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Abstract: Pronunciation is a complex physiological process. Traditional research usually uses 

static pronunciation tests and fails to observe the dynamic changes of tongue muscles during 

pronunciation. This paper aims to comprehensively analyze the structure and function of 

tongue muscles and their role in English vowel pronunciation from the perspective of tongue 

muscle biomechanics, and provide a systematic framework for understanding. This paper 

designs multiple pronunciation tasks to evaluate participants’ pronunciation accuracy and 

dynamic changes of tongue muscles. Through multi-modal technology, dynamic images and 

electromyographic signals of the tongue are synchronously acquired to analyze the precise 

relationship between tongue movement and muscle activity in the pronunciation of English 

vowels. A tongue biomechanical model is constructed based on finite element analysis and Hill 

model to precisely simulate the mechanical response of tongue muscle activity and tongue 

position changes during pronunciation. The experimental results show that there is a significant 

negative correlation between electromyographic activity and pronunciation quality. The closer 

the correlation coefficient is to −1, the higher the consistency. The tongue is positioned higher 

and forward during pronunciation, making it easier to control, so that the pronunciation can be 

more accurate with less deviation. The greater the movement and flexibility of the tongue, the 

better it is able to form clear vowel pronunciations. In short, the tongue muscles achieve precise 

control of tongue position through the coordinated action of internal and external muscles 

during vowel pronunciation, which is beneficial to improving pronunciation accuracy. 

Keywords: English vowel pronunciation; biomechanical properties of tongue muscles; 

pronunciation task; finite element analysis; data acquisition 

1. Introduction 

In language communication, the precision and accuracy of pronunciation are key 

factors that directly affect the effectiveness and clarity of interpersonal 

communication. When learning foreign languages such as English, the accurate 

pronunciation of vowels is particularly important because it is related to the listeners’ 

understanding of the message. However, traditional research methods mainly rely on 

static evaluation and cannot effectively capture the dynamic changes of tongue 

muscles during pronunciation, which limits the comprehensive understanding of the 

biomechanical characteristics of tongue muscles and their impact on pronunciation 

accuracy. 

To address these challenges, this paper applies advanced biomechanical research 

methods to focus on analyzing how the dynamic performance of tongue muscles 

affects the pronunciation precision of English vowels. By combining dynamic imaging 

analysis technology with electromyogram (EMG), the activity of tongue muscles is 
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monitored in real time to capture even the slightest pronunciation changes, thereby 

improving the detail of the data. This multifaceted research method not only provides 

more precise and reliable biomechanical data, but also helps to clarify the complex 

relationship between tongue muscle function and pronunciation results, providing a 

broader perspective for understanding the physiological mechanism of pronunciation 

control. 

This paper aims to comprehensively analyze the structure and function of tongue 

muscles and their role in the pronunciation of English vowels, and to establish a 

biomechanical model. Through dynamic image analysis and EMG monitoring, the 

dynamic changes of tongue muscles during pronunciation are tracked, and the tongue 

muscle activities of different participants are deeply analyzed to reveal the specific 

impact of their biomechanical characteristics on pronunciation accuracy. This 

provides a theoretical basis and practical guidance for language learning and speech 

therapy. 

2. Related work 

Pronunciation accuracy has an important impact on language learners’ 

communication and comprehension abilities [1,2]. An increasing number of scholars 

have conducted research from multiple dimensions to improve pronunciation accuracy 

[3,4]. Pakpahan [5] emphasized the significance of learning English phonology in 

improving pronunciation accuracy, but did not discuss specific teaching strategies in 

detail. Garita Sanchez [6] investigated students’ and teachers’ views on English vowel 

pronunciation issues and, although providing valuable insights, lacked quantitative 

data to support his conclusions. Accurate pronunciation is the key to learning English, 

because incorrect pronunciation can lead to communication barriers. Therefore, 

Kobilova [7] analyzed the importance of pronunciation and discussed English 

pronunciation and communication, but did not delve into the specific impact of 

pronunciation problems on communication effectiveness. Floare Bora [8] studied the 

effectiveness of a blended drama approach in improving oral accuracy. However, there 

were limitations in sample selection and experimental design that might affect the 

generalizability of the results. Sardegna [9] proposed a strategy-based model for 

teaching English pronunciation. Although it provided empirical support, it lacked in-

depth analysis of actual cases of implementing the model. Overall, although these 

studies provide diverse perspectives on English pronunciation teaching, they still have 

certain shortcomings in methodology, sample selection, and empirical support. 

The relationship between tongue muscles and speech pronunciation has received 

attention. Fogarty [10] explored the contraction, fatigue, and fiber type characteristics 

of tongue muscles. By experimentally measuring the contraction force and fatigue 

tolerance of tongue muscles under different stimulation conditions, it was found that 

tongue muscles have distinct contraction characteristics and fatigue patterns. These 

findings provided a physiological basis for understanding the role of tongue muscles 

in speech and swallowing. Goto [11] used the tongue muscles as a model to analyze 

the dynamics of head muscle regeneration and observed the regeneration process of 

the tongue muscle after injury to reveal its regeneration mechanism. Szelenyi [12] 

stimulated the tongue muscles in different parts and found that the reaction time and 
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intensity were significantly different, indicating the complexity of the tongue muscles 

in neural reflexes. Zhu Mengxian [13] reviewed the application of ultrasound imaging 

technology in analyzing the movement patterns of the tongue during pronunciation, 

and pointed out that this technology can record the movement trajectory and 

morphological changes of the tongue in real time, providing a new perspective for the 

study of pronunciation mechanisms. Jia [14] focused on the teaching challenges of 

pronouncing the /a/ sound for Chinese Thai language learners. The analysis showed 

that systematic pronunciation training significantly improved learners’ pronunciation 

accuracy, providing practical guidance for foreign language teaching. Taken together, 

these studies together highlight the importance of tongue muscles in terms of 

physiological function and regeneration potential and provide important contributions 

to the biomechanical properties of tongue muscles. This paper combines 

biomechanical analysis with a dynamic experimental method to explore the impact of 

tongue muscles on the pronunciation of English vowels. 

3. Biomechanical impact of tongue muscles 

Tongue muscles are divided into two categories: Intrinsic and extrinsic [15]. 

Intrinsic tongue muscles are mainly responsible for the shape of the tongue, while 

extrinsic tongue muscles control the position and movement of the tongue. Intrinsic 

tongue muscles include vertical muscles and transverse muscles. Vertical muscles 

control the extension and contraction (length and height) of the tongue, while 

transverse muscles adjust the width of the tongue. 

The extrinsic tongue muscles include the tongue surface muscles, sublingual 

muscles, and supralingual muscles. Supralingual muscles and sublingual muscles 

move the tongue up and down respectively, while the tongue surface muscles control 

the movement of the tongue tip. 

The change of tongue position during pronunciation is achieved by the 

coordinated action of multiple muscles, and the functional performance of tongue 

muscles when pronouncing different vowels varies significantly. When pronouncing 

front vowels such as /i:/, the tip of the tongue rises upward, and the tongue body 

stretches and rises slightly. At this time, the vertical and transverse muscles in the 

tongue muscles show a high degree of coordination, ensuring that the tongue body 

maintains the appropriate curvature to produce a clear sound quality. 

When pronouncing the back vowel /u:/, the back of the tongue moves upward 

and backward, and the sublingual muscles and tongue surface muscles of the extrinsic 

tongue muscles play a leading role in maintaining the stability of the tongue position 

and avoiding unnecessary tongue movement. 

EMG data demonstrate that the electrical activity of different tongue muscles 

show obvious timing differences at different stages of pronunciation. When 

pronouncing the vowel /ɑ:/, the activity intensity of the extrinsic tongue muscles is 

high to maintain the low position of the tongue. When pronouncing the /eɪ/, the activity 

of the intrinsic tongue muscles appears more frequent to ensure the raising and 

lowering movement of the tongue. 

The coordination of tongue muscles is crucial during pronouncing, especially 

during transitions. When transitioning from the vowel /i:/ to /æ/, the intrinsic and 
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extrinsic tongue muscles must work in harmony to ensure a smooth transition of 

tongue position and avoid unclear transition pronunciations. 

Non-native English learners have low coordination and accuracy in the 

pronunciation of certain vowels. The synchronization between the intrinsic and 

extrinsic tongue muscles is poor, especially when pronouncing /æ/ and /ɑ:/. The 

movement path of the tongue is not clear, resulting in reduced pronunciation accuracy. 

This shows that the precise control of tongue muscles is closely related to language 

habits. 

The EMG signal analysis formula is [16,17]: 

𝐸 = ∫ 𝐴𝑚(𝑡)𝑑𝑡
𝑇

0

 (1) 

E represents the strength of the EMG signal within a certain period of time. 

𝐴𝑚(𝑡) represents the strength of the EMG activity at time 𝑡. T represents the time 

interval of interest. 

Combining EMG signals and dynamic imaging data, it is found that there is a 

significant relationship between the functional changes of tongue muscles and 

pronunciation accuracy. The tongue position change model formula is as follows: 

∆𝑃 = 𝑘1 × ∆𝑋 + 𝑘2 × ∆𝑌 (2) 

∆𝑃 represents the change of tongue position during pronunciation. k1 and k2 are 

adjustment parameters, representing the impact of the intrinsic and extrinsic tongue 

muscles. ∆𝑋 and ∆𝑌 represent the displacement of the tongue tip and tongue body, 

respectively. 

Excessive tension or relaxation of the tongue muscles may lead to unclear 

pronunciation: One is stiffness and unnaturalness, and the other is fuzzy pronunciation. 

Especially when certain muscle groups fail to adjust or work together in time during 

pronunciation, the phonemes of pronunciation may deviate. The accuracy of 

pronunciation depends not only on the accurate control of tongue position but also on 

the coordination of muscle activity. 

3.1. Design of pronunciation tasks 

Through the university’s linguistics department and language learning center, a 

recruitment notice is published to invite native English speakers and non-native 

English learners (from other language backgrounds) to sign up for the study. The age 

requirement is 18–35 years old, with no oral structure or function disorders. The 

invited non-English learners must have a certain level of English speaking ability 

(intermediate level or above). 

Common vowel phonemes are selected in the vowel selection and classification 

task, covering different oral openings, tongue positions and tongue shape changes. 

These vowels include front vowels, back vowels, rounded vowels, and unrounded 

vowels [18,19]. Task 1 is the clear pronunciation of a single vowel. The pronunciation 

task of each vowel is repeated three times at a fixed time interval (1 min) to reduce the 

influence of memory and pronunciation fatigue. Task 2 is short sentence 

pronunciation, which contains natural conversational sentences with a variety of 

vowels. Before each pronunciation task, participants first do a brief warm-up exercise 
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to familiarize themselves with the task requirements and equipment and ensure the 

natural activity of the tongue muscles. There is a 30 s interval between each task to 

give participants sufficient rest time to prevent tongue muscle fatigue. 

Participants first pronounce the words according to their actual language habits 

without external intervention. Then they pronounced them individually in the 

recording studio, clearly and slowly pronouncing each vowel in turn. Each vowel is 

pronounced for about 1 s to ensure that the tongue muscle activity time is clear enough. 

The order of the tasks is randomized to avoid order effects. 

After completing the above two tasks, each participant is required to perform a 

challenging task, which requires the participants to switch vowels freely in fast 

pronunciation and transitional syllables. Create a set of phrases containing common 

consonant sounds (“black cat”, “fast train”) and ask participants to pronounce them 

quickly within a limited time. Gradually increase the difficulty, from simple consonant 

sounds to complex three consonant sounds. During the process of connecting 

consonants, participants are required to focus on maintaining the fluency and clarity 

of their voices. Provide a series of sentences and ask participants to pronounce them 

under different emotions (happiness, anger, sadness). Observe the impact of emotions 

on pronunciation speed, stress, and pitch, as well as changes in tongue muscle activity. 

A unified pronunciation assessment standard is set. The pronunciation of each 

vowel is compared with the standard pronunciation at the phoneme level to assess its 

similarity. The standard pronunciation is recorded by a native English speaker, and the 

pitch, duration, and frequency characteristics of each vowel are calculated using 

acoustic analysis software. After the pronunciation tasks are completed, the 

participants’ pronunciation accuracy is analyzed based on the difference between the 

audio signal and the standard pronunciation, and compared with the tongue muscle 

activity data. 

3.2. Data acquisition 

The data acquisition process is shown in Figure 1. 

Face and tongue cleaning

Fixed electrode

Fixed sitting posture

Supporting device

Ultrasound imaging device

Magnetic resonance imaging

Data preprocessingStorageAnalysis

 

Figure 1. Data acquisition process. 



Molecular & Cellular Biomechanics 2025, 22(2), 937.  

6 

Figure 1 shows that participants clean their faces and tongues before data 

acquisition. Medical sandpaper is used to lightly exfoliate to ensure that the electrodes 

are firmly attached and reduce signal noise. Dual-channel surface electrodes are used, 

with key locations of the intrinsic and extrinsic tongue muscles as target points, and 

electrodes are fixed on the upper and lower sides of the tongue respectively. The 

placement of electrodes is based on anatomical landmarks to ensure coverage of the 

main active areas of the tongue, while avoiding attachment to facial or jaw muscles 

outside the tongue to maximize signal specificity. 

To complete pronunciation tasks in different complex language environments, 

participants are required to maintain a fixed sitting posture and gently secure their 

lower jaw with a support device to avoid unnecessary head or jaw movements 

interfering with tongue movement. 

Based on high-precision dynamic image analysis and EMG [20,21] recording, 

combined with multi-modal technology, real-time dynamic information of tongue 

muscles during the pronunciation of English vowels is obtained. Ensure precise 

alignment of data through timestamp and standardized statement calibration. With the 

support of environmental control and digital filters, noise interference is reduced, and 

real-time adjustment is made through adaptive filtering to improve data quality. 

Combining multi sample analysis and machine learning algorithms to enhance data 

stability, and utilizing deep learning to improve the accuracy of signal pattern 

recognition. 

The camera (300 fps) is set in front of the participants, using a side view to 

capture the dynamic movement of the tongue. Ultrasound imaging and magnetic 

resonance imaging (MRI) are used to record the tongue shape and movement 

trajectory in real time. The surface EMG device used is a high-sensitivity acquisition 

system to precisely capture the electrical activity signals of the tongue muscles. The 

sampling frequency of the device is set to 1 kHz to ensure that the temporal and spatial 

resolutions meet the analysis requirements of the dynamic changes of the tongue 

muscles. 

During the acquisition process, real-time filtering technology is used to reduce 

environmental electromagnetic interference, and a bandpass filter [22,23] is selected 

to process the EMG signal to remove baseline drift and low-frequency noise. The 

formula is as follows: 

𝐸𝑀𝐺𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑(𝑡) = 𝐸𝑀𝐺(𝑡) ∗ 𝐻(𝑓), 𝐻(𝑓) = {
1, 𝑓𝑙𝑜𝑤 ≤ 𝑓 ≤ 𝑓ℎ𝑖𝑔ℎ

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (3) 

𝐻(𝑓)  refers to the filter transfer function, and there are 𝑓𝑙𝑜𝑤 = 10𝐻𝑍  and 

𝑓ℎ𝑖𝑔ℎ = 500𝐻𝑍. 

All acquired raw data is stored in a high-precision format, and dynamic images 

are saved in DICOM (digital imaging and communications in medicine) format [24]. 

EMG signals are stored as raw EMG files. All data is encrypted and backed up to 

multiple servers to ensure the security and integrity of subsequent analysis.  

The contraction and relaxation patterns of each muscle during pronunciation are 

calculated using time domain and frequency domain analysis methods [25,26]. 
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The Pearson correlation coefficient is used to calculate the correlation between 

tongue muscle contraction and movement trajectory. The formula is as follows 

[27,28]: 

𝑟 =
∑ (𝐸𝑀𝐺𝑅𝑀𝑆, 𝑖 − 𝐸𝑀𝐺̅̅ ̅̅ ̅̅ ̅

𝑅𝑀𝑆)
2(𝑣𝑖 − �̅�)𝑁

𝑖=1

√∑ (𝐸𝑀𝐺𝑅𝑀𝑆, 𝑖 − 𝐸𝑀𝐺̅̅ ̅̅ ̅̅ ̅
𝑅𝑀𝑆)

2∑ (𝑣𝑖 − �̅�)2𝑁
𝑖=1

𝑁
𝑖=1

 
(4) 

𝐸𝑀𝐺̅̅ ̅̅ ̅̅ ̅
𝑅𝑀𝑆  and �̅�  are the mean values of EMG signal intensity and velocity, 

respectively. 

3.2. Establishment of biomechanical model 

Biomechanics technology has the ability to evaluate and monitor tongue muscle 

function. In speech disorder research, it is used to analyze in detail the movements of 

the oral cavity, tongue, and vocal cords. By utilizing high-precision motion capture 

and electromyography techniques, subtle changes in the articulatory organs are 

displayed. In the study of articulation disorders, biomechanical techniques help 

evaluate the functional abnormalities of the tongue and oral muscles during individual 

pronunciation, provide accurate data support, and assist in developing personalized 

treatment plans. To more precisely analyze the mechanical changes of tongue muscles 

during pronunciation, a biomechanical model of tongue muscles with multi-factor 

interactions is constructed, as shown in Figure 2. The model is based on the dynamic 

characteristics of muscle activity and simulates the mechanical performance of tongue 

muscles under different pronunciation conditions. 

 

Figure 2. Architecture of tongue muscle biomechanical model. 
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Figure 2 shows the architecture of the tongue muscle biomechanical model, 

which mainly includes the input layer, model construction, mechanical properties, 

contact conditions, dynamic simulation, assessment, and output layer. Based on 

anatomical data, the finite element analysis (FEA) method is used to establish a three-

dimensional geometric model of the tongue [29,30]. The model takes into account the 

actual physiological characteristics of each muscle group of the tongue, and realizes 

the individual differences of the tongue through calibration and dynamic adjustment. 

The Hill model of the muscle-tendon system is used to describe the process of 

muscle contraction and tension generation. By inputting EMG data, the model can 

reflect the intensity of muscle activity in real time and simulate the effect of muscle 

contraction on tongue position. The calculation of muscle contraction force is [31,32]: 

𝐹 = 𝑎 ∙ (𝐿𝑜𝑝𝑡 − 𝐿) + 𝑏 ∙
𝑑𝐿

𝑑𝑡
 (5) 

𝐹 represents the contraction force generated by the muscle; a is a constant related 

to the muscle contraction characteristics; 𝐿opt is the optimal length of the muscle; b is 

a constant related to the contraction speed; 
𝑑𝐿

𝑑𝑡
 is the rate of change of muscle length. 

To capture the force output of the tongue muscles during pronunciation, the 

model takes into account the force-length characteristics, force-velocity characteristics 

and synergy between muscles. The force output of each muscle is combined with its 

contraction velocity, length change and interaction force to calculate the mechanical 

response of each part of the tongue. 

According to the physiological requirements of different pronunciations, the 

contact conditions between the tongue and the inside of the oral cavity (the contact 

force between the tongue and the hard palate and soft palate) are set. In the simulation, 

the mechanical response of the tongue depends on the interaction between these 

contact forces and the force exerted by the tongue muscles. 

Through time-stepping dynamic simulation, the contraction and relaxation of 

tongue muscles during pronunciation and their changes in tongue position and shape 

are simulated. The change in tongue position at each stage affects the activity pattern 

of tongue muscles, and the mechanical response of the muscles in turn affects the 

precise positioning of the tongue. 

In different pronunciation tasks, simulation optimization technologies (genetic 

algorithm [33,34] and particle swarm optimization algorithm [35,36]) are used to 

adjust the various parameters in the model and optimize the activity pattern of the 

tongue muscles to ensure that the simulated tongue position and shape can restore the 

actual pronunciation situation to the greatest extent. The simulation optimization 

model is defined as: 

∑(𝑂𝑗 − 𝑆𝑗(𝜃))
2

𝑁

𝑗=1𝜃

min

 (6) 

𝜃  is the model parameter that needs to be optimized; 𝑂𝑗  is the actual 

pronunciation effect of the 𝑗-th one; 𝑆𝑗(𝜃) is the output of the model with parameter 

𝜃. 
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The error between the model output and the actual pronunciation effect is 

evaluated by combining the EMG, dynamic images, and acoustic analysis data of each 

pronunciation task. The model parameters are continuously adjusted through the error 

back propagation algorithm to achieve higher-precision simulation [37-38]. 

The error between the model output and the actual pronunciation effect is 

evaluated by combining the EMG, dynamic images, and acoustic analysis data of each 

pronunciation task. The model parameters are continuously adjusted through the error 

back propagation algorithm to achieve higher-precision simulation [37,38]. 

4. Impact assessment and analysis 

60 participants between 18 and 35 years old are taken as an example, as shown 

in Table 1. 

Table 1. Details of participants. 

Group number Language background Age Gender Number 

N1-1 
N1 

18–35 

Male 15 

N1-2 Female 15 

N2-1 
N2 

Male 15 

N2-2 Female 15 

In Table 1, N1 refers to native English speakers, and N2 refers to non-native 

English learners. Three common vowel pronunciations are selected for testing, and the 

contraction of each group of participants is recorded, and the average value is taken, 

as shown in Table 2. 

Table 2. Results of tongue muscle activity pattern analysis. 

Language background Group number Vowel pronunciation S1 (µV) S2 (µV) S3 (ms) 

N1 

N1-1 

/a/ 170 150 120 

/e/ 160 140 110 

/i/ 180 155 125 

N1-2 

/a/ 175 145 115 

/e/ 165 135 105 

/i/ 185 160 130 

N2 

N2-1 

/a/ 130 120 150 

/e/ 125 115 140 

/i/ 135 125 145 

N2-2 

/a/ 128 118 155 

/e/ 122 112 145 

/i/ 132 120 150 

In Table 2, S1 and S2 refer to the contraction amplitudes of the intrinsic and 

extrinsic tongue muscles, respectively, and S3 refers to the contraction duration. From 

the data, it can be seen that there are significant differences in the activity patterns of 

the intrinsic and extrinsic tongue muscles when participants of N1 and N2 procounce 
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different vowels. The contraction amplitude of the intrinsic and extrinsic tongue 

muscles of N1-1 and N1-2 is greater than that of N2-1 and N2-2. In addition, the 

contraction duration data also shows that participants in the N1 group takes shorter 

time, further emphasizing the tongue flexibility of native English speakers when 

making pronunciations. 

Add a detailed comparison between the model simulation results and actual 

experimental data to verify the accuracy of the model’s predictive ability, as shown in 

Table 3 below. Among them, S1-M, S2-M, and S3-M respectively refer to the 

simulation results of the model. 

Table 3. Comparison between model simulation results and actual experimental data. 

Language background Group number Vowel pronunciation S1 (µV) S1-M (µV) S2 (µV) S2-M (µV) S3 (ms) S3-M (ms) 

N1 

N1-1 

/a/ 170 168 150 150 120 120 

/e/ 160 158 140 142 110 110 

/i/ 180 180 155 154 125 126 

N1-2 

/a/ 175 174 145 146 115 115 

/e/ 165 164 135 135 105 106 

/i/ 185 185 160 160 130 129 

N2 

N2-1 

/a/ 130 131 120 119 150 150 

/e/ 125 125 115 114 140 138 

/i/ 135 135 125 126 145 144 

N2-2 

/a/ 128 128 118 120 155 155 

/e/ 122 123 112 110 145 146 

/i/ 132 133 120 121 150 149 

Table 3 provides a detailed comparison between experimental data and model 

simulation results, demonstrating the predictive ability and accuracy of the model. The 

predicted results of the model are not significantly different from the experimental 

data. 

The software is used to analyze the highest and lowest points of the participants’ 

tongues when pronouncing vowels, and to calculate the range of tongue position, 

flexibility, and peak values of the internal and external tongue muscles, as shown in 

Figure 3. 
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a
b

c d

 

Figure 3. Tongue pronunciation details of English native speakers and non-native 

English learners. (a) tongue position range of English native speakers and non-native 

English learners (unit: mm); (b) flexibility of English native speakers and non-native 

English learners (unit: s); (c) peak value of intrinsic tongue muscles of English native 

speakers and non-native English learners (unit: µV); (d) peak value of extrinsic tongue 

muscles of English native speakers and non-native English learners (unit: µV). 

Figure 3 shows the tongue pronunciation details of native English speakers and 

non-native English learners. Among them, in Figure 3a, the tongue position range of 

the participants of N1 when pronouncing vowels is between 14.8 mm and 16.2 mm, 

while the range of the participants of N2 is smaller, between 11.5 mm and 12.5 mm. 

In Figure 3b, the flexibility of the participants of N1 in pronouncing vowels, that is, 

the time of tongue movement, is between 0.42 s and 0.48 s, while the time of the 

participants of N2 is longer, between 0.6 s and 0.7 s. In Figure 3c, the peak value of 

the intrinsic tongue muscles of the participants of N1 when pronouncing vowels is 

between 156 µV and 165 µV, while the peak value of the intrinsic tongue muscles of 

the participants of N2 is generally smaller, between 105 µV and 110 µV. In Figure 

3d, the peak value of the extrinsic tongue muscle of the participants of N1 is between 

131 µV and 149 µV, and the peak value of the extrinsic tongue muscle of the 

participants of N2 is generally smaller, between 95 µV and 100 µV. 

The pronunciation accuracy of these participants is scored on a scale of 0 to 1. 

The pronunciation deviation and the correlation with electromyographic activity are 

also recorded, as shown in Figure 4 for details. 
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Figure 4. Analysis of the relationship between tongue muscle activity and 

pronunciation accuracy. (a) pronunciation accuracy score; (b) pronunciation deviation 

(unit: ms); (c) correlation between pronunciation deviation and electromyographic 

activity; (d) correlation between pronunciation accuracy score and electromyographic 

activity. 

In Figure 4, the overall performance of f1 to f6 is outstanding. According to 

Figure 4a,b, it can be found that the pronunciation accuracy and pronunciation 

deviation of English native speakers are better than those of the remaining non-native 

English learners. According to the data in Figure 4c,d, it is found that the correlation 

of electromyographic activity of native English learners is close to −1. There is a 

significant negative correlation between electromyographic activity and pronunciation 

quality. The closer the correlation coefficient is to −1, the higher the consistency 

between the two. In addition, for all participants, the performance in pronouncing /i/ 

is generally better than that of the other two vowels. This is related to the pronunciation 

characteristics of /i/, because /i/ is a high front vowel, and the tongue position is high 

and forward when pronouncing it, which is easier to control, resulting in more accurate 

pronunciation and less deviation. 

The specific references of f1 to f12 are shown in Table 4. 

Table 4. Specific references of f1 to f12. 

Language background Group number Vowel pronunciation Label 

N1 

N1-1 

/a/ f1 

/e/ f2 

/i/ f3 

N1-2 

/a/ f4 

/e/ f5 

/i/ f6 

N2 

N2-1 

/a/ f7 

/e/ f8 

/i/ f9 

N2-2 

/a/ f10 

/e/ f11 

/i/ f12 
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Table 4 lists the specific references of f1 to f12 in detail. In summary, the muscle 

activity of participants with more accurate pronunciation and less deviation is more 

closely related to the standard pronunciation pattern when they pronounce. There is a 

certain positive correlation between the contraction amplitude of the intrinsic tongue 

muscles and the accuracy of pronunciation. The greater the contraction amplitude of 

the intrinsic tongue muscles, the stronger the movement ability and flexibility of the 

tongue, thus being able to better form clear vowel pronunciation. 

The contraction and relaxation periods of the tongue muscles of the experimental 

subjects are recorded and analyzed, as shown in Figure 5. 

 

Figure 5. Analysis of tongue muscle contraction and relaxation periods. (a) 

Contraction and relaxation period of tongue muscle; (b) Contraction and relaxation 

ratio of tongue muscle. 

In Figure 5, the contraction period of f1 when pronouncing the /a/ sound is 120 

ms, and the relaxation period is 80 ms, with a contraction-relaxation ratio of 1.5, 

indicating that its contraction time is relatively long when pronouncing the sound, 

which is suitable for producing clear vowels. The contraction period of f4 when 

pronouncing /a/ is 115 ms, and the relaxation period is 78 ms, with a contraction-

relaxation ratio of 1.47, showing a similar pronunciation pattern. The contraction 

period of f7 when pronouncing /a/ is 150 ms, and the relaxation period is 110 ms, with 

a contraction-relaxation ratio dropping to 1.36, indicating that it takes a longer time to 

complete the pronunciation, which may affect the fluency of pronunciation. In general, 

with the extension of the contraction period and the increase of the relaxation period, 

the contraction-to-relaxation ratio of the participants gradually decreases, affecting the 

accuracy and fluency of their pronunciation. Therefore, in the training of tongue 

muscles, finding the appropriate contraction-to-relaxation ratio is the key to improving 

the quality of pronunciation. 

The cross-correlation analysis method is used to evaluate the synchronization 

between the activity signals of the intrinsic and extrinsic tongue muscles. The 

quantitative comparison of the time lag and synchronization between muscle activities 

further reveals the relationship between the efficiency of tongue muscle synergy and 

the clarity and accuracy of pronunciation. The details are shown in Table 5. 
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Table 5. Results of cross-correlation analysis. 

Language background Group number Vowel pronunciation Label r1 r2 p 

N1 

N1-1 

/a/ f1 0.92 5 < 0.01 

/e/ f2 0.90 4 < 0.01 

/i/ f3 0.95 3 < 0.01 

N1-2 

/a/ f4 0.88 6 < 0.01 

/e/ f5 0.85 5 < 0.01 

/i/ f6 0.91 4 < 0.01 

N2 

N2-1 

/a/ f7 0.70 8 < 0.05 

/e/ f8 0.72 7 < 0.05 

/i/ f9 0.68 6 < 0.05 

N2-2 

/a/ f10 0.65 9 < 0.05 

/e/ f11 0.62 10 < 0.05 

/i/ f12 0.66 8 < 0.05 

In Table 5, r1 refers to the synchronization between intrinsic and extrinsic tongue 

muscles; r2 refers to the time lag (ms); p refers to the significant correlation. Table 5 

shows the results of the cross-correlation analysis between the activity signals of the 

intrinsic and extrinsic tongue muscles when the participants pronounce different 

vowels. The synchronization of f1 when pronouncing /a/ is 0.92; the time lag is 5 ms; 

the correlation significance is less than 0.01, indicating that the synergy between the 

intrinsic and extrinsic tongue muscles is very high. In comparison, f4 has a 

synchronization of 0.88 and a time lag of 6 ms, which, although slightly lower in 

synchronization, still show a significant correlation. The results of N2 are relatively 

poor, with a long time lag, both showing that the efficiency of tongue muscle synergy 

is low, which affects the accuracy and clarity of the pronunciation. Overall, higher 

synchronization and smaller time lag are positively correlated with pronunciation 

accuracy and clarity, reflecting that good synergy between intrinsic and extrinsic 

tongue muscles is a key factor in achieving high-quality pronunciation. 

Table 6. Comparison between different models. 

Evaluation indicators 
Biomechanical model of tongue 

muscles 

Nonlinear elastic 

model 

Machine learning based 

biological models 

Prediction accuracy (%) 95 85 92 

Computational complexity (Unit: GFLOPS) 20 50 15 

Data requirements (Unit: GB) 1 2 10 

Model universality (Score: 1–5) 4.5 3 4.5 

Real time application capability (delay: ms) 50 200 40 

Ability to capture pronunciation details (Score:1–

5) 
4.5 3.5 4.5 

Development and maintenance complexity (Score: 

1–5) 
3 4 4.5 

Robustness (Score: 1–5) 4.5 3.5 4 

Efficiency of resource constrained device 

operation (Score: 1–5) 
4.5 2.5 4 



Molecular & Cellular Biomechanics 2025, 22(2), 937.  

15 

In order to further highlight the advantages of our model, we compared it with 

nonlinear elastic models and machine learning based biological models, as shown in 

Table 6 above. 

In Table 6, the biomechanical model of the tongue muscle achieved a prediction 

accuracy of 95%, significantly better than the 85% of the nonlinear elastic model, and 

higher than the 92% of the machine learning based biological model, indicating its 

high accuracy in modeling the relationship between tongue muscle activity and 

pronunciation. The data from other aspects overall demonstrate the outstanding 

performance of the tongue muscle biomechanical model, which is particularly suitable 

for language research and speech therapy fields that require high precision and real-

time feedback. 

A real-time pronunciation training tool based on tongue muscle activity feedback 

can target non-native speakers’ pronunciation practice and individuals with specific 

pronunciation disorders. Accurately capturing and analyzing the movement of the 

tongue through a biomechanical model of the tongue muscles, providing real-time 

visual and auditory feedback to help users identify and correct pronunciation errors. 

Design a pronunciation practice course specifically designed for non-native speakers. 

In this course, learners can view real-time images of their oral and tongue movements 

through software. The software compares standard pronunciation patterns and 

identifies deviations and areas for improvement. By providing real-time feedback, 

learning can quickly understand and imitate the correct tongue position and oral 

posture. 

5. Conclusion 

This paper designs a pronunciation task experiment and combines multi-modal 

technology to synchronously acquire tongue dynamic images and electromyographic 

signals to comprehensively analyze the impact of the biomechanical properties of 

tongue muscles on the accuracy of English vowel pronunciation. A reasonable 

biomechanical model of the tongue is established for precise simulation, highlighting 

the importance of the synergistic effect of the internal and external muscles of the 

tongue for precise control of the tongue position. The innovation of this paper lies in 

establishing a reasonable biomechanical model of the tongue to accurately simulate 

the synergistic effect of the internal and external muscles of the tongue, emphasizing 

the importance of precise control of the tongue position. The research results indicate 

that native English speakers outperform non-native speakers in terms of pronunciation 

accuracy and coordination of tongue muscle activity. In order to overcome the 

shortcomings of existing research, especially the limitations in sample selection, future 

research plans to expand the sample size to include participants with more language 

backgrounds, in order to explore cross linguistic differences in tongue muscle activity. 

In addition, to address the issue of insufficient dynamic data, research will increase 

the number of experiments and extend observation time to obtain more comprehensive 

dynamic data. Regarding the difficulties in integrating multimodal technologies, 

efforts will be made to optimize data synchronization and calibration processes, as 

well as develop more advanced algorithms to enhance the integration capability of 

multimodal data and ensure its accuracy and reliability. 
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