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Abstract 
Electromagnetic Articulography (EMA) was used to provide 
augmented visual feedback in the learning of non-native 
speech sounds. Eight adult native speakers of English were 
randomly assigned to one of the two training conditions: (1) 
conventional L2 speech production training or (2) 
conventional L2 speech production training with EMA-based 
kinematic feedback. The participants’ speech was perceptually 
judged by six native speakers of Japanese. The results indicate 
that kinematic feedback with EMA facilitates the acquisition 
and maintenance of the Japanese flap consonant, providing 
superior acquisition and maintenance. The findings suggest 
augmented visual feedback may play an important role in 
adults’ L2 learning.  
Index Terms: L2, non-native, Japanese, flap, training. 

1. Introduction 
The present study investigated the role of visual information 
during L2 speech production learning. Clinical applications of 
visual information during speech production were developed 
in the 1960s (e.g., [1,2]). With these early studies, two 
approaches were introduced, including (1) displays of speech 
acoustics [1] and (2) displays of speech articulators [2]. The 
methods and instrumentation used in these early studies 
required learners to first build skills to interpret the visual 
displays before they could use them to improve their speech.   

Recent technological advancements have yielded 
instrumentation that directly displays speech articulator 
movement visually. These technologies include X-ray 
microbeam, electropalatography (EPG), glossometry, 
ultrasound, Magnetic Resonance Imaging (MRI), and 
electromagnetic articulography (EMA) systems.  

EMA, the technology used in the present investigation, 
tracks speech articulator movements in the mid-sagittal plane. 
EMA employs low-field strength, alternating electromagnetic 
fields to track small sensors attached to the articulators [3]. 
The sensor (magnetic) is a small insulated coil attached to 
articulatory structures at midline, using dental adhesive. As the 
alternating magnetic fields pass through the sensor, they 
induce an alternating signal that is tracked by a computer. 
EMA has been used in clinical speech remediation studies 
with individuals with apraxia of speech (AOS) following 
stroke [4,5].  

Studies of the role of kinematic feedback in speech have 
been largely driven by the needs of individuals with 
communication disorders. In contrast, a relatively small 
number of studies have addressed basic questions concerning 
the speech motor learning mechanisms of healthy individuals. 
The present research seeks to establish a baseline for the effect 
of visual feedback on speech by investigating non-native 
sounds as stimuli. That is, visual feedback was used to 
improve foreign accents in L2 learning. Specifically, eight 
adult monolingual speakers of American English were trained 

to produce the Japanese flap /∞/, either in (1) conventional L2 
speech production training or (2) conventional L2 speech 
production training with EMA-based visual feedback. The 
participants’ probe data were audio-recorded through three 
baseline sessions, eight training sessions, and two 4-week post 
training sessions. 

To date, an acoustic analysis of the participants’ 
improvement was conducted in terms of flap duration [6]. The 
results showed a noticeably greater training effect in the EMA 
condition than in the non-EMA condition, measured by 
Cohen’s d-prime figures of 13.91 and 4.78, respectively. 

The present study conducted a perceptual analysis to 
determine whether these acoustic measures correspond to the 
perceptual judgments of accentedness. For this purpose, six 
native speakers of Japanese judged the participants’ speech as 
being either (1) “Japanese flap” (on target) or (2) “not 
Japanese flap” (off target).          

2. Method 

2.1. Participants 

The participants were eight female monolingual speakers 
of American English with a minimum of 12 years of formal 
education (mean age=28, SD=9.35, range=22-48) and no 
reported history of neurological, language, learning, speech, or 
hearing deficits. To rule out individuals who have difficulties 
perceiving non-native speech sounds, all participants took a 
brief screening test prior to participation in the present study. 
This was a same-different (AX) task with CV-syllables, in 
which two of the three pre-recorded syllables (American 
English /d@/, /l@/ and Japanese flap /∞@/) were presented as 
pairs, via the Direct RT Research software program. The pre-
recorded sounds were produced by a single talker (JL), 
amplitude balanced, and acoustically matched in intonation 
contour and formant frequencies over their vowel portions. 
Participants adjusted the intensity of the stimuli to a 
comfortable listening level.  All six possible combinations of 
the three sounds were repeated five times, for a total of 30 
pairs.  Participants were required to score 80% or higher on 
this task to qualify to participate in the training study. The 
participants’ mean score was 96% correct discrimination 
(SD=5.8%, range=83-100%), and all participants passed this 
screening procedure.   

Participants were randomly assigned to one of two training 
conditions: (1) non-EMA condition: conventional L2 training 
and (2) EMA condition: conventional L2 training with EMA-
based kinematic feedback on tongue tip position. 

2.2. Stimuli 

Participants were trained to produce 16 disyllable words that 
include Japanese flap /∞/ in the word-initial or word-medial 
position. All words have primary stress on the first syllable. 
Although some of these words are meaningful in Japanese, 



they were effectively used as non-words for this non-native 
speech sound training. 

 

Table 1. The non-words used for training 

  /∞.9ehqrsrxkk`akd /∞.9rdbnmcrxkk`akd 

Set 1 
 /!∞@jL/  /!∞DjL/  /!h@∞@/  /!hD∞D/ 
 /!∞@s@/  /!∞Ds@/  /!sn∞@/  /!sn∞D/ 

Set 2 
/!∞hjL/ /!∞njL/ /!hh∞h/ /!hn∞n/ 
/!∞hs@/ /!∞ns@/ /!sn∞h/ /!sn∞n/ 

2.3. Procedure 

Participants completed eight training sessions preceded by 
three baseline recording sessions and followed by two post-
training recording sessions. The post-training sessions were 
conducted four weeks after the last training session. Training 
sessions were conducted two times per week in the Speech 
Production laboratory at the University of Texas at Dallas. 
Participants were trained individually. The present experiment 
used a single-subject ABA design. A single-subject design 
was selected because each subject’s baseline data served as 
her control to assess the changes that occurred during the 
training and retention (post-training) phases.  

Participants practiced eight words (Set 1) during the first 
four training sessions. Next, they practiced the other eight 
words (Set 2) during the second series of four training ses-
sions. The words were practiced in randomized order within 
each training session.  

Three repetitions of the stimuli were recorded as probes 
during the three baseline sessions, eight training sessions, and 
two post-training sessions. Audio stimuli used to elicit these 
productions were pre-recorded by a female native speaker of 
Japanese (JL). Participants in both non-EMA and EMA condi-
tions recorded the probe data in the same manner. Each partic-
ipant was seated in front of a computer monitor and fitted with 
a headphone microphone. The stimuli were randomized for 
each recording session and presented one at a time using Mi-
crosoft PowerPoint software (v. 2003). Prior to the recording, 
participants adjusted the volume of the stimuli to a comforta-
ble listening level. A subject-controlled stimulus procedure [7] 
was used. Participants produced each Japanese stimulus im-
mediately following a pre-recorded audio model, as prompted 
by the program at their own pace. The participant’s speech 
was digitally audio-recorded to the disk through a headphone 
microphone (Labtec 342), using WaveSurfer speech analysis 
software (v. 1.8.5) and Audacity Digital Audio Editor (v. 
1.2.6) at a sample rate of 16,000 Hz.  

The training procedure was similar for both non-EMA and 
EMA conditions. Participants practiced each of the speech 
sounds 20 times in a blocked fashion, resulting in a total of 
160 productions (8 words x 20 repetitions) during a training 
session. The instructor (JL) modeled each word and asked 
participants to practice the word, five repetitions at a time. The 
instructor provided summarized verbal feedback regarding the 
articulatory positions and the timing of tongue movements 
(KP: knowledge of performance) after every five repetitions. 
Occasional general comments were made to keep participants 
motivated. 

In the EMA condition, a Carstens AG100 electromagnetic 
articulography system was used. Participants wore an EMA 
helmet (during training phases) with a small sensor (2 mm 
high x 2.5 mm wide x 3.7 mm long) attached approximately 
one cm posterior to the tongue tip, using a biocompatible 
adhesive. The sensor was connected to the analog unit by fine 
wires. The sensor moved as the participant produced speech, 
and the tongue tip position was displayed on the main 

computer screen in real time and on a secondary monitor 
placed in front of the participant. 

Prior to each training session, a general area in the mouth 
was marked on the computer screen with a circle. The 
participant next produced the word “daddy,” to identify the 
alveolar ridge region corresponding to correct production of 
the flap /3/. The target zone for the Japanese flap was then set 
at a region marked slightly posterior to that area, using a 
mouse-controlled drawing tool. These two circles and the 
tongue trace were shown to the participant.  

3. Data Analyses 
Perceptual analyses were conducted using the probe data of 
each participant recorded throughout sessions. Six individuals 
unfamiliar with the data served as listeners. Listeners were 
required to be phonetically-trained native speakers of Japanese 
with no reported history of neurological, language, speech, or 
hearing deficits. Six students of Sophia University served as 
listeners (mean age=27.67, SD=8.48, range=21-44; three male 
and three female listeners). All six listeners speak standard 
Japanese without any distinctive regional accent.  

The speech materials consisted of 2,496 tokens of the 
American participants’ speech recorded during the baseline, 
training, and post-training sessions (8 words x 3 repetitions x 
13 sessions x 8 participants). Eight of 16 words used for the 
training were selected for the perceptual analyses. To 
randomly assign these stimuli across the six listeners for this 
perceptual experiment, a Latin Square technique was used. 
Each Japanese listener judged one of the three repetitions of 
all American participants’ speech throughout baseline, 
training, and post-training phases. The stimuli were blocked 
into two files by syllable position: one each for word-initial 
flap and word-medial flap tokens. In all, each listener judged a 
total of 832 stimuli (2 blocks x 1 repetition x 4 words x 13 
sessions x 8 talkers). The stimuli were randomized across 
talker, training phase, training condition, and vowel/syllable 
contexts. 

The perceptual experiment was conducted in a sound-
proof booth at Sophia University in Tokyo, Japan. Listeners 
participated in this perceptual experiment one at a time. Sti-
muli were presented using DirectRT Research software (v. 
2004), one at a time. The procedure was self-paced, with lis-
teners proceeding to the next slide by pressing the space bar. 
Each slide displayed the target word in Japanese and played its 
associated sound clip. Listeners indicated whether the pre-
sented sound was a “Japanese flap (on target)” or “not Japa-
nese flap (off target)” by pressing one of two keys marked on 
the PC keyboard. Following a procedure described in previous 
studies [8,9], each stimulus was presented twice. After com-
pletion of the practice session, the main battery of 832 stimuli 
was completed in two blocks. Listeners were given a short 
break between blocks. Critically, listeners were blinded with 
respect to the training phases and conditions of training (EMA 
vs. non-EMA).   

To examine intra-rater (test-retest) reliability, each listener 
judged approximately 5% of randomly selected probes twice 
(n=40 tokens). This procedure was performed to ensure listen-
ers’ consistency in judging the stimuli at different times. The 
raw agreement score (% agreement) and Cohen’s kappa were 
computed to assess the reliability. The average raw agreement 
score was 94.6% (range=90-97.5%), and the average kappa 
value was 0.82 (range=0.61-0.94), indicating an “almost per-
fect” level of agreement [10]. Each listener also judged ap-
proximately 5% of the tokens randomly extracted from the 
files assigned to other listeners (n=40 tokens). To examine 
inter-rater reliability, Cohen’s kappa values for token-by-
token agreement between two listeners (i.e., L1 vs. L2, L1 vs. 



L3 and so on) were computed. The average kappa value was 
0.68 (range=0.48-0.93), indicating a “substantial” level of 
between-listener agreement [10]. The average raw agreement 
score was 88. 3% (range=80-97.5%). 

4. Results 
 

The percentages of the words judged as “Japanese flap” are 
plotted for baseline, training, and post-training phases for 
EMA and non-EMA conditions in Figures 1 and 2. Because 
the listeners judged word-initial and -medial flaps in separate 
blocks, these data are plotted separately.  
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    Figure 1. Perceptual judgment for word-initial flap     
    stimuli (/!∞@s@, !∞Ds@, !∞hs@, !∞ns@/).  
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    Figure 2. Perceptual judgment for word- medial flap  
    stimuli (/!g@∞@, !gD∞D, !gh∞h,! gn∞n/).  

 
In Figures 1 and 2, sessions (baseline/training/post-

training) are indicated on the x axis, and the tokens perceived 
as Japanese flap (%) are shown on the y axis. The error bars 
show standard error. As shown in Figures 1 and 2, the results 
suggest that the American participants in both non-EMA and 
EMA training conditions improved their production of the 
Japanese flap consonant. Participants in the EMA condition 
showed smaller variability within the subjects in the training 
phase than the participants in the non-EMA condition. Figure 
1 shows that subjects in the EMA condition also reached 
noticeably higher retention levels than subjects in the non-
EMA condition (for words with word-initial flaps). As both 
conditions started at similar levels of baseline, a greater 
training effect is suggested for the EMA condition. This was 
not the case, however, for words with a flap in word-medial 
position (Figure 2). For these words, the Japanese flap 
consonant productions were perceived by native speakers 
approximately 60% and 40% by post-training, for the 
participants in the EMA condition and in the non-EMA 
condition, respectively.  

4.1. Effect size 

For these perceptual data, Cohen’s d could not be used to de-
termine effect sizes due to a lack of variance in both baseline 
and post-training phases. As an alternative, Percentage of 
Non-overlapping Data (PND) [11] analyses were conducted. 

PND is a non-parametric method used to examine a training 
effect or treatment efficacy by computing the percent of train-
ing data points that do not overlap with the baseline data 
points [12]. PND is computed by counting the number of data 
points that are higher than any one of the baseline figures, and 
dividing it by the number of the training or retention phases. 
PND scores range from 0% to 100%, and a criteria for inter-
pretation was outlined by [11]. According to these authors, a 
score below 50% indicates “unreliable treatments,” a score 
between 50-70% is “questionable effectiveness,” between 70-
90% is “fairly effective,” and a score greater than 90% is 
“highly effective.”    

Visual inspection of Figures 1 and 2 suggests that percep-
tual scores show different trends for the former and the latter 
halves of the training sessions (i.e., T1-T4 and T5-T8). There-
fore, three separate sets of PND scores were computed: (1) 
between baseline and the first half of the training phase (T1-
T4), (2) between the baseline and the second half of the train-
ing phase (T5-T8), and (3) between the baseline and the post-
training phase (P1 and P2).  

 
Table 2. Effect Size: PND: Baseline vs. T1-4 

 
Condition Participant PND (%) 

EMA 1 25 
 2 59 
 3 44 
 4 56 
 xÊ 46 

non-EMA 5 56 
 6 72 
 7 69 
 8 63 
 xÊ 65 

 
Table 3. Effect Size: PND: Baseline vs. T5-8 

 
Condition Participant PND (%) 

EMA 1 91 
 2 72 
 3 81 
 4 75 
 xÊ 80 

non-EMA 5 56 
 6 91 
 7 59 
 8 59 
 xÊ 66 

 
Table 4. Effect Size: PND: Baseline vs. Post-training 

 
Condition Participant PND (%) 

EMA 1 100 
 2 63 
 3 81 
 4 75 
 xÊ 80 

non-EMA 5 56 
 6 100 
 7 56 
 8 56 
 xÊ 67 

 
Table 2 lists the first set of PND scores (i.e., between the 

three baseline and the first four training sessions). The mean 
score for the EMA condition was 46% (range=25-59%), and 



that of the non-EMA condition was 65% (range=56-72%). 
These data suggest that a more immediate effect of training 
was evident for the non-EMA condition than the EMA condi-
tion. By the above-mentioned criteria, however, training by 
this point had not yet reliably occurred (the effects indicate 
“unreliable” and “questionable effectiveness,” respectively). 

Table 3 lists the PND scores for the latter half of the train-
ing sessions (i.e., between the three baseline and the last four 
training sessions). The mean score for the EMA condition was 
80% (range=72-91%: “fairly effective” to “highly effective”), 
and that for the non-EMA condition was 66% (range=56-91%: 
“questionable effectiveness” to “highly effective”). These data 
suggest that, with the exception of non-EMA participant #6, 
the improvement of the non-EMA condition leveled off during 
the latter half of the training sessions, while that of the EMA 
condition increased.  

Table 4 lists the PND scores between the baseline and the 
post-training recording sessions. The mean PND score for 
EMA was 80% (range=63-100%), and that for non-EMA was 
67% (range=56-100%), both in the “questionable effective-
ness” to “highly effective” range. These perceptual data sug-
gest a greater retention for the EMA condition than the non-
EMA condition, with the EMA mean effect size (.80) being 
“fairly effective” by PND standards.   

5. Discussion 
The results suggest that American participants in both the 
EMA and non-EMA conditions improved their Japanese flap 
consonant production over the course of training, as judged by 
native Japanese listeners. Participants in the non-EMA 
condition showed more immediate improvement during the 
earlier training sessions, although this improvement levelled 
off after the first half of the training. In contrast, the 
participants in the EMA condition monotonically improved 
their Japanese flap productions over the course of training. A 
possible explanation for these different patterns between the 
two training conditions is that the auditory/visual integration 
during EMA training (i.e., eye to tongue coordination) may 
have required some time to establish before triggering 
“superadditive” benefits [13]. Also, the benefits of the EMA 
condition were maintained through the retention phase, as 
found in the post-training scores.   

The results of the perceptual analyses suggest that the 
EMA-based visual feedback can facilitate the normal adult 
speakers’ learning of non-native speech sounds, as indexed by 
judgment scores of native Japanese listeners. This result is 
broadly consistent with the results of the acoustical analyses of 
duration of the present training data [6]. 

However, this conclusion must be weighed with caution 
for several reasons. First, the experimental design was not 
double-blinded. Although the instructor (JL) followed a 
written procedure designed to guide both EMA and non-EMA 
conditions in the same manner, instructor bias could have 
affected the results. This type of methodological shortcoming 
is unfortunately rather common with most of the speech 
training/remediation studies to date [9,13,14,15,16]. 
Nevertheless, the current experiment should be replicated to 
ensure validity.  

Second, because this study used an ABA design, it did not 
explore skill transfer and generalization, as could be examined 
with a multiple baseline design. Also, because the training was 
concluded for a fixed number of sessions (i.e. eight sessions), 
participants were not trained to mastery criteria. Without fur-
ther training, it is not known whether the speech production of 
the participants in EMA condition could have reached the 
native Japanese speakers’ norm.  

Despite these limitations, the present data have advanced 

our understanding of the effects of augmented visual kinemat-
ic feedback on healthy adults’ non-native speech production 
learning. If future studies examine varied feedback presenta-
tion schedules, a wider variety of motor target types, and se-
ries of other factors known to affect motor learning, they will 
provide important information for a deeper understanding of 
non-native speech training from a motor learning perspective.   
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