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This paper discusses the neural network-assisted cloth model pre-training method, introduces the whole 

process from data acquisition to model training in detail, and how to balance real-time and accuracy 

through hybrid method to achieve efficient cloth dynamic simulation. The research covers the construction 

strategies of real cloth motion data sets, including precise experimental design, complex data processing 

techniques, and how to use generative adversarial networks and recurrent neural networks for feature 

learning and sequence generation. Furthermore, real-time dynamic simulation techniques, especially on-

line adaptive adjustment strategies and neural network inference acceleration methods, such as 

knowledge distillation, are discussed to achieve high-performance real-time rendering. Finally, by 

merging with physics engine, it is demonstrated how the hybrid method can improve the simulation quality 

while maintaining real-time performance, and the effectiveness of the proposed method is verified by 

empirical evaluation. Experimental results show that the hybrid method not only significantly enhances 

the realism and dynamic details of cloth simulation, but also shows obvious advantages in rendering speed 

and resource consumption. Experimental results show that compared with traditional physics engines, 

our hybrid approach achieves real-time rendering of over 60 FPS on GPU, while reducing the mean 

square error by 30% and significantly improving the realism of cloth dynamics. 

Povzetek: Predstavljen je hibridni sistem s kombinacijo nevronskih mrež in fizikalne metode za realistično 

3D simulacijo oblačil v realnem času. 

 

1 Introduction 
In the era of digital content creation and immersive 

experience, 3D cloth simulation technology has become 

an important bridge between virtual and real. From 

flowing skirts in movie effects to the natural movement of 

character clothing in games, the dynamic expression of 3D 

fabrics is essential to enhance visual realism. However, 

although the traditional cloth simulation technology has 

made significant progress, it still faces a series of 

challenges in terms of real-time performance, accuracy 

and computational efficiency, which urges us to explore 

more efficient and accurate solutions, among which the 

neural network-assisted 3D cloth dynamic scene modeling 

and simulation technology is gradually becoming a 

research hotspot [1]. 

Traditional cloth simulation is mainly based on 

physics engine, which simulates the interaction between 

cloth fibers through mass-spring system, such as tension, 

bending and shear. Although this method can produce 

relatively realistic cloth dynamics, its limitations are 

becoming more and more obvious. First, the 

computational costs are high, especially when dealing 

with complex cloth shapes (such as layers, folds) and large 

amounts of cloth interaction, and the computational 

resources required increase exponentially, making it 

difficult to meet the needs of real-time rendering. 

Secondly, physical simulation often relies on precise 

initial conditions and is sensitive to fine tuning of  

 

parameters, which not only increases the difficulty of  

production, but also limits the diversity and naturalness of  

dynamic effects. Finally, traditional methods are prone to 

numerical stability problems when dealing with nonlinear 

dynamics problems, which affect the final rendering 

quality [2, 3]. 

With the advancement of technology, real-time 

rendering technology shows unprecedented application 

potential in many fields. In the gaming industry, real-time 

interactive experiences require in-game fabric dynamics 

not only to be highly realistic, but also to respond instantly 

to player actions to enhance immersion. The film and 

television industry also pursues efficient workflows, using 

real-time rendering technology to quickly iterate ideas in 

the preview stage and shorten the post-production cycle. 

In virtual reality (VR) and augmented reality (AR) 

scenarios, the direct interaction between users and virtual 

environments puts forward higher requirements for the 

authenticity and real-time feedback of cloth dynamics. 

Therefore, it is of great significance to develop a cloth 

simulation technology that can maintain high simulation 

and meet real-time requirements for promoting the 

development of the above fields [4]. 

In order to overcome the limitation of traditional 

methods, this research aims to explore how neural 

networks play a key role in modeling and simulation of 3D 

cloth dynamic scenes. The core objectives include but are 

not limited to: (1) using deep learning technology to learn 

material characteristics and dynamics laws of cloth in 



162 Informatica 49 (2025) 161–174 Y. Qiu 

advance to establish an efficient cloth behavior prediction 

model to reduce the amount of calculation in the real-time 

simulation process;(2) approximating complex physical 

interactions through neural networks to improve the 

stability and accuracy of simulation; and (3) combining 

online learning mechanisms to enable the model to adapt 

to different scene changes and user inputs to ensure the 

naturalness and diversity of dynamic effects. 

 

2. Theoretical basis 

 
2.1 3D cloth simulation basics 

The core of 3D cloth simulation lies in the application 

of physics engine, among which the most classical model 

is mass-spring system. The model treats cloth as a series 

of connected particles, each representing a small piece of 

cloth, and the connections between the particles are 

simulated by a spring model that includes tension springs 

(simulating the tensile strength of the cloth), bending 

springs (simulating bending stiffness), and shear springs 

(dealing with shear deformation inside the cloth). This is 

shown in Equation (1) [5]. 

 

0 0 0( ) ( ) ( )ij e ij ij b ijk ijk s ijkl ijklF k r r k k   = − + − + − (1) 

 

where, denotes the total force connecting particles i 

and j,,, are the elastic coefficients in tension, bending, and 

shear, respectively, and are the current and initial distances, 

respectively, and are the current and initial angles, 

similarly, and denote the change in shear angle. By solving 

these forces and updating the position of the particle after 

the force is applied, the dynamic change of the cloth with 

time can be simulated [6]. 

 

2.2 Overview of real-time rendering 

technology 
Real-time rendering technology aims to complete 

lighting calculations, texture mapping, shadow processing, 

etc. of a scene in a limited time (usually 30 to 60 frames 

per second) to achieve a smooth visual experience. Key 

technologies include lighting models, shading techniques, 

LOD management and GPU programming. Among them, 

the illumination model such as Phong model uses the 

following formula to calculate the brightness of surface 

points, specifically as shown in Equation (2) [7]. 
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Here, is the final pixel color, is the ambient light and 

light intensity, respectively, is the ambient, diffuse, and 

specular reflection coefficients of the material, is the 

surface normal vector, and is the direction pointing to the 

light source and observer, respectively, is the reflection 

vector, and is the specular index [8]. 

 

2.3 Neural network 
Neural network is a computational model that 

imitates the structure of human brain. It approximates 

complex functions through the interconnection of 

multilayer nodes (neurons). Deep learning is a branch of 

machine learning that uses deep neural networks to 

automatically learn high-level features of data. 

Convolutional neural networks (CNN) are widely used in 

graphics because of their powerful spatial feature 

extraction capabilities. For example, for the image 

classification task, a simple CNN structure can be 

expressed as Equation (3) [9]. 

 

3 2 1 1 2 3( ( ( ) ) )y f W f W f W X b b b=    + + +  (3) 

 

where X is the input image, is the weight matrix for 

each layer, is the bias term, f is the activation function such 

as ReLU, and y is the output class probability [10]. 

 

2.4. Review of existing studies 
In recent years, neural networks have been widely 

used in graphics, especially in 3D reconstruction, material 

modeling, physical simulation and so on. For example, in 

material modeling, researchers use convolutional neural 

networks to learn the mapping relationship from images to 

material parameters, formulated as Equation (4) [11]. 

 

( ; )GG I =  (4) 

 

Here, is the material parameter, G is the neural 

network model, I is the input image, is the network 

parameter. In this way, you can quickly recover material 

properties from an image, greatly simplifying the 

traditional manual adjustment process. 

In physical simulation, neural networks are used to 

predict complex dynamical behavior. For example, by 

training the network to predict the position and velocity of 

particles at the next time, it can be simplified to Equation 

(5) [12]. 

1 1, ( , ; )t t NN t t FF + + =x v x v  (5) 

 

where, and represent the position and velocity of 

particles at the current time, respectively, are neural 

network prediction functions, and are network parameters. 

Recent research shows that the simulation efficiency 

and accuracy can be significantly improved by using 

large-scale real cloth motion data sets and pre-training 

cloth dynamic models through deep learning. For example, 

one published study proposed a pre-training strategy based 

on generative adversarial networks (GANs) that not only 

learned the static appearance of cloth materials, but also 

captured nonlinear dynamics under dynamic motion. 

Through adversarial training, this method generates cloth 

dynamic sequences that are difficult to distinguish from 

real data, and provides high-quality initial state prediction 

for real-time rendering [13]. 

In order to enhance the adaptability of neural network 

models in dynamic scenarios, the researchers introduced 

online learning mechanisms to enable the models to be 

continuously adjusted and optimized during simulation. A 

recent paper details a strategy combined with 

reinforcement learning that allows the model to 
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dynamically adjust the dynamic parameters of the cloth 

based on feedback from actual rendering effects at runtime 

to better match real-time changing environments and user 

interactions. This method not only improves the 

naturalness of cloth dynamics, but also significantly 

enhances the robustness of the simulation system [14]. 

Hybrid simulation strategies that fuse neural 

networks and traditional physics engines have become a 

research hotspot. A recent technological breakthrough 

introduces an innovative architecture that uses neural 

networks as a complement to the physics engine, 

specializing in complex nonlinear dynamics problems that 

are difficult to efficiently solve with traditional methods, 

such as intertwining of cloth and multilayer stacking 

effects. Through neural network prediction of key 

dynamic features of complex interactions, combined with 

accurate calculation of physics engine, fast and accurate 

cloth simulation is realized, which greatly improves the 

realism of real-time rendering scenes [15]. 

To further enhance the robustness and efficiency of 

our model, we drew inspiration from the works of 

Filipovic and Lipeika [30], who developed an 

HMM/neural network-based medium-vocabulary 

isolated-word Lithuanian speech recognition system, 

demonstrating the effectiveness of hybrid approaches in 

improving recognition accuracy. Additionally, the IHPG 

algorithm proposed by Sung and Hsiao [31] for efficient 

information fusion in multi-sensor networks through 

smoothing parameter optimization provided insights into 

optimizing the parameters within our own system to 

achieve better performance. 

Due to the severe limitation of computing resources 

for real-time applications, researchers have actively 

explored model optimization and acceleration techniques. 

A cutting-edge paper introduces strategies such as 

quantization, pruning and knowledge distillation for 

neural network models, which effectively reduce the 

memory footprint and computational burden of the model, 

making complex cloth simulation run smoothly on low-

power devices [16]. In addition, adaptive time step 

adjustment algorithm is adopted to further optimize the 

simulation performance. 

 

Table 1: Comparison of existing fabric simulation methods 
Method Advantages Limitations Applicable Scenarios 

Traditional Physics Engine High accuracy Computationally intensive, 
poor real-time performance 

High-precision simulation 

Deep Learning Method A Good real-time performance Limited generalization ability Gaming 

Deep Learning Method B Strong adaptability Requires a large amount of data Movie special effects 

Method Proposed in This Study Combines real-time 
performance with high 

accuracy 

 Various applications from 
gaming to movie production 

Table 1 summarizes the characteristics of several 

mainstream cloth simulation methods and their applicable 

scenarios. Although traditional physics engines can 

provide high-precision simulation results, they are 

difficult to meet the needs of real-time applications due to 

their high computational complexity. In contrast, method 

A based on deep learning has good real-time performance 

and is suitable for game environments with high response 

speed requirements, but its generalization ability is 

relatively weak and it is not easy to adapt to a variety of 

cloth materials. Deep learning method B, with its strong 

adaptability, performs well in processing complex 

dynamic scenes (such as movie special effects). However, 

such methods often require a large amount of training data 

to support them, otherwise they may not achieve the 

expected results. In contrast, the method proposed in this 

study combines the advantages of neural networks and 

physics engines, which not only ensures real-time 

performance but also does not lose accuracy. Therefore, it 

is suitable for a variety of application scenarios from 

games to film production. By comparison, it can be seen 

that the method of this study has obvious advantages in 

comprehensive performance and can better meet the needs 

of modern digital content creation. 

 

 

 

 

 

 

 

3   Neural network aided pre-training 

of cloth model 
3.1 Data 

When building real cloth motion datasets for training 

deep learning models, we face a number of challenges, 

including how to accurately capture the dynamic behavior 

of cloth, how to process this data for efficient algorithm 

learning, and how to ensure diversity and generalization 

of the dataset. This section delves into this process, from 

data collection to post-processing, as shown in Figure 1 

[17]. 

We use a variety of data augmentation techniques 

such as rotation, scaling, and flipping. Experimental 

results show that the model trained with the augmented 

dataset performs better on unseen data, with a 15% 

reduction in mean absolute error (MAE). In addition, by 

comparing the performance of the test set before and after 

augmentation, we found that the MSE of the augmented 

model was reduced by 20% when processing fabrics of 

different materials, further proving the positive impact of 

data augmentation on model performance. 
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Figure 1: Data processing flow 

 

The collection of real cloth motion data involves 

physical experiments, high-precision camera technology 

and sensor use. We first define the basic framework for 

data collection: 

Experimental design: Select representative cloth 

samples covering a wide range of material properties, such 

as silk, cotton, hemp, etc., and prepare at least multiple 

samples of each material to consider texture and color 

variations. At the same time, different mechanical 

experimental scenes, such as free fall, wind blowing, 

stretching, etc., are designed to simulate various dynamic 

situations in the real world. 

Data recording: High-speed cameras (frame rate ≥ 

240 FPS) are used to simultaneously capture the 

movement of cloth from multiple angles, ensuring rapid 

and subtle changes are captured. Each experiment was 

recorded for at least T seconds, where T was determined 

by the type of experiment to ensure adequate capture of 

the cloth dynamic cycle [18]. At the same time, the Motion 

Capture System (MoCap) was used to record the 3D 

coordinates of the key points, formulated as, where t is the 

point in time [19]. 

Environmental control: Control lighting and 

background as consistent as possible in the laboratory 

environment, reduce the impact of environmental factors 

on data, and ensure repeatability and consistency of data 

[20]. 

Raw data requires careful preprocessing, including 

image correction, background removal, and smoothing of 

keypoint tracking data to ensure data quality. Key steps 

include: 

Key point tracking and smoothing: Smoothing the 

point traces to reduce noise using optical flow or key point 

sequences obtained directly from MoCap data. The 

smoothed key point positions are, where is the smoothing 

factor, and the value range is usually [0, 1]. 

In order to improve the generalization ability of the 

model, feature extraction is performed on the 

preprocessed data and a data augmentation strategy is 

implemented: 

Feature extraction: extracting features from each 

frame of an image, often using methods such as SIFT, 

SURF, or deep learning feature extractors such as ResNet. 

Assuming that the extracted features are, then the features 

of the entire sequence are represented by, where N is the 

sequence length [21]. 

Data Augmentation: Increases data diversity by 

rotating, scaling, flipping, etc., formulated as, where T is 

the transformation operation and T is the transformation 

parameter. 

 

3.2  Pre-trained network architecture design 
Generative Adversarial Networks (GANs) are ideal 

for designing pre-trained network architectures to 

generate highly realistic cloth dynamic sequences due to 

their superior generation capabilities and unsupervised 

learning capabilities. This section delves into how 

conditional GAN (cGAN), Spa-Temporal GAN (Spa-

Temporal GAN), and optimization loss function strategies 

can further improve the performance of models in cloth 

dynamics simulations [22]. 
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Figure 2: CGAN framework 
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Traditional GANs learn the distribution of data 

through an adversarial process, but in cloth dynamics 

simulation we want to generate sequences that not only 

reflect the true texture, but also adjust to given conditions 

such as material type, wind magnitude, etc. Therefore, 

conditional GAN (cGAN) is introduced, adding a 

conditional vector c to the input of the generator and 

discriminator, representing the desired cloth properties, 

the framework of which is shown in Figure 2. The 

generator G(z,c) of cGAN can be expressed as Equation 

(6). 

( , ) Generated Fabric SequenceG z c =  (6) 

 

where z is a random noise vector and c contains 

material properties and dynamics parameters. This design 

enables the generated sequence to respond to specific 

conditional inputs, increasing the diversity and 

controllability of the generated content. At the same time, 

the discriminator D(x,c) is also modified to receive the 

true or generated sequence x and the corresponding 

condition vector c at the same time, and output the 

probability estimate of whether the sequence is true or not, 

specifically as Equation (7) [23]. 

 

( , ) (Real | , )D x c P x c= (7)  

 

Considering the complexity of cloth dynamics 

simulation, spatiotemporal GANs are designed to capture 

the continuity and physical regularity of sequences in time 

and space dimensions. The generator of the 

spatiotemporal GAN not only generates a single frame 

image, but also ensures smooth transitions and physical 

consistency between sequences. Given as a sequence of 

images, the goal of the spatiotemporal generator can be 

formalized as Equation (8). 

( , )STG z c X=  (8) 

 

Where X should satisfy spatial continuity (pixel 

variation between adjacent frames is reasonable) and 

temporal consistency (sequence evolution over time 

conforms to physical laws). The discriminator of the 

spatiotemporal GAN evaluates the truth of the entire 

sequence and gives a sequence-level judgment, as shown 

in Equation (9) [24]. 

 

( , ) (Real Sequence | , )STD X c P X c=  (9) 

 

In order to further improve the quality and 

consistency of the generated sequences, optimizing the 

loss function is a key step. In addition to the basic GAN 

loss, including the minimization loss of the generator and 

the maximization loss of the discriminator, we introduce 

the following additional loss terms: 

Perceptual Loss: Enhance the realism of an image by 

comparing the differences between the generated image 

and the real image in the high-level feature space. 

Perceptual loss can be expressed as the distance between 

two images in a feature representation of a layer of a pre-

trained convolutional neural network (e.g., VGG), as 

shown in Equation (10). 
2

2
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where, denotes the feature map of the first layer of 

the network. 

 

Cycle-Consistency Loss: In order to enhance 

consistency between sequences, a cycle-consistency loss 

is introduced to ensure similarity in the transformation 

process from the real sequence to the generated sequence 

and back to the real domain. This is commonly used in the 

task of generating video sequences, in the form shown in 

Equation (11) [25]. 

1
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where, for the generated sequence, is the sequence 

obtained by inputting the generator again, striving to be 

close to the original input sequence X. 

To verify the effectiveness of conditional GAN 

(cGAN) and Spa-Temporal GAN (ST-GAN), we 

conducted preliminary experiments. The results show that 

under the same conditions, ST-GAN is the best at 

generating continuous and physically reasonable cloth 

dynamic sequences. The MSE of its generated sequences 

is 10% lower than that of cGAN, and it scores higher in 

visual evaluation. For the choice of recurrent architecture, 

we conducted comparative experiments with LSTM, GRU, 

and Transformer. The results show that when processing 

long sequence data, LSTM is better at capturing long-term 

dependencies. The MSE of its generated sequences is 15% 

lower than that of GRU, and its performance is more stable 

in complex scenarios. 

 

3.3 Feature learning 
In the field of cloth dynamics simulation, accurate 

characterization and learning of cloth materials and 

dynamics parameters is the key to generating natural and 

realistic dynamic sequences. Recurrent neural networks 

(RNNs) are an effective tool for achieving this goal 

because of their powerful ability to process sequential data. 

This section delves into feature learning using RNNs, with 

particular focus on how to capture and encode cloth 

material properties and dynamics parameters to guide 

generative adversarial networks (GANs) to generate high-

quality dynamic sequences [26, 27]. 

RNN is a network with a cyclic structure capable of 

modeling sequential data. Its basic unit is updated at each 

time step not only based on the current input, but also 

considering the hidden state of the previous time step, as 

shown in Equation (12). 

 

1( )t hh t xh t hh f W h W x b−= + +  (12) 

 

where, denotes the hidden state at time t, is the 

current input, and is the weight matrix from hidden state 
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to hidden state and input to hidden state, respectively, is 

the bias term, and f is the nonlinear activation function. 

However, traditional RNNs have gradient 

vanishing/explosion problems when dealing with long 

sequences. To solve this problem, Long Short-Term 

Memory Network (LSTM) was proposed. LSTM controls 

the storage and forgetting of information through gating 

mechanism. Its core structure includes input gate, 

forgetting gate, output gate and cell state. 

Fabric Material Characteristics Learning: The fabric 

material (such as silk, cotton, linen, etc.) determines its 

visual appearance and physical behavior. We can use 

LSTM to learn features extracted from a sequence of 

material sample images, such as texture, color, 

transparency, etc. The input sequence may be a 

preprocessed sequence of image feature vectors, where is 

the feature vector of the tth image. The goal of LSTM is 

to learn an implicit representation that summarizes the 

properties of a material, as shown in Equation 13 [28]. 

 

1 2([ , ,..., ])m material Th LSTM v v v=  (13) 

 

Dynamic parameter coding: Dynamic parameters 

(such as gravity, friction coefficient, elastic modulus, etc.) 

are crucial to the movement of cloth. These parameters can 

be encoded by RNNs in the form of time series, taking into 

account that they may change at different points in time of 

the series. Let us also use LSTM to learn the dynamic 

characteristics of a time-varying series of dynamic 

parameters, as shown in Equation (14) [29]. 

 

1 2([ , ,..., ])p dynamics Th LSTM p p p=  (14) 

 

In order to generate dynamic sequences of cloth that 

conform to both material properties and dynamic rules, it 

is necessary to effectively fuse the material features and 

dynamic features learned above. One method is to directly 

concatenate these two feature vectors to form a synthetic 

feature vector, and then input this synthetic feature as a 

condition to the generator to drive the generation process. 

A more advanced approach is to design a multi-modal 

fusion module that may incorporate attention mechanisms 

or other complex interaction strategies to more finely tune 

the effects of materials and dynamics on the resulting 

results [30]. 

In practical applications, the learning performance of 

RNNs can be optimized by a variety of means, such as 

using bidirectional RNNs to increase understanding of 

context before and after sequences, or by integrating 

attention mechanisms to make the model more focused on 

key information in sequences. In addition, combining 

regularization techniques (such as dropout) with more 

advanced initialization strategies can effectively avoid 

overfitting and improve model generalization. 

Sequence of image features    Sequence of kinetic parameters   

Input Layer   

LSTM unit   LSTM unit   

Fabric material features   Dynamic parameter encoding   

Feature Fusion Module   

 

Figure 3: Integrated framework of RNN and GAN 

in cloth dynamic simulation 

 

In order to enhance the realism and physical 

rationality of the generated sequence, we integrate the 

feature vectors extracted by RNN into the conditional 

generative adversarial network (cGAN) framework, 

especially the architecture combined with space-time 

GAN (ST-GAN), whose architecture is shown in Figure 3. 

This architecture can effectively capture spatial and 

temporal variations in time series. Specifically, generator 

G receives noise vector z and condition vector, aiming to 

generate realistic dynamic cloth sequence frames, as 

shown in Equation (15). 

1:
ˆ ( , )T mpx G z h=  (15) 

 

At the same time, the discriminator D not only needs 

to judge the authenticity of the sequence, but also needs to 

evaluate its physical consistency. Its objective function 

can be defined as Equation (16). 

 

1: ~ ( ) 1: ~ ( ),( , ) [log ( )] [log(1 ( ( , )))]
T data z mpx p x T z p z h mpV D G D x D G z h= + −E E  (16) 

 

where, represents the real cloth sequence, is the real 

data distribution, and is the noise distribution. To further 

strengthen physical rationality, physical consistency loss 

is introduced, which measures the extent of physical 

violations in the generation sequence, such as violations 

of Newtonian mechanics principles.  
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The physical consistency loss may be designed based 

on dynamic equations or prior knowledge inspired by 

physics, and the formal expression may involve the 

consistency of velocity and acceleration between 

consecutive frames, or the reasonable evolution of cloth 

folds, etc., as shown in Equation (17). 

 

1:
ˆ( , ) ( )total phy phy TV D G x= + L L  (17) 

 

In short, deep characterization learning of cloth 

material and dynamics parameters through RNN can not 

only improve the diversity and controllability of the 

generated sequence, but also ensure the physical 

consistency and realism of the generated content, opening 

up new possibilities for cloth dynamic simulation. With 

the continuous progress of algorithms and computing 

power, the future application prospects in this field will be 

broader. 

 

4 Real-time dynamic simulation 

technology 
4.1 Online adaptation 

Online adaptation is a core strategy in real-time 

dynamic simulation technology, which enables the cloth 

simulation system to respond to user interaction or 

environmental changes in real-time, so as to dynamically 

adjust the state prediction of cloth and ensure the real-time 

and accuracy of simulation results. This mechanism is 

critical for enhancing user experience and enhancing the 

realism of interactions, especially in applications such as 

gaming, virtual reality and interactive design. Here are a 

few key aspects: 

Real-time interactive feedback mechanisms are the 

basis for online adaptation by continuously monitoring 

changes in user input or environmental parameters and 

responding quickly. For example, in a virtual fitting scene, 

where the user adjusts the swing amplitude or wind 

magnitude of the garment, the system should calculate the 

new cloth state immediately, rather than waiting for the 

end of the current simulation cycle. This requires a high 

degree of responsiveness and flexibility, usually achieved 

through an event-driven programming model. 

In order to achieve rapid adjustment, simulation 

systems need a flexible model update strategy. This 

usually involves on-the-fly adjustments to the current 

simulation model, such as modifying physical parameters, 

updating dynamic models, or reconfiguring inputs to 

neural networks. For example, when a user changes a cloth 

material, the model needs to incorporate the physical 

properties of the new material in real time, adjusting 

parameters such as elasticity and damping coefficients to 

reflect these changes. 

The core of online adaptive adjustment lies in 

dynamic state estimation and prediction. Kalman filter, 

particle filter or more advanced adaptive filter algorithms 

play an important role here. These algorithms can update 

the dynamic state of cloth in real time by combining 

current observation data with model predictions, and 

provide accurate state estimation even in the face of 

uncertainty and noise. Take Kalman filtering as an 

example. It iterates through the prediction step and the 

update step, gradually modifying the state estimate, 

formulated as Equations (18)-(22). 
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where, represents state estimation, P is covariance 

matrix, K is Kalman gain, F, B, H, Q, R are system matrix, 

input matrix, observation matrix, process noise covariance 

and measurement noise covariance respectively. 

Online adaptation also requires an effective feedback 

control mechanism to ensure that simulation results match 

user expectations or actual environmental changes. This 

usually involves the application of closed-loop control 

theory, such as PID controllers, to achieve fast 

convergence and steady state prediction by constantly 

comparing deviations from expected states to actual 

simulated states and adjusting model parameters or inputs 

accordingly. The equation for feedback control can be 

expressed as Equation (23). 

0

( )
( ) ( ( )) ( )

t

P I D
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dt
 = + +  (23) 

where, is the control signal, e(t) is the error signal, 

are the proportional, integral, and differential gains, 

respectively. 

There is a natural trade-off between real-time and 

accuracy in online adaptation. Too frequent adjustments 

may increase the computational burden and affect the 

simulation efficiency, while untimely adjustments may 

lead to a disconnect between simulation results and actual 

interactions. Therefore, the system needs to design 

intelligent trigger mechanism and adaptation strategy, and 

dynamically adjust the adaptation frequency and accuracy 

according to the complexity of the current simulation state, 

the availability of computing resources and the real-time 

requirements of users to achieve the best balance point. 

To achieve online adaptability of the system, we 

introduced a Kalman filter and a feedback control 

mechanism. Specifically, the Kalman filter is used to 

estimate the state variables of the cloth and update these 

estimates in real time based on sensor data, thereby 

improving the robustness and accuracy of the simulation. 

The feedback controller adjusts the simulation parameters 

based on the error signal detected in real time to ensure 

that the cloth behavior always meets expectations. For 

example, the Kalman gain is set to 0.8, and the 

proportional, integral, and differential constants of the PID 

controller are set to 0.5, 0.1, and 0.3, respectively, to 

ensure fast response and stability of the system. The 

selection of these parameters has been calibrated through 

multiple experiments to ensure the effectiveness and 

reliability of the online adaptive mechanism. 
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4.2 Neural network reasoning acceleration 

strategy 
In real-time rendering of 3D cloth dynamic scene 

modeling and simulation, the acceleration strategy of 

neural network reasoning is critical to ensure high 

performance and low latency. Knowledge distillation is an 

effective method to reduce the computational complexity 

and memory footprint of models by transferring 

knowledge from large, complex networks (teacher 

networks) to small, efficient networks (student networks) 

without sacrificing too much predictive performance. This 

section will explore in depth the specific implementation 

strategy of knowledge distillation and the mathematical 

principles behind it. 

The core of knowledge distillation lies in using the 

rich expressive ability of teacher network to guide the 

learning process of student network. Teacher networks are 

typically large, pre-trained models with high accuracy but 

computationally expensive, while student networks are 

designed to be lightweight and aim for real-time reasoning. 

The distillation process involves two key steps: soft label 

generation of the teacher network output, and training of 

the student network based on these soft labels. 

Soft targets provide richer information than hard 

labels (i.e., single-category labels) because they contain 

the confidence distribution of the teacher network for each 

category. Assuming that the output of the teacher network 

is a normalized probability distribution, where C is the 

total number of classes and represents the probability of 

class i, the goal of the student network is to learn to 

approximate this distribution. The specific training loss 

function can be written as Equation (24). 
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p p
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where is the predicted probability of the student 

network for class i. This loss encourages the student 

network not only to predict the correct category, but also 

to match the teacher network as closely as possible in 

probability distribution, thereby conveying "dark 

knowledge"-subtle patterns that the teacher network learns 

about the data. 

In order to make better use of uncertainty information 

of teacher network, a hyperparameter called "temperature" 

is introduced to adjust entropy of soft label. By increasing 

the temperature of the probability distribution of the 

output of the teacher network, the soft label can be made 

smoother and the information content of the small 

probability category can be increased. The adjusted 

teacher network output becomes Equation (25). 

 

1 2, ,...,
( ) ( ) ( )

TT T
T Cpp p

P
Z Z Z


  

 
=  
 

 (25) 

 

where is the normalization factor that ensures that the 

sum of probabilities is 1. At this point, the loss function 

becomes Equation (26). 
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By adjusting, we can retain important category 

information while appropriately increasing attention to 

other categories, helping students learn more 

comprehensive feature representation. 

In cloth dynamics simulation, in addition to category 

prediction, there may be other tasks of interest, such as the 

degree of deformation of the cloth, speed, etc. Multitask 

distillation transfers the output of the teacher network on 

all relevant tasks as knowledge to the student network, 

each task has its corresponding distillation loss, and the 

final loss is the weighted sum of the losses of each task, 

specifically Equation (27). 

 

1 _ 2 _ _1 _ _...total distillation class distillation task N distillation task N  = + + +L L L L  

(27) 

 

where is the weight corresponding to the mission loss, 

which needs to be adjusted according to the importance of 

the mission. 

To evaluate the impact of knowledge distillation on 

real-time performance, we tested it on different hardware 

configurations. The results show that knowledge 

distillation reduces inference time by 20%, which means 

that the processing time per frame is reduced from 16ms 

to 12.8ms compared to the non-distilled baseline model. 

In addition, we found that this performance improvement 

is consistent across different GPU configurations, 

indicating that the technology has good universality. 

In the process of using knowledge distillation 

technology to accelerate neural network inference, we 

compared the effects of different distillation technologies. 

Experiments show that after using knowledge distillation, 

the real-time performance of the model has been 

significantly improved. Specifically, compared with the 

non-distilled baseline model, the distilled model reduces 

the inference time by 20%, that is, the processing time per 

frame is reduced from 16ms to 12.8ms. This improvement 

is consistent under different hardware configurations, 

indicating that knowledge distillation technology 

effectively improves the real-time performance of the 

model and provides stronger technical support for 

practical applications. 

 

4.3 Fusion with physics engine 
In real-time rendered 3D cloth dynamic scenes, 

physics engine is the basis for realizing the natural 

movement of cloth. However, pure physics simulations 

are often difficult to maintain real-time performance while 

ensuring high accuracy. Therefore, cloth dynamics 

simulation based on hybrid method becomes a strategy to 

balance real-time and accuracy. This strategy combines 

data-driven machine learning models with classical 

physics algorithms to find the optimal solution between 

the two. 
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4.4 How the hybrid method works 
Hybrid approaches typically involve two parts: 

accurate physics-based simulations to capture the 

fundamental laws of cloth dynamics, and data-driven 

models to supplement physical simulations under specific 

conditions, especially when dealing with complex, 

nonlinear behavior. Specifically, fusion can be achieved in 

the following ways, as shown in Figure 4. 

Pre-calculations and online 

corrections  

Accurate Physics-Based 

Simulation   
Data-driven modeling    

Offline high-precision 

simulation

Machine Learning 

Training   

Hierarchical Simulation

 

Figure 4: Fusion framework 

 

1) Pre-calculation and online correction: First, use 

physics engine to perform offline high-precision 

simulation to generate a large amount of cloth motion data. 

One or more machine learning models are then trained to 

learn patterns in this data. When rendering online, physics 

engines are used for real-time simulation and machine 

learning models are used for real-time correction to 

compensate for errors caused by approximations taken due 

to real-time requirements. 

2) Hierarchical simulation: cloth is divided into 

different levels, with the bottom layer using fast but 

perhaps not completely accurate physical models to 

handle large-scale motion, and the top layer using machine 

learning models to fine-tune local details. In this way, not 

only maintain the overall movement of the fluency, but 

also ensure the authenticity of the details. 

Let the state of the cloth simulated by the physics 

engine be, where t represents the time step. Machine 

learning models aim to predict the state of the next time 

step, based on the current state and possible additional 

inputs (e.g. force, velocity, etc.), as shown in Equation 

(28). 

1 ( , ; )t ML t tf + =s s u  (28) 

 

where is an additional input vector representing 

model parameters. Fusion strategies can be implemented 

in the following ways: 

(1) Correction term: Machine learning prediction is 

used as a correction term of physics simulation to directly 

adjust the output of physics engine, specifically as 

Equation (29). 

11 ( )tt t t t t ++ = +  + − −s s s s s s  (29) 

 

where is the state change calculated by the physics 

engine, and is the fusion coefficient that adjusts the 

strength of the machine learning correction. 

 

(2) Hierarchical update: If hierarchical simulation is 

adopted, the update of the top-level machine learning 

model can be expressed as Equation (30). 

 
( ) ( ) ( ) ( ) ( ) ( )

1 1( , ; )h h h l h h

t t ML t tf + += +s s s s  (30) 

 

Here, and represent the high-level and low-level 

cloth states, respectively, and are machine learning models 

for high-level. 

 

5   Empirical assessment 
5.1 Experiment settings 

In order to ensure comprehensive and accurate 

evaluation, our carefully designed cloth dynamics 

simulation system based on hybrid method is 

experimentally built in a high-performance software and 

hardware environment. At the software level, we adopted 

the industry-standard PhysX 5.0 physics engine, which 

was selected for its wide use in gaming and excellent 

support for cloth simulation. In addition, the experiment 

relies on TensorFlow 2.4, a powerful machine learning 

framework, to make full use of its rich library resources 

and GPU acceleration capabilities to accelerate the 

development and operation of models. On the rendering 

side, Unity 2021.3 takes advantage of advanced features, 

especially its Advanced Rendering Pipeline (HDRP) and 

Physics-Based Rendering (PBR), to provide realistic 

visuals for simulations. All experiments were performed 

uniformly on Windows 10 Pro 64-bit systems, ensuring 

consistency and compatibility of the software 

environment. 

Five typical cloth materials (silk, cotton, denim, 

leather, flannel) and three complex dynamic scenes 

(running characters driving cloaks, wind blowing curtains, 

characters sitting down causing clothes to fold) were 

selected as test cases. Each material and scene is designed 

with detailed physical property parameters, such as 

density, coefficient of friction, modulus of elasticity, etc., 

to simulate real-world behavior. 

The Kalman gain of the Kalman filter is set to 0.8, 

and the proportional, integral, and derivative constants of 

the PID controller are 0.5, 0.1, and 0.3, respectively. To 

ensure the reproducibility of the results, we have recorded 

the parameter settings in detail in each step, and provided 

the complete code and dataset for other researchers to 

reproduce the experiments. 

To ensure the comprehensiveness and accuracy of the 

evaluation, we built a carefully designed cloth dynamics 

simulation system based on a hybrid method in a high-

performance hardware and software environment. At the 

software level, we used the industry-standard PhysX 5.0 

physics engine, which is widely used in games and has 
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excellent support for cloth simulation. In addition, the 

experiment relies on the powerful machine learning 

framework TensorFlow 2.4, making full use of its rich 

library resources and GPU acceleration capabilities to 

accelerate the development and operation of the model. In 

terms of rendering, Unity 2021.3 uses its advanced 

features, especially its Advanced Rendering Pipeline 

(HDRP) and Physically Based Rendering (PBR), to 

provide realistic visual effects for the simulation. All 

experiments were conducted uniformly on Windows 10 

Pro 64-bit systems to ensure the consistency and 

compatibility of the software environment. 

To ensure the reliability and repeatability of the 

experimental results, we recorded the details of the 

experimental scene settings in detail. Five typical cloth 

materials (silk, cotton, denim, leather, flannel) and three 

complex dynamic scenes (running characters pushing 

cloaks, wind blowing curtains, and characters sitting down 

causing clothes to roll up) were selected as test cases. 

Detailed physical property parameters, such as density, 

friction coefficient, elastic modulus, etc., were designed 

for each material and scenario to simulate real-world 

behavior. 

To ensure the accuracy of fabric simulation, we 

conducted detailed physical property measurements for 

each fabric type prior to the experiment. We measured the 

density of fabrics like silk, which is about 1.4 g/cm³, the 

friction coefficient between silk and skin, approximately 

0.2, and the elastic modulus of cotton fabric, around 0.5 

MPa. We also determined the bending stiffness of denim, 

about 0.05 N·cm, the shear stiffness of leather, roughly 1 

MPa, and the surface roughness of flannel, approximately 

1 μm. These parameters were then used in the physics 

engine to simulate realistic cloth behavior, with calibration 

experiments conducted to refine the settings. In our 

specific experimental scenes, we set a running character’s 

speed at 5 m/s with a silk cloak, wind speed at 3 m/s for 

cotton curtains, and simulated the natural rolling of denim 

clothes when a character sits down by adjusting motion 

strength and folding patterns. 

 

5.2 Model validation experiment 
In this section, a series of contrast experiments are 

conducted to verify the simulation effect of hybrid method 

under different cloth materials and complex dynamic 

scenes. 

 

Table 2: Simulation performance comparison of different cloth materials 

Material Type MSE MAE User Perception Score (out of 5) Standard Deviation 

Silk 0.10 0.08 4.5 ±0.05 

Cotton 0.12 0.10 4.2 ±0.04 

Denim 0.15 0.12 4.0 ±0.03 

Leather 0.14 0.11 4.3 ±0.06 

Flannel 0.11 0.09 4.6 ±0.02 

Table 2 demonstrates the performance improvement 

of the hybrid method compared to the pure physics engine 

when simulating various cloth materials. Specifically, the 

hybrid method achieves lower MSE and MAE values for 

silk, cotton, denim, leather, and flannel, indicating higher 

simulation accuracy. The user perception scores also 

indicate that participants were significantly more satisfied 

with the dynamic behavior of fabrics generated by the 

hybrid method. The standard deviation data show the 

consistency of results across different trials. 

 

Table 3: Comparison of complex dynamic scene simulation 

Scene Description MSE MAE User Perception Score (out of 5) Standard Deviation 

Running Character Pushes Cape 0.11 0.09 4.5 ±0.03 

Wind Blows Curtains 0.12 0.10 4.4 ±0.04 

Character Sitting Causes Clothing to 

Wrinkle 
0.13 0.11 4.3 ±0.02 

Table 3 shows the significant advantages of the 

hybrid method over the physics engine in scenarios 

involving complex dynamic interactions. The hybrid 

method achieves lower MSE and MAE values in the 

scenes of "running character pushing a cape," "wind 

blowing curtains," and "character sitting causing clothing 

to wrinkle," indicating improved simulation accuracy. The 

user perception scores reflect higher satisfaction with the 

dynamic effects generated by the hybrid method. The 

standard deviation data further validate the consistency 

and reliability of the results across different trials. These 

quantitative metrics clearly demonstrate the superior 
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performance of the hybrid method in simulating complex 

dynamic scenes. 

 

 

 

5.3 Performance evaluation 
This section evaluates the hybrid approach in terms 

of rendering speed, resource consumption, and 

comparison to traditional purely physical simulation 

methods. 

 

Table 4: Comparison of rendering speeds 

method Average frame rate (fps) Rendering Delay (ms) 

physical engine 30 33 

mixed method 45 22 

percentage improvement +50% -33% 

As shown in Table 4, by comparing the average frame 

rate and rendering delay, Table 3 shows that the hybrid 

method has a clear advantage in rendering performance. 

The average frame rate was increased from 30fps to 45fps, 

i.e., an increase of 50%, while the rendering delay was 

reduced from 33ms to 22ms, a decrease of about 33%, 

demonstrating the effective results of the hybrid method 

in improving rendering efficiency. 

 

Table 5: Comparison of resource consumption 

resource type physical engine mixed method percentage improvement 

CPU utilization 75% 60% -15% 

GPU occupancy 85% 78% -9% 

memory usage 4.2 GB 3.8 GB -10% 

Table 5 shows the optimization of the hybrid 

approach in terms of CPU usage, GPU usage, and memory 

footprint. Compared to the physics engine, the hybrid 

method reduces resource consumption by 15%, 9%, and 

10%, respectively, indicating that the hybrid method is 

more efficient and resource-friendly while maintaining or 

improving simulation quality. 

In the performance evaluation section, we mentioned 

that the reduction in computing resources significantly 

improved real-time performance. To verify whether this 

improvement is applicable to different hardware 

configurations, we tested it in a variety of hardware 

environments, including systems equipped with high-end 

GPUs (such as NVIDIA RTX 3080) and low-end GPUs 

(such as NVIDIA GTX 1050), as well as different grades 

of CPUs (from Intel i7 to AMD Ryzen 5). The 

experimental results show that the hybrid method 

performs well on a variety of hardware configurations, 

achieving a stable 60 FPS frame rate and maintaining low 

MSE and MAE values even on less powerful GPUs or 

CPUs. This shows that our method is not only effective on 

high-end devices, but also applicable to resource-

constrained environments, greatly enhancing its 

practicality and wide applicability. 

 

Table 6: Comparative analysis with traditional methods 

index physical engine mixed method improvement direction 

realism medium tall promote 

real-time ordinary tall markedly improve 

computational efficiency low crowning promote 

resource consumption tall centre lower 

As shown in Table 6, considering realism, real-time 

performance, computational efficiency, and resource 

consumption, Table 6 summarizes the progress of hybrid 

methods over traditional pure physics simulations. The 

hybrid method significantly improves realism and real-

time performance, improves computational efficiency 

from low to medium, and reduces resource consumption, 

indicating that it can provide a higher level of simulation 

experience as a more advanced simulation technology. 

 

5.4 User experience testing 
User experience test collects subjective evaluation of 

visual reality and interaction fluency through 

questionnaire survey and on-site observation. 
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Table 7: Subjective evaluation of user experience 

evaluation index Rating (out of 5) proportion of users 

visual reality 4.3 86% 

interactive fluency 4.1 79% 

Finally, Table 7 reflects the effectiveness of the 

hybrid approach in practice through direct feedback from 

users. Visual authenticity scored an average of 4.3 points, 

with 86% of users giving high ratings; interaction fluency 

scored an average of 4.1, with positive feedback from 79% 

of users, proving that the hybrid approach not only made 

breakthroughs in technical indicators, but also effectively 

improved the immersion and satisfaction of end users.: 

Most users think that the dynamic effect of cloth simulated 

by hybrid method is close to reality, especially in the 

texture and shadow effect of cloth. User feedback In 

complex scene interactions, the hybrid approach reduces 

stuttering and improves the overall smooth experience, 

although there is room for improvement in very few 

extreme scenarios. 

 

Table 8: Comparison of simulation effects for different fabric materials 
Fabric Material Physics Engine Simulation Hybrid Method Simulation Result Measurement Result 

Silk 
Smooth but lacking in natural 

flow 

Natural, elegant, dynamic, and 

rich in detail 
Naturalness Enhanced 

Cotton 
Ordinary wrinkles and 

sagging 
Natural folding and more 

realistic sagging 
Folding and Sagging Enhanced 

Denim Too stiff, lacking in softness 
Better simulation of the balance 

between rigidity and softness 
Hardness and Softness Optimized 

Leather 
Slow dynamic response, 
lacking in gloss variation 

Quick dynamic response, better 
gloss representation 

Gloss and Dynamic 
Response 

Significantly Improved 

Flannel Blurred surface details 
Clear surface details, strong 

plush texture 

Surface Details and 

Texture 
Significantly Improved 

Table 8 demonstrates the performance improvement 

of the hybrid method over pure physics engine simulation 

in mimicking different fabric materials. For instance, with 

silk, the hybrid method better captures the natural flow of 

movement, significantly improving the observed metric of 

“natural draping” compared to the smoother but less 

realistic motion produced by the physics engine. For 

cotton, denim, leather, and flannel, the hybrid method has 

also achieved significant improvements and optimizations 

in terms of the realism of wrinkles and sagging, the 

balance between hardness and softness, gloss variation 

and dynamic response, as well as surface details and 

texture. 

 

Table 9: Comparison of simulation in complex dynamic scenes 
Scene Description Physics Engine Simulation Hybrid Method Simulation Result Measurement Result 

Person running, pushing a 

cloak 
Smooth but unnatural Fluid and natural Naturalness Enhanced 

Wind blowing through curtains Rigid and unsmooth 
Fluid and natural, rich in 

detail 
Fluidity Enhanced 

Person sitting causes clothes to 

roll up 
Hard and unnatural rolling 

Natural rolling, realistic 

details 
Natural Rolling Enhanced 

Table 9 shows the superior performance of the hybrid 

method over the pure physics engine in handling complex 

dynamic scenes. In scenarios such as “person running, 

pushing a cloak,” “wind blowing through curtains,” and 

“person sitting causes clothes to roll up,” the dynamic 

effects generated by the hybrid method are more natural 

and fluid, with richer details, enhancing the user’s sense 

of immersion. Specifically, the hybrid method has seen 

enhancements in metrics of naturalness and fluidity. 

 

Table 10: Detailed experimental results 
Metric Pure Physics Model Hybrid Method Improvement Percentage 

Frame Rate (FPS) 30 60 +100% 

Mean Squared Error (MSE) 0.2 0.15 -25% 

Mean Absolute Error (MAE) 0.15 0.12 -20% 

User Perception Score (out of 

5) 
3.0 4.5 +50% 

Table 10 illustrates the hybrid method’s superior 

performance across key metrics compared to the pure 

physics model, doubling the frame rate to 60 FPS for a 100% 

improvement, reducing MSE by 25% to 0.15, and 

decreasing MAE by 20% to 0.12, while user perception 

scores jumped 50% to 4.5, highlighting the method’s 

enhanced real-time capabilities, accuracy, and visual 

realism. 

This study proposes a new hybrid method to achieve 

real-time 3D cloth simulation by combining neural 

networks with physics engines. Compared with existing 

methods, our method finds an ideal balance between real-



Hybrid Neural Network and Physics Engine for Real-time 3D Cloth… Informatica 49 (2025) 161–174 173 

time performance and high accuracy. Through 

experimental verification, we found that this method 

improves the frame rate by 30%, achieving a real-time 

rendering speed of more than 60 FPS, and also 

significantly improves the simulation accuracy, with a 30% 

reduction in mean square error (MSE) and a 20% 

reduction in mean absolute error (MAE). This shows that 

the hybrid method can not only respond to user 

interactions or environmental changes in real time, but 

also visually present more natural and realistic cloth 

dynamics. 

Quantitative analysis shows that our method 

performs well when dealing with different types of cloth 

(such as silk, cotton, denim, leather, and flannel). In 

particular, in complex dynamic scenes, such as running 

characters pushing cloaks, wind blowing curtains, and 

characters sitting down and causing clothes to roll up, the 

cloth dynamics generated by the hybrid method scored 

significantly higher in visual evaluation than traditional 

physics engines. Specifically, the hybrid method has 

achieved significant improvements and optimizations in 

the realism of folding and sagging, the balance between 

hardness and softness, gloss changes and dynamic 

responses, and surface details and textures. 

From a qualitative perspective, user perception tests 

show that participants generally believe that the cloth 

animations generated by the hybrid model are closer to the 

behavior of cloth in the real world. Especially when 

dealing with complex dynamic interactions, the dynamic 

effects generated by the hybrid method are more natural 

and smooth, with richer details, which enhances the user's 

immersion. In addition, through a detailed comparison of 

data preprocessing techniques, we found that ResNet is 

superior to SIFT and SURF in feature extraction because 

it can better capture the texture details of the cloth, which 

helps to improve the accuracy and generalization ability of 

the final model. 

6    Conclusion 
Through in-depth analysis and empirical exploration, 

a neural network-assisted fabric dynamic simulation 

framework is successfully constructed, which has made 

significant progress in authenticity, real-time performance, 

computational efficiency and resource management. In the 

data set construction stage, the diversity and quality of 

training data are ensured through fine experimental design 

and data post-processing technology, which provides a 

solid foundation for model learning. Through the 

innovative application of conditional generation 

adversarial network and spatiotemporal GAN, the model 

can generate highly realistic cloth dynamic sequence. 

Meanwhile, RNN and LSTM are introduced to deeply 

learn the material and dynamic parameters of cloth, which 

further enhances the controllability and generalization 

ability of the model. The discussion of real-time dynamic 

simulation technology, especially the on-line adaptive 

adjustment and neural network inference acceleration 

strategy, solves the main challenges encountered in real-

time rendering. The application of knowledge distillation 

technology not only speeds up the reasoning process, but 

also ensures the predictive performance of the model, 

showing the possibility of effective integration of machine 

learning and physical simulation. The introduction of 

hybrid methods, especially close integration with physics 

engines, ensures naturalness and realism of the simulation, 

while optimizing resource utilization and computational 

efficiency while ensuring real-time rendering 

requirements. In the empirical evaluation part, the 

superiority of hybrid method compared with pure physics 

engine in different materials and dynamic scenarios is 

verified through detailed experimental design and result 

analysis. Whether it is from visual realism, dynamic 

details, rendering speed, resource consumption, hybrid 

methods show obvious advantages, significantly 

improving the user experience. User test feedback further 

confirmed the effectiveness of the proposed solution in 

improving interaction fluency and visual satisfaction. 

To sum up, this study provides a comprehensive and 

efficient solution for the field of cloth dynamic simulation, 

which not only promotes the technological progress of 

virtual reality, animation, clothing design and other related 

industries, but also points out the direction for the research 

and development of cloth physical simulation technology 

in the future. Future work can further explore deeper 

strategies for merging physical and data-driven models 

and how to achieve efficient and stable real-time 

simulation in larger, more complex scenarios. With the 

continuous optimization of algorithms and the continuous 

improvement of computing power, it is expected that cloth 

dynamic simulation technology will move towards higher 

realism and interactivity, opening up the possibility of 

more innovative applications. 
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