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This study investigates the articulatory correlates of consonantal length contrasts in 1 

Japanese mimetic words using electromagnetic articulography data. Regression and 2 

Dynamic Time Warping analyses applied to intragestural timing, kinematic properties, 3 

and intergestural timing reveal that Japanese geminates are characterized by longer 4 

closure phases, longer gestural plateaux, higher tongue tip positions, larger 5 

movements, and lower stiffness. Geminates also exhibit distinct timing relationships 6 

with adjacent vowels, specifically, longer times to target that allow for longer preceding 7 

vowels. Our findings shed light on the articulatory mechanisms underlying Japanese 8 

geminate production, their relationship to acoustics, and their characterization in a 9 

broader cross-linguistic perspective. 10 
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1. Introduction 11 

In many of the world’s languages, consonant duration can be employed 12 

contrastively.1,2 A well-known example is Japanese. The production of Japanese long 13 

consonants, often referred to as “geminates”, has been primarily studied through their 14 

acoustic manifestations.3 Acoustically, Japanese geminates are distinguished from 15 

singletons mainly by their longer constriction durations.4 Geminates are also 16 

accompanied by slightly longer preceding vowels and by other non-durational cues, 17 

for example, larger intensity differences surrounding geminates, larger pitch-accent f0 18 

drops across geminates, vowels with lower F1 after geminates, and more creaky vowels 19 

after geminates, cf. 3 and references therein. 20 

Unlike their acoustic correlates, the articulatory mechanisms involved in the 21 

production of Japanese geminates have not been thoroughly explored.5–12 To fully 22 

understand geminate production in Japanese and contextualize it within a broader 23 

linguistic framework, three key areas require further investigation: (i) intragestural 24 

timing properties, which encompass the duration and timing characteristics of 25 

geminate articulation; (ii) kinematic properties, which are responsible for the shape of 26 

the trajectories of articulatory movements during geminate production; (iii) 27 

intergestural timing properties, i.e., the timing relationships between geminate 28 

articulation and the articulation of surrounding sounds. 29 

With respect to intragestural timing, one important understudied aspect is how 30 

the longer closure duration of geminates is implemented kinematically. Two main 31 

strategies have been reported based on Japanese kinematic data. The first strategy is 32 

the realization of geminates by holding constrictions targets for longer periods of time; 33 
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in effect, lengthening the plateau of kinematic trajectories once the target has been 34 

achieved.5 A second strategy is the realization of geminates by slowing down articulator 35 

movements, specifically, tongue movements for lingual consonants. Building upon 36 

these reports, the current study further explored the intrinsic timing mechanisms of 37 

Japanese geminates. 38 

With respect to kinematic features, work on this aspect to our knowledge is 39 

limited to a single study of Japanese bilabial geminate plosive,7 which uncovered (i) 40 

higher articulator positions compared to singletons, (ii) larger movement amplitude, 41 

(iii) similar peak velocities during closure, and (iv) lower stiffness. These findings point 42 

to distinct kinematic specifications for articulator control during geminate production, 43 

beyond simply longer durations, cf. also 3,13. More extended articulator contacts, 44 

compatible with more constricted targets, have also been reported for lingual 45 

consonants using electropalatography.13,14 However, more investigations of kinematic 46 

features in various manners and places of articulation is necessary to fully characterize 47 

geminate articulation in Japanese. 48 

Finally, with respect to intergestural timing, pioneering comparative work on 49 

Japanese and Italian geminates by Smith 5,6 uncovered a potential kinematic basis for 50 

the longer duration of vowels before geminates observed in Japanese. This longer 51 

duration may be in part due to intrinsically longer kinematic movements, as also 52 

suggested in subsequent work.9 Crucially, however, Japanese geminates also display 53 

longer times to target compared to singletons, which may allow preceding vowels to 54 

be acoustically manifested for a longer period of time. This timing feature sets Japanese 55 

gemination apart from other languages, for example, from Italian. In Italian, geminates 56 

are realized by anticipating closure onset during the preceding vowel, thus, in effect 57 
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shortening the acoustic manifestation of the vowel.5,6,15 The current study compared 58 

geminates and singleton onsets relative to the preceding vowel in Japanese, thereby 59 

explicating the differences between Japanese and those languages that shorten pre-60 

geminate vowels, like Italian. 61 

Smith5,6 also reported longer trans–consonantal lags between preceding and 62 

following vowels across geminates than singleton. This finding suggests a more 63 

sequential organization for vowels across a geminate in Japanese than in Italian, in 64 

which the trans–consonantal vocalic lag is unaffected or perhaps even shortened, at 65 

least in the presence of bilabial geminates.5,6,15 Smith’s 5,6 works offered an intriguing 66 

basis for the intergestural timing organization of geminates; however, subsequent work 67 

on Japanese geminates did not show clear intergestural timing differences 8,9 and has 68 

also called into question the relationship between a longer time to target and duration 69 

of the preceding vowel.11 70 

With these issues in mind, we investigated the articulatory correlates of 71 

geminate production in Japanese using electromagnetic articulography (EMA). We 72 

analyzed geminate production along the three main lines discussed above, namely in 73 

terms of their intragestural timing, kinematic properties, and intergestural timing. The 74 

questions we addressed are: (1) what are the kinematic correlates that underlie the 75 

longer duration of Japanese geminates? (2) what kinematic features differentiate the 76 

articulatory trajectories of singletons and geminates? (3) How are geminates timed with 77 

respect to surrounding segments, and, more specifically, is there a kinematic basis for 78 

the longer duration of preceding vowels? 79 

Given that both acoustic and articulatory properties can be influenced by a 80 

host of lexical factors 16–19 that are hard to control, we studied the properties of 81 
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Japanese geminates by comparing them to singletons with the same lexical item. This 82 

is possible because Japanese mimetic (i.e., sound symbolic) words can be produced 83 

with gemination of a medial consonant to express emphasis.20 Japanese mimetic words 84 

thus offer a controlled testing ground for geminate articulation in a situation that is 85 

largely independent of lexical influences. 86 

2. Methods 87 

2.1  Participants 88 

Seven native speakers (3 F, 4 M) of Tokyo Japanese took part in the experiment. They 89 

did not disclose any speech or hearing impairments. All of them reported speaking the 90 

Tokyo variety on a daily basis. 91 

2.2 Materials 92 

The speech material consisted of twenty-one existing Japanese mimetic words. The 93 

stimuli included three items for each of seven consonantal types, Table 1. Each target 94 

consonant was produced as either a singleton or a geminate (for emphasis).20 95 

Table 1. Experimental Stimuli 96 

Target Item 1 Item 2 Item 3 

[t] kɑt(ː)ɑ–kɑtɑ ɡɑt(ː)ɑ–ɡɑtɑ pet(ː)ɑ–petɑ 

[d] kud(ː)o–kudo gud(ː)a–guda od(ː)o–odo 

[ɾ] paɾ(ː)a–paɾa peɾ(ː)a–peɾa doɾ(ː)o–doɾo 

[z]–[ʝ] giz(ː)a–giza oz(ː)u–ozu uʝ(ː)i–uʝi 

[s] kos(ː)o–koso kas(ː)a–kasa ɸus(ː)a–ɸusa 
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[ts] ɸut͡(ː)su– ɸut͡su kat͡(ː)su–kat͡su gut͡(ː)su–gut͡su 

[t͡ɕ] net͡(ː)ɕi–net͡ɕi kat͡(ː)ɕa–kat͡ɕa gut͡(ː)ɕa–gut͡ɕa 

Given that previous work has focused on bilabial consonants5–8,12 and our 97 

interest also lies in the interaction between geminates and preceding vowels, we 98 

focused on consonants produced with the same articulator as vowels, the tongue. 99 

Specifically, we examined apical/laminal consonants, as they are produced with the 100 

front of the tongue, which is straightforward to track with EMA. 101 

In each trial, participants produced singleton mimetic words in isolation, 102 

followed by their emphatic geminate variant also produced in isolation. Items were 103 

elicited in isolation to minimize total experiment duration and confounds that could 104 

arise from different prosodic realizations of a carrier phrase. The target consonants 105 

were never adjacent to word boundaries, thus also limiting the need for a carrier 106 

phrase. The order of lexical items was fully randomized. In total, 21 unique words × 107 

2 realizations (singleton/geminate) × 10 repetitions × 7 speakers yielded a total of 108 

2940 tokens for analysis. 109 

2.3 Experimental Procedure 110 

We used an NDI Wave system sampling at 100 Hz (3 speakers, S1-S3) and a 111 

Carstens AG501 system sampling at 1250 Hz (4 speakers, S4-S7) to capture 112 

articulatory movements. The two datasets were first analyzed separately. Since no 113 

substantial differences were found, we present combined analyses of the two datasets. 114 

Our supplementary material contains scripts demonstrating our analyses for the 115 

datasets, both separately and combined, for the interested readers. The sensors’ setup 116 

was virtually identical for both systems. Five sensors were adhered to tongue locations 117 
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using high viscosity dental glue and dental cement (KETAC™): three on the tongue 118 

sagittal midline and two parasagittally. Only the most anterior sensor on the tongue, 119 

attached less than one cm from the tongue apex, entered into the analyses reported 120 

here. A figure showing representative lingual sensor placement is included in the 121 

supplementary materials, Figure 5. Three additional sensors were placed on the 122 

vermilion borders of the upper and lower lips and on the jaw, below the lower incisor, 123 

and three references sensors, used for head movement correction, were placed on the 124 

nasion and the left/right mastoid processes. For the AG501 sessions, an additional 125 

reference sensor was placed on the maxilla, above the left upper incisor. 126 

Acoustic data were simultaneously recorded at 22 kHz with a Schoeps MK 41S 127 

supercardioid microphone connected to a Schoeps CMC 6 Ug power module (for the 128 

WAVE sessions) and at 25.6 kHz using a Sennheiser ME66 connected to an NI data 129 

acquisition device (for the AG501 sessions). 130 

For the experimental sessions, participants sat in a sound-attenuated room. 131 

Words were displayed in Japanese orthography on a monitor positioned ~25cm 132 

outside of the EMA magnetic field. Stimulus display was controlled manually using an 133 

Eprime® script (for the NDI Wave sessions) and using MATLAB (21 for the Carstens 134 

sessions). This procedure allowed for online monitoring of hesitations, 135 

mispronunciations, and disfluencies. These occurred very rarely, but when they did, 136 

items were marked for repeat presentation by the experimenter. These items were then 137 

re-inserted into the random presentation of remaining items, which ensured that we 138 

recorded ten fluent tokens of each target item. 139 

Following the main recording session, we also recorded the bite plane of each 140 

participant by having them hold a rigid object, with three (for the Wave sessions) and 141 
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two (for the AG501 sessions) 5DoF sensors attached to it, between their teeth. Head 142 

movements were corrected computationally after data collection with reference to 143 

three sensors on the head and the three sensors on the bite plane. The head corrected 144 

data was rotated so that the origin of the spatial coordinates corresponds to the 145 

occlusal plane at the front teeth. 146 

2.4 Data processing and analyses 147 

The acoustic signals were manually segmented at the word and segmental level 148 

in Praat22 using standard criteria based on waveform and the spectrogram 149 

characteristics by two research assistants naïve to the purpose of the study, see Figure 150 

4. The segmentation was later double-checked by the first author. The acoustic 151 

segmentation was primarily used as a starting point for articulatory landmarking of 152 

target singleton and geminate consonants. The only acoustic boundaries used in the 153 

analyses involve the acoustic duration of the target consonants and preceding and 154 

following vowels. Given the wide variety of vocalic contexts, and the impossibility to 155 

consistently identify vocalic landmarks from the kinematics alone, we adopt acoustic 156 

landmarking as events that reasonably correlate with kinematic events in gestural 157 

unfolding, especially target achievement, following previous work, e.g.,23 . 158 

The articulatory analyses reported in this paper focus on apical/laminal 159 

consonants; thus, the main sensor of interest is the tongue tip, henceforth TT. The 160 

wide variety of vocalic contexts in which target consonants appears has a strong 161 

influence on horizontal tongue position, thus, our landmarking was based on the 162 

dimension that we found to be most reliable to identify consonantal articulation, 163 

namely the TT vertical movement (henceforth TTy); for a similar choice for 164 
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apical/laminal consonants in Japanese see 24. Support in favor of the decision of using 165 

TTy as the main landmarking dimension also comes from a Principal Component 166 

Analysis (PCA). We entered all three dimensions of TT movement in a PCA analysis, 167 

and found that the direction of maximum movement, the 1st PC (explaining 95.7% of 168 

variance) correlates almost perfectly with vertical movement (median r = .97 over all 169 

tokens). These results suggest that tongue movement during target consonants 170 

production takes place robustly in TTy and that this dimension is reliable to track 171 

consonantal kinematic movements. 172 

All articulatory signals were smoothed and interpolated using a MATLAB 173 

implementation of the algorithm in 25. For landmarking, TTy trajectories were further 174 

upsampled to 1000 Hz for the Wave sessions and kept at the original sampling rate of 175 

1250 Hz for the AG501 sessions. All trajectories were smoothed using a Savitzky–176 

Golay finite impulse response filter of polynomial order 4 and a frame length of 21 177 

samples for landmarking. Consonantal gestures were automatically landmarked based 178 

on the TTy trajectory using a custom MATLAB routine based on peak velocity 179 

thresholding. We first use the acoustic boundaries to locate the midpoint of each 180 

consonant in the acoustic signal. The timestamp of the midpoint was then used to 181 

define a symmetric window spanning the acoustic duration of the segment to the left 182 

and the right of the midpoint. Within this window, we located velocity extrema of 183 

appropriate sign for the upward movement denoting closure and the downward 184 

movement denoting release. We then defined the gestural onset as the first timepoint 185 

surpassing 20% of peak velocity during closure and the gestural target as the last 186 

timepoint surpassing 20% of peak velocity during closure. The gesture release and 187 

offset were similarly defined as the first timepoint surpassing 20% and the last 188 
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timepoint surpassing 20% of peak velocity during release. Landmarks were visually 189 

inspected and retracked in a small number of cases (~50 tokens) where it was found 190 

to be necessary. Additionally, 30 tokens could not be landmarked as no clear gestural 191 

boundaries could be detected in the TTy trajectory. Accordingly, these 30 tokens were 192 

excluded from the final analysis together with their associated singleton or geminate. 193 

As a result, a total of 60 tokens were excluded (~2% of the originally collected data). 194 

Excluding the paired token was necessary because some of our analyses require pairing 195 

singleton and geminate obtained from the same trial, as described below.  196 

From the acoustic and articulatory signals, we derived a set of intragestural 197 

timing, kinematic, and intergestural timing measures. For intragestural timing, Figure 198 

1, we investigated: 199 

(i) the closure phase duration, defined as the lag between gestural onset 200 

and target 201 

(ii) the plateau duration, defined as the duration of the lag between 202 

gestural target and release 203 

(iii) the release phase duration, defined as the lag between gestural release 204 

and offset 205 

We also investigated the relationship between plateau duration and acoustic consonant 206 

duration using the Pearson correlation coefficient. 207 

Additionally, we also developed more holistic analyses of the kinematic 208 

trajectories that rely on Dynamic Time Warping (DTW). Specifically, we took each 209 

singleton/geminate and used DTW to derive a pairwise warping function that 210 

identifies which portions of a singleton articulatory trajectory need to be stretched to 211 

“derive” a geminate in each trial. Specifically, we inspected the shape of the warping 212 
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functions and obtained localized average warps over normalized duration, for a similar 213 

approach cf. 26. 214 

For kinematic properties, Figure 2, we investigated: 215 

(iv) maximum tongue position, as a proxy for constriction target, in both 216 

the vertical and horizontal dimensions  217 

(v) peak velocity during closure 218 

(vi) movement amplitude from onset to maximum constriction during 219 

closure 220 

(vii) kinematic stiffness, defined as the ratio of peak velocity and movement 221 

amplitude (e.g.,27). This is an empirical measure of movement speed. 222 

Peak velocity is normalized for movement amplitude because of the 223 

well-known observation that these two measures are positively related. 224 

Amplitude normalization gives us a measure of speed that is more 225 

independent of amplitude. The higher the stiffness of an articulatory 226 

gesture, the shorter its time to peak velocity and target attainment. 227 

For intergestural timing properties, Figure 4, we investigated: 228 

(viii) the duration of the vowel preceding the target consonants estimated 229 

from acoustics (V1 Dur.) 230 

(ix) the duration of the lag between the preceding vowel acoustic onset and 231 

the consonantal gesture onset (V1 Ons. – C Ons.) 232 

(x) the duration of the lag between the preceding vowel acoustic onset and 233 

the consonantal gesture target (V1 Ons. – C Targ.) 234 

(xi) the duration of the trans–consonantal lag between the preceding vowel 235 

acoustic onset and following vowel acoustic onset (V1 Ons – V2 Ons.) 236 
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We also investigated the relationship between consonantal and preceding vowel 237 

duration using the Pearson correlation coefficient, following 11. 238 

All the properties (i)–(xi) were analyzed by fitting linear mixed effect regression 239 

models, using the MATLAB fitlme() function. The effect of gemination was analyzed 240 

by comparing a baseline model without the singleton vs. geminate difference to an 241 

alternative model with a fixed effect for geminate via loglikelihood ratio tests, using 242 

the MATLAB compare() function. Both models had identical random effect structures 243 

with by-subject and by-item (collapsed for gemination) random intercepts and a 244 

random slope for gemination. The alternative model had, in addition, a fixed effect for 245 

gemination (with reference coded as singleton), i.e., DV ~ 1 + (gemination|subject) + 246 

(gemination |item).  247 

With respect to data exclusion procedures, we identified as outliers all values 248 

whose z-score was below -4 or greater or above 4 and excluded them from analyses. 249 

In this way, between 0% and 1.46% of the data was excluded for different variables. 250 

Finally, given the well-known sensitivity of Pearson correlation to outliers, we 251 

excluded values below the 1% percentile and above the 99% percentile in our 252 

correlation analyses, as a small number of extreme datapoints can artificially inflate or 253 

deflate correlations. 254 

All data and scripts necessary to replicate our analyses and figures and to run 255 

separate analyses on the NDI wave and AG501 datasets are publicly available in an 256 

OSF repository at 257 

https://osf.io/27nyz/?view_only=4f93c383e24642e48d027c58fd945a27 . 258 

3. Results 259 

https://osf.io/27nyz/?view_only=4f93c383e24642e48d027c58fd945a27
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3.1 Intragestural timing 260 

For intragestural timing, we investigated: (i) the closure phase duration; (ii) the 261 

plateau duration; and (iii) the release phase duration, Figure 1 top left. 262 

We found a not very large but yet statistically reliable difference in closure 263 

phase duration (χ2
(1) = 8.73, p = 0.003). Specifically, the singleton closure phase is 86 264 

ms (95% CI [73–100] ms), while the geminate closure phase is +11 ms longer (95% 265 

CI [6–17] ms), Figure 1 top right.  266 

A much more robust difference was observed for plateau duration (χ2
(1) = 267 

12.61, p = 0.0004). Singleton plateau duration was 41 ms (95% CI [26–56] ms), while 268 

geminate plateau duration was substantially longer, with an effect estimated at +108 269 

ms (95% CI [72–144] ms), Figure 1 bottom left. 270 

Finally, no reliable differences were found in terms of the release phase 271 

duration between singletons and geminates (χ2
(1) = 0.04, p = 0.84), Figure 1 bottom 272 

right. 273 
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 274 

Figure 1 Top left: schematic illustration of intragestural phases and their mean 275 

durations. Top right: Boxplot with superimposed gaussian kernel density estimate 276 

(kde) of CLO duration. Bottom left: Boxplot of P duration. Bottom right: Boxplot 277 

of REL duration. 278 

The fact that singletons and geminates differ primarily in terms of their plateau 279 

duration is also evident from DTW analyses. When each mimetic singleton is stretched 280 

to its geminate counterpart, a strong distortion of time is observed around the 281 

midpoint of the consonant, 0.2 to 0.6 of its proportional duration, Figure 2F. Each 282 

singleton sample between 33% and 66% of the singleton trajectory is repeated between 283 

two and almost 3.5 times to derive a geminate, indicating a stretching of the plateau 284 

region, Figure 2F. 285 
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286 

 287 

Figure 2 A: Example of TT vertical movement for singleton. B: Example of TT vertical 288 

movement for geminate. C: Cost matrix and optimal warping path for singleton to 289 

geminate alignment. D: Warp function showing the number of repetitions each sample 290 

undergoes to stretch singleton to geminate. E: Alignment of singleton and geminate 291 

TT vertical movement trajectories. F: Warping function of singleton to geminates 292 

(blue lines), with average warping functions (solid black line) of singleton to geminate 293 

showing a strong distortion of linear time (orange line) in the plateau region (0.2-0.6). 294 

Time is normalized between 0 and 1. G: Average warp at different % of the trajectory. 295 
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The observed longer acoustic duration for geminates is closely related to the 296 

longer plateau, as we observed a robust correlation between target consonant acoustic 297 

duration and plateau duration (r = 0.84, p < 1e-215), see Supplementary Material 298 

Figure 6. 299 

3.2 Kinematic properties 300 

For kinematic properties, we investigated (i) maximum tongue height; (ii) 301 

peak velocity during closure; (iii) movement amplitude; and (iv) stiffness, Figure 3 302 

top panel. 303 

We found higher TTy position for geminates than singletons (χ2
(1) = 8.76, p = 304 

0.003). Specifically, compared to singletons (6.6 mm, 95% CI [1.6–11.6]), geminates 305 

are produced with higher or more constricted targets +0.80 mm (95% CI [0.39–1.19] 306 

mm), Figure 3 mid left. In the horizontal position, the difference was not significant 307 

(χ2
(1) = 3.25, p = 0.07), however there is a tendency for geminates to be more fronted 308 

+0.23 mm (95% CI [0–0.47] mm), the lack of significance is possibly due to high 309 

variability in horizontal position due to different vowel combinations. 310 

The difference in movement amplitude was significant (χ2
(1) = 8.5, p=0.003). 311 

Compared to singletons (8.16 mm, 95% CI [6.7–9.7]), geminates are produced with 312 

greater closure movement amplitude +0.99 mm (95% CI [0.45–1.53] mm), Figure 3 313 

mid right.  314 

We found no significant differences in peak velocity during closure χ2
(1) = 315 

1.45, p = 0.22), Figure 3 bottom left. 316 

Finally, we found a significantly lower stiffness for geminates (χ2
(1) = 5.13, p 317 

= 0.02). Compared to singletons (19.92 s−1, 95% CI [16.17–23.67 s-1]), geminates are 318 
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produced with lower stiffness −2.61 s−1 (95% CI [−4.54 – −0.69] s−1), indicating a 319 

slower movement and time to target, Figure 3 bottom right. 320 

 321 

Figure 3 Top panel: averaged vertical (y) tongue tip (TT) movement trajectories for 322 

singleton and geminate production (solid trajectories), together with their first 323 

derivatives over time representing vertical velocity (dashed trajectories). Circular 324 

marker on dashed trajectories mark the time of maximum vertical velocity, circular 325 

marker on solid trajectories marks the maximum tongue tip TTy value. Vertical line 326 

from the maximum TTy value to the value at the trajectory onset marks movement 327 

amplitude. Kinematic stiffness (k) calculation is included as equation based on the 328 

depicted values. Mid left: Boxplot with superimposed gaussian kde of maximum 329 

tongue tip height values. Mid right: Boxplot of movement amplitude values. Bottom 330 

left: Boxplot CLO peak velocity values. Bottom right: Boxplot of stiffness values. 331 
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3.3 Intergestural timing properties 332 

For intergestural timing properties, we investigated (i) preceding vowel 333 

duration (V1 Dur.), (ii) the preceding vowel and consonantal gesture onset lag duration 334 

(V1 Ons. – C Ons.), (iii) the preceding vowel onset and the consonantal gesture target 335 

lag duration (V1 Ons. – C Targ.), (iv) the duration of the trans–consonantal vowel to 336 

vowel onset lag (V1 Ons – V2 Ons.), Figure 4 top panel. 337 

We found that vowels preceding geminates had longer duration than vowels 338 

preceding singletons (χ2
(1) = 7.57, p = 0.006). Specifically, compared to vowels 339 

preceding singletons (70 ms, 95% CI [60–79]), vowels preceding geminates were +13 340 

ms longer (95% CI [6–20] ms), Figure 4 mid left panel. 341 

The duration of the lag between vowel acoustic onset and consonantal gesture 342 

onset (V1 Ons. – C Ons.) was significantly different, but very similar between 343 

geminates and singletons (χ2
(1) = 4.12, p=0.04), Figure 4 mid right panel. Compared to 344 

the lag of vowels preceding singletons (-4 ms, 95% CI [-1–7]), the lag of vowels 345 

preceding geminates is slightly longer by +7 ms (95% CI [1–13] ms). Note, however, 346 

that the 95% CI are very close to an overlap with 0. Moreover, this finding only 347 

emerges by pooling our datasets together, suggesting that, if consistently present, the 348 

difference between singleton and geminates in V1 Ons. – C Ons. is very small and 349 

quite variable. Future work should further investigate the robustness of this finding. 350 

On the other hand, the duration of the lag between vowel acoustic onset and 351 

consonantal gesture target (V1 Ons. – C Targ.) was longer in geminates than in 352 

singleton production (χ2
(1) = 12.6, p=0.0004). Specifically, compared to the lag in 353 

singleton production (83 ms, 95% CI [69–96] ms), the V1 Ons. – C Targ lag in 354 
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geminate production was +20 ms longer (95% CI [13–27] ms), Figure 4 bottom left 355 

panel. 356 

Finally, we found that the duration of trans–consonantal lag between the 357 

preceding vowel acoustic onset and following vowel acoustic onset (V1 Ons – V2 358 

Ons.) was much longer in geminate than in singleton production (χ2
(1) = 19.43, p < 359 

0.0001). Specifically, compared to the lag in singleton production (218 ms, 95% CI 360 

[158–279] ms), the V1 Ons. – V2 Ons. lag in geminate production was +134 ms longer 361 

(95% CI [108–160] ms), Figure 4 bottom right panel. 362 

 363 

Figure 4 Top panel: Illustration of waveform and TTy trajectories with shaded areas 364 

marking segmental boundaries for production of [gizːagiza]. Circular markers on TTy 365 

trajectory mark onset and target of tongue tip gesture for [z]. Labeled blue segments 366 

mark lag durations: V1 Duration, V1 – V2, V1 – C Ons., V1 – C Targ. Mid left: Boxplot 367 

with superimposed gaussian kde of V1 Duration values. Mid right: Boxplot of V1 – C 368 

Ons. values. Bottom left: Boxplot of V1 – C Targ. values. Bottom right: Boxplot of 369 

V1 – V2 values. 370 
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Given the findings presented above, we hypothesized that the longer duration 371 

of vowels preceding geminates may be due to a longer time to target compared to 372 

singletons, effectively allowing for a longer steady-state period for vowel production. 373 

Evidence in favor of this hypothesis is offered by a strong correlation (r = .70, p < 1e-374 

215) observed between time to target and preceding vowel duration, see 375 

Supplementary Material Figure 7. In other words, the longer the time to target, the 376 

longer the acoustic duration of the preceding vowel. 377 

4. Discussion 378 

Returning to our research questions, our analyses revealed robust differences 379 

between Japanese geminates and their singleton counterparts in terms of intragestural 380 

timing, kinematic properties, and intergestural timing organization.  381 

With respect to intragestural timing, geminates were produced with slightly 382 

longer closure phases and much longer gestural plateaux, a finding also confirmed by 383 

DTW analyses. No differences were observed for release phase duration, in line with 384 

the previously-reported acoustic analysis, which reported no difference in VOT.13 We 385 

also found an almost perfect correlation between consonantal acoustic duration and 386 

tongue tip vertical plateau duration. Taken together, our findings are in line with 387 

previous work,5,9 indicating that Japanese speakers produce geminates with slightly 388 

longer closures movements and much longer gestural plateaux. Findings of longer 389 

closures movements and plateaux are not unique to Japanese, as these characteristics 390 

have also been reported for  geminate production in other languages, like Italian.15 391 

Turning to kinematic features, we found that Japanese speakers produce 392 

(lingual) geminates with a higher tongue tip, i.e., with a more constricted posture, 393 
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slightly larger movements, similar peak velocity, and lower stiffness, in line with 394 

previous reports based on lexical bilabial geminates in Japanese.7 In other languages, 395 

like Italian, however, higher peak velocity is also observed.15 Taken together, the 396 

differences in kinematic features suggest that Japanese geminates are not just longer 397 

versions of singleton consonants, as their articulation is characterized by a different 398 

set of kinematic parameters. In this respect, our findings support the view that 399 

geminates differ from singletons not only in terms of durational properties but also in 400 

terms of more general articulatory strategies, an idea that has been proposed for 401 

Tashlhiyt Berber and Italian 2,15 and that also been entertained for Japanese3,13 and other 402 

Japonic languages.28 403 

Finally, in terms of intragestural timing, we found that Japanese speakers 404 

produced slightly longer vowels before geminate consonants. Geminates also start 405 

roughly at the same time as singletons with respect to the preceding vowel. However, 406 

geminate targets are reached later compared to singletons. Longer trans–consonantal 407 

lags between preceding and following vowels are also observed across geminates than 408 

across singletons. These findings suggest that Japanese speakers produce geminates 409 

and singletons with relatively similar timing organization with respect to the preceding 410 

vowel. This has been noted in previous work 5,6 and is a feature that sets apart Japanese 411 

geminate production from languages like Italian, where geminate closure robustly 412 

“intrudes” in the preceding vowel resulting in shorter pre–geminate vowel 413 

duration.5,6,15 With respect to intergestural timing, our work is compatible with 414 

previous findings by Smith5,6 in uncovering kinematic correlates that can offer a 415 

potential basis for the observed acoustic patterns that have been reported. Specifically, 416 

unlike previous work that found only limited evidence for a correlation between 417 
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consonant time to target and preceding vowel duration,11 our data suggests a robust 418 

positive correlation between the duration of the vowel onset to consonantal target lag 419 

and (preceding) vowel duration. This pattern provides a possible kinematic basis for 420 

the longer  vowel durations preceding Japanese geminates. A longer time to target 421 

allows the vocalic gesture to be (acoustically) longer before the acoustic consequences 422 

of consonantal articulation “kick in” during the consonantal plateau, as we have 423 

demonstrated when discussing the relationship between consonantal acoustic duration 424 

and plateau duration. The longer time to target also reinforces other potential bases 425 

for longer vocalic acoustic duration. Namely, the slower and longer tongue body 426 

movements associated with vowels during geminate production 5,6,9 can contribute to 427 

longer acoustic vowel durations in the presence of delayed consonantal target 428 

achievements for geminates and their associated acoustic consequences. Such slower 429 

tongue body movements are also observed in our data. This is illustrated in the 430 

supplementary material, Figure 8, where we present DTW analyses to show that there 431 

is a generalized need to warp time. Specifically, to obtain the combined vertical and 432 

horizontal tongue movement observed during pre- and post-geminate vowel 433 

production from the tongue movement observed during pre- and post-singleton vowel 434 

production time needs to be slowed down, especially while the consonant is being 435 

produced. 436 

5. Conclusion 437 

To conclude, our analyses have revealed that geminates, as produced in 438 

Japanese mimetic words, exhibit longer closure phases, extended gestural plateaux, 439 

higher tongue tip positions, and more constricted postures. These articulatory profiles 440 
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accord well with the acoustic properties of Japanese geminates, like their longer closure 441 

durations and lengthened preceding vowels. 442 

Additionally, our analyses also situated Japanese geminate production in a 443 

wider crosslinguistic context. Japanese geminates seem to be primarily produced by 444 

lengthening gestural plateaux compared to singletons, as demonstrated by our DTW 445 

analyses. However, even so, they are not simply extended versions of singletons: some 446 

of their kinematic parameters are also different. These considerations lend plausibility 447 

to the proposal that even “canonical” geminates like those of Japanese and Italian are 448 

actually implemented by speakers using dimensions beyond duration, such as tighter 449 

constrictions and generally different kinematic profiles that have larger movements 450 

and lower stiffness. Additionally, our analysis lends further support to the idea that 451 

languages can differ substantially in the timing of geminates.5 Japanese geminates and 452 

singletons start around the same time with respect to the preceding vowels, yet 453 

geminates reach their targets later, allowing for longer acoustic vowel durations. This 454 

is unlike other languages where geminate production starts earlier with respect to the 455 

preceding vowel, in effect, shortening it.15 456 
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