teaching and learning.
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