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Abstract: To address the low level of intelligence and low utilization of logs in current rotary cutting 
equipment, this paper proposes a digital twin-based system for optimizing the rotary cutting of logs 
using a five-dimensional model of digital twins. The system features a log perception platform to 
capture three-dimensional point cloud data, outlining the logs’ contours. Utilizing the Delaunay3D 
algorithm, this model performs a three-dimensional reconstruction of the log point cloud, construct-
ing a precise digital twin. Feature information is extracted from the point cloud using the least 
squares method. Processing parameters, determined through the kinematic model, are verified in 
rotary cutting simulations via Bool operations. The system’s efficacy has been substantiated through 
experimental validation, demonstrating its capability to output specific processing schemes for ir-
regular logs and to verify these through simulation. This approach notably improves log recovery 
rates, decreasing volume error from 12.8% to 2.7% and recovery rate error from 23.5% to 5.7% The 
results validate the efficacy of the proposed digital twin system in optimizing the rotary cutting 
process, demonstrating its capability not only to enhance the utilization rate of log resources but 
also to improve the economic efficiency of the factory, thereby facilitating industrial development. 
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1. Introduction 
In the context of Industry 4.0′s evolution, the sustained and deep integration of in-

formation technology into traditional manufacturing sectors has ushered the wood pro-
cessing industry into the “Intelligent Era”. At the historical intersection of a new round of 
technological revolution, industrial transformation, and China’s accelerated high-quality 
development, and in the face of the new requirements of the “dual-carbon” strategy, dig-
ital twin technology has become an important means for further intelligent upgrading of 
China’s wood processing industry [1]. 

Digital twins [2] are digital representations of real-world entities or systems, com-
posed of physical objects and their virtual entities, twin data, and application services. 
Digital twins diverge from mere modeling and simulation, encompassing these method-
ologies as components of a more comprehensive technological ecosystem. Similar termi-
nologies, however, denote distinct concepts, such as ‘digital models’, ‘digital shadows’, 
‘digital twins’, and ‘digital predictions’. A ‘digital model’ lacks real-time linkage with 
physical entities, akin to simulations and mathematical models; a ‘digital shadow’ plays 
a crucial role in real-time monitoring, where changes in the state of a physical entity in-
stantaneously alter the state of its digital counterpart, constituting unidirectional real-time 
data communication from a physical to a digital space; a ‘digital twin’ involves bidirec-
tional real-time data communication between physical and digital realms and utilizes 
methodologies such as big data and machine learning in cyberspace for further analysis 
and prediction; and a ‘digital twin prediction’ represents a digital replica of a physical 
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entity, functioning through bidirectional real-time data communication in cyberspace [3]. 
Digital twins can be used to design and optimize products and processes more quickly 
and accurately, improve production efficiency, and reduce costs and risks. They have been 
widely used in various industries, including the manufacturing [4], automotive [5], med-
ical [6], smart city [7], smart building [8], and other industries. Scholars have gradually 
attempted to apply digital twin technology to the wood processing industry. For example, 
Jean Werya proposed a simulation-based decision-making framework in 2017 to ensure 
order profitability, analyze required raw materials and equipment, and determine when 
to produce based on factory order volumes [9]. Morin proposed using six characteristics 
of logs to train multiple machine learning models and applied them to MILP models to 
optimize log allocation for sawmills in 2020 [10]. Chen Zhijie et al. established a digital 
twin model of the wood side plate production process using VSM and FlexSim simulation 
models in 2022, effectively improving the production process and using computer vision 
methods to complete wood quality and thickness detection [11]. As discussed previously, 
the focus of most research papers is on issues related to wood processing scheduling and 
finished product inspection. However, the real challenge in the wood processing industry 
lies in the high heterogeneity of raw materials (logs) characterized by varying shapes and 
qualities of different logs [12]. This necessitates the adoption of distinct processing ap-
proaches for different logs to maximize resource utilization. Therefore, this paper applies 
digital twin technology in the wood processing workflow to achieve the aforementioned 
functionalities. 

The log rotary cutting process includes log centering, log debarking, and veneer peel-
ing. The log is centered to find the optimal clamping point, and the outer waste material 
is removed by the log debarker. Finally, it is processed into veneers in the veneer peeling 
machine. The log debarker adopts a card-axis processing method, and the veneer peeling 
adopts a card-free axis processing method. The centering result is one of the important 
processes in the production process for card-axis processing. In China’s rotary-cutting 
production line, log centering is mainly achieved through mechanical centering and halo 
centering. Neither centering method is suitable for logs with irregular shapes. Compared 
with digital centering technology, the log recovery rate is reduced by 10~15%, and the 
card-free processing method is a time-varying nonlinear system. Currently, most equip-
ment adopts open-loop control, which cannot guarantee the quality of veneers. Therefore, 
to address the low level of intelligence and low utilization of logs in China’s rotary cutting 
production line, this paper establishes a digital twin system for log rotary cutting optimi-
zation based on a five-dimensional model of the digital twin, which can autonomously 
analyze log feature data and derive targeted processing schemes [13]. The system not only 
includes a digital log-centering machine as the physical entity for the complete acquisition 
of the log’s outer contour but also encompasses virtual entities of other equipment in-
volved in the rotary-cutting process. Through the service system, the system can analyze 
the optimal centering position of the log based on log feature data and perform real-time 
calculations for the processing parameters of the log debarker, as well as the veneer peel-
ing machine. These calculations are then verified through simulation using virtual entities. 
This approach effectively confirms the optimal method for log rotary cutting, improves 
log utilization and enhances the automation level of the log rotary cutting production line. 

2. Materials and Methods 
2.1. Five-Dimensional Model 

The process of rotary cutting of logs includes operations such as log centering, log 
debarking, and veneer peeling. The procedure involves locating the optimal clamping 
point through the log-centering process, removing outer waste materials through the log 
debarker, and ultimately processing them into veneers using the veneer peeling machine. 
The equipment involved in each step of the log rotary cutting process includes the log 
centering machine, log debarker, and veneer peeling machine. In response to the low level 
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of intelligence and poor log utilization in log rotary cutting equipment, this paper pro-
poses a digital twin system for log rotary cutting based on the five-dimensional model of 
digital twins (MDT) [14], as shown in (1). The system design is illustrated in Figure 1, con-
sisting of five components: the physical entity (PE) of the log rotary cutting system, the 
virtual entity (VE) of the log rotary cutting system, the digital twin data (DD) generated 
by the integration of the physical entity and services, the service system (SS) that supports 
cutting analysis and simulation, and the connection of data (CN) and information between 
the components. The digital twin data includes the physical data of the log rotary cutting 
system during actual operation, data collected by sensors, virtual data generated by the 
log rotary cutting system model during simulation, and service data generated by the ser-
vice system. 

MDT = (PE, VE, SS, DD, CN) (1) 

 
Figure 1. The five-dimensional model of the digital twin system for optimizing log peeling. 

This paper aims to establish a digital twin system for log peeling optimization. By 
obtaining log point cloud information, it can independently confirm the optimal log peel-
ing plan and conduct simulation verification of the log peeling plan in the twin space. 

2.1.1. Materials 
Due to the inconvenience of experimenting with real tree logs, this article designs 

models using SolidWorks software according to the processing size range of logs using a 
certain company’s equipment and uses CNC lathe machining for experimental materials, 
including standard cylindrical logs of 150 mm, 175 mm, 200 mm, and an irregular log. 
Among them, to ensure the simulation of the irregular shape of real logs, the irregular 
logs are created in SolidWorks software by scanning and patterning eight random closed 
shapes. The materials are shown in Figure 2. 
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Figure 2. Experimental materials for CNC lathe machining. 

2.1.2. Physical Entity of the Log Cutting System 
The physical entity refers to the actual log rotary-cutting line in the physical work-

shop, including equipment such as the log centering machine, log debarker, and veneer 
peeling machine. Additionally, the physical entity of the log rotary cutting system in-
cludes various sensors that support the collection and transmission of information such 
as the log point cloud data, motor speed, and status information. The log rotary cutting 
system is capable of uploading data and information, as well as executing instructions. It 
provides support for real-time interconnection and iterative interaction between physical 
and virtual entities. 

In this study, the physical entity specifically refers to the log-centering machine ex-
perimental platform (Figure 3). The platform consists of a head-and-tail card shaft mech-
anism for log clamping, with a motor driving the rotation through a synchronous belt 
pulley. Control is implemented using a hierarchical mode with an upper computer and a 
lower computer. The lower computer, an embedded terminal, communicates with a laser 
ranging sensor via a UART serial port to collect depth information concerning the log 
segments. It also communicates with a motor servo driver via a CAN bus to control the 
motor speed and obtain rotation angles. The embedded terminal and upper computer 
communicate through RS485 serial communication. Sensor data, identification numbers, 
and log rotation angles are sent from the embedded terminal to the upper computer for 
processing, enabling virtual communication between the physical entity and the virtual 
model. 

 
 

(a) (b) 

Figure 3. (a) Composition of the experimental platform; (b) The experimental platform. (1: front 
card shaft; 2: synchronous belt pulley; 3: DC motor; 4: rear card shaft; 5: sensor). 
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2.1.3. Virtual Entity of the Log Rotary Cutting System 
The virtual entity is based on the production factors and characteristics of the actual 

log rotary-cutting line and is capable of accurately reflecting the high-fidelity model of the 
physical log rotary-cutting system. It encompasses a three-dimensional visualization 
model that reflects the geometric parameters of the entire production line, a physical 
model that describes the physical properties of the production line, a behavioral model 
that characterizes the response and process features of the log rotary cutting system, and 
a rule model that embodies the operational rules and constraints of the system. By inte-
grating the three-dimensional visualization model, physical model, behavioral model, 
and rule model, the virtual model of the log rotary cutting system comprehensively rep-
resents its actual operating state, providing a true mapping of its physical entity. 

Based on the contents of the rotary cutting production of logs, the virtual entity of 
the rotary cutting system can be specifically refined into the following aspects: 

D = D1 ∪ D2 ∪ D3 (2) 

In (2), D represents the virtual entity of the rotary cutting system, D1 represents the 
equipment virtual entity, D2 represents the product virtual entity, and D3 represents the 
virtual entity of the environment [15]. 

Regarding the core equipment resources involved in the rotary cutting production 
line of logs, including the log centering machine, log debarker, and veneer peeling ma-
chine, modeling tools such as 3Dmax and Solidworks are used to create geometric models 
based on the actual equipment (Figure 4). The geometric model is imported into Unity3D 
and physical properties are added, achieving good spatiotemporal consistency with phys-
ical entities. At the same time, the virtual entity needs to complete its production behavior 
through control commands and program driving, which requires the definition of rele-
vant virtual services [16]. Therefore, the behavior criteria of the equipment virtual entity 
are defined as follows: 

D1 = {S1, V1} (3) 

 
Figure 4. Virtual entity of the log rotary cutting system. 

In (3), D1 represents the equipment virtual entity and S1 represents the equipment 
behavior model. The digital space should establish a corresponding twin model for the 
functional components of actual equipment to achieve synchronized mapping in behav-
ior. V1 represents the driving service, and the organic connection and operation of the 
behavior model require support from various driving services. In Unity3D, C# program-
ming language and control protocols are used to control them. In addition, the implemen-
tation of device functions, signal processing, model behavior, and constraints on operat-
ing rules can all be achieved through driving services. 

For logs, different geometric forms correspond to different processing stages. Differ-
ent stages drive the evolution of product geometric states based on their process data. 
Therefore, the product digital twin model is positioned as follows: 

D2 = {S2, V2} (4) 
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In (4), S2 represents the three-dimensional state model of the product and V2 repre-
sents the evolution driving service. 

The digital twin model of the rotary cutting system production environment is: 

D3 = {C, S3, V3} (5) 

In (5), C represents the environmental rule constraint model, S3 represents the envi-
ronmental state model, and V3 represents the environmental detection service. The phys-
ical layer obtains environmental data through sensors, which is then parsed in the service 
layer and displayed quantitatively. Combined with data, algorithm models and other 
technologies are used to study the system, achieving intelligent decision-making and op-
timization of the digital twin production line operation process. 

2.1.4. Digital Twin Data 
As a bridge for information transmission, twin data establishes the connection be-

tween the physical entity of the log rotary cutting system, the virtual model, and the ser-
vice system [17]. The fused data, formed by integrating physical data and virtual data, can 
provide support for cutting optimization, cutting simulation, remote operation and 
maintenance, and other services. The digital twin data comprises virtual entity data, phys-
ical entity data, and service-generated data during system operation, continuously under-
going real-time optimization and updates with changes in the digital twin system’s oper-
ational state. It consists of static and dynamic data. Static data includes the device dimen-
sions, material information, and assembly relationships of the physical and virtual enti-
ties, representing the physical attributes and original design data. Dynamic data consists 
of data from the physical entity, including real-time motion data monitored by sensors, as 
well as simulation data from the virtual entity, such as simulated loads and rule con-
straints. Additionally, it includes operational data derived from the models of both the 
physical and virtual entities, such as the analysis data of log characteristics and processing 
parameters. The data composition is illustrated in Figure 5. 

 
Figure 5. Data composition of the digital twin system for optimizing log rotary cutting. 

2.1.5. Service System 
The service system refers to the functional services that encapsulate various models 

and algorithms required during the application of digital twins. This layer supports the 
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internal functions of digital twins through tool components, middleware, and module en-
gines in a service-oriented manner. In this paper, we design a service system to address 
the problem of high heterogeneity in wood. The system integrates the following tasks: 
interacting with the physical layer to obtain data frames containing sensor data, sensor 
IDs, and rotation angles; processing the data frames into 3D point cloud data by triangu-
lation based on the sensor IDs; solving the coordinates of the center of the maximum in-
scribed cylinder by using the least squares method [18], as presented in Algorithm 1; re-
constructing the 3D model of the point cloud data using the Delunary3d algorithm [19]; 
confirming the processing parameters based on the size of the maximum inscribed cylin-
der through kinematic analysis, including the card shaft motor speed and rotating cutter 
feed rate; and finally verifying the processing parameters by simulating the cutting pro-
cess using a 3D Boolean operation [20] on the reconstructed model and outputting the 
estimated yield. 

 

The processing procedure of the rotary cutting system for logs involves finding the 
clamping point of the log after it is centered, removing the outer waste using the log de-
barker, and finally machining it into a veneer with a veneer peeling machine. Therefore, 
two types of processing equipment are involved. Due to the different processing modes 
of the log debarker and the veneer peeling machine, kinematic analysis is separately con-
ducted. 

The log debarker machine uses a cardan shaft processing mode, with two cardan 
shafts clamping the log to maintain a certain speed, and the rotating cutter moves linearly 
towards the log. In the rotary cutting process, the motion trajectory of a point on the cut-
ting edge of the rotary cutter on the cross-section of the log can be called the rotary cutting 
curve. A coordinate system is established with the center of the log as the origin. During 
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rotary cutting, the rotary cutter edge moves from point A to point B, with the distance 
between the rotary cutter blade and the horizontal plane of the cardan shaft axis being h, 
the veneer thickness being s, the instantaneous radius of the log being R, and the feeding 
speed of the rotary cutter edge being V (Figure 6). 

 
Figure 6. Rotary cutting curve. 

As the rotary cutter blade moves toward the xo direction, we have: 

x = Vt (6) 

Assuming the log speed is n, the angular speed of the log is: 

ω =
2πn
60

 (7) 

Thus, the time, t, can be expressed in terms of the rotation angle of the log: 

φ = ωt (8) 

The parameter x can be represented in terms of R and h using the Pythagorean theo-
rem. Since the rotary cutting curve is an Archimedean spiral, the instantaneous radius of 
the log can be expressed as: 

R2 = α2φ2  +  h2 (9) 

Where α is the Archimedean spiral’s level distance: 

α =  
s
2π

 (10) 

By substituting the above formula into (6) and simplifying, we obtain: 

V =  
sn
60

 (11) 

Therefore, when processing with the log debarker, the feeding speed of the rotary 
cutter is related to the preset veneer thickness and the speed of the cardan shaft. The feed-
ing speed of the rotary cutter can be determined by the preset veneer thickness and the 
initial motor speed. 

On the other hand, the rotary cutting machine uses a cardan-free processing model. 
The machine uses a squeezing friction roller (presser roller) that both applies pressure and 
feeds the log and two main friction rollers (drive rollers) with surface patterns that press 
against the log and drive it through friction. A rotary blade contacts the log below the 
presser roller to generate a cutting force and begin the rotary cutting production, as shown 
in Figure 7. 
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Figure 7. Cardless processing principle. 

Establish a coordinate system with the center of the connecting line of the two drive 
rollers as the origin. Assuming the distance between the two drive rollers is L, the distance 
between the rotary cutter and the horizontal line is h, the diameter of the three rollers is 
D1, the instantaneous diameter of the log is D2, the veneer thickness is S, the rotational speed 
of the drive roller is n, and the rotational speed of the log is N, then the horizontal coordinate 
of the rotary cutter edge during the log rotary cutting process can be expressed as: 

x =  ��
D2

2
�
2

 − h2  +  ��
D1

2
+ 

D2

2
�
2

 − �
L
2
�
2

 (12) 

Taking the derivative of both sides with respect to time, t, on both sides, we have: 

dx
dt

 =  

⎝

⎛ D2

�D2
2  −   (2h)2

 +
D1  +  D2

� (D1  +  D2)2 −   �L
2�

2
 

⎠

⎞ d
dt
�

D2

2
� (13) 

As the drive roller drives the log to rotate and the rotary cutter to perform rotary 
cutting, we have: 

D1 ∙ n = D2 ∙ N (14) 

dD2

dt
= 2SN (15) 

By definition, the derivative of position with respect to time is velocity; by substitut-
ing the above formula into (12) and expanding, we obtain: 

V =  S
D1

D2
n

⎝

⎛ D2

�D2
2  −   (2h)2

 +
D1  +  D2

� (D1  +  D2)2 −   �L
2�

2
 

⎠

⎞ (16) 

Therefore, in the cardan-free processing mode, the feeding speed of the rotary cutter 
edge is affected by the instantaneous diameter of the log, the rotational speed of the cardan 
shaft, and other fixed parameters. Therefore, the feeding initial speed of the rotary cutter 
can be obtained by presetting various parameters, and the feeding speed of the rotary 
cutter is updated in real-time based on the instantaneous diameter of the log in each frame 
to achieve closed-loop calculation and control of the feeding speed of the rotary cutter. 

In Unity3D, the rotation speed of the log’s virtual entity and the movement mode of 
the processing equipment’s virtual entity are controlled based on the above kinematic 
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model, and the 3D Boolean operation method is used to perform the rotation cutting sim-
ulation. 

2.1.6. The Connection of Each Part 
The connection is achieved through various interfaces or protocols, enabling the in-

terconnection and communication between the physical entity of the log rotary cutting 
system, the virtual model of the log rotary cutting system, twin data, and services. It al-
lows real-time updates and iterative interactions among the components, thereby forming 
a dynamic, closely integrated, and organic whole of the log rotary-cutting digital twin. 

3. Results 
This article uses Unity3D software as a 3D visualization system platform which in-

teracts with physical layer devices in real-time through data interfaces. It uses particle 
effects to render physical layer point cloud data and dynamically visualize the collection 
process. The XCharts plugin is used to visualize physical layer data as dynamic charts. 
The platform is integrated with the digitally twinned visualization system for optimizing 
log rotary cutting, providing service layer 3D reconstruction and rotary cutting simulation 
functions. 

The main interface of the visualization platform has multiple functions, including 
data collection, centering and cutting analysis, and rotary cutting simulation, all of which 
are driven by UI buttons. The data collection module controls the log-centering machine 
to collect data and displays the 3D point cloud effect in real-time on the platform. The 
right side of the interface shows the working status information of the log-centering ma-
chine, including the communication status, sensor data, and motor speed, as shown in 
Figure 8. 

 
Figure 8. Data collection interface. 

The log centering analysis module focuses on reconstructing the three-dimensional 
point cloud information of the log and solving for the maximum inscribed cylinder. The 
information panel on the right side of the interface displays the detected log feature infor-
mation, including the log grading based on curvature, the centroid offset, and the lowest 
point position of the log. If the log is deemed unacceptable based on the grading, it can be 
sawed at the lowest point position. The log curvature is calculated by dividing the arch 
height by the length, as per the national standard, as shown in Figure 9. 
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Figure 9. Log centering analysis interface. 

The rotary cutting analysis module is used to confirm the machining parameters, in-
cluding the motor speed and the feed rate of the rotary blade, based on a kinematic model 
established using the innermost circumscribed cylinder of the log and the preset thickness 
of the veneer. The module employs the three-dimensional model of the log and the preset 
equipment model to simulate and verify the machining parameters obtained in the simu-
lation module, as shown in Figure 10. 

 
Figure 10. Log rotary cutting simulation interface. 

4. Discussion 
In this study, the point cloud information of logs with radii of 150 mm, 175 mm, and 

200 mm was collected using the physical layer experimental platform. The system was 
validated and calibrated using standard log data. Taking the example of a standard log 
with a radius of 150 mm, the point cloud data was processed using the centering analysis 
module in the service system to solve for the maximum inscribed cylinder. The resulting 
fitting error for the dimensions was 0.12 mm, and the calculated error for the centroid 
position was 0.03 mm and −0.07 mm. Considering the negligible error in practical experi-
ments, the system meets the requirements for standard logs. 

To verify the accuracy, 50 sets of experimental data were collected from logs with 
radii of 150 mm, 175 mm, and 200 mm, respectively, after modeling and fitting with the 
least squares method, shown in Table 1. 
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Table 1. Standard log centering results. 

Log Size 150 mm 175 mm 200 mm 
X-axis offset range (mm) −0.39~0.63 −0.23~0.95 −0.21~0.88 
Y-axis offset range (mm) −0.05~0.82 −0.31~0.78 −0.11~0.50 
Radius minimum (mm) 148.73 172.55 198.36 
Radius maximum (mm) 151.52 177.34 201.68 

By following the same procedure and collecting data with different starting angles 
for irregularly shaped logs, we obtained point cloud data for irregularly shaped logs. The 
point cloud data was then triangulated to reconstruct the surface mesh. It can be observed 
that the surface of the model exhibits distinct depressions and protrusions, and the trend 
of surface undulation is highly similar to the Solidworks model, indicating a high degree 
of resemblance. The point cloud information and surface reconstruction results for irreg-
ularly shaped logs are shown in Figure 9. 

The point cloud data can be analyzed, and a maximum inscribed cylinder can be 
solved through the centroid analysis module in the service system. The effect is shown in 
Figure 9. 

According to industry conventions, manual measurements of the centroid are con-
ducted using selected cross-sections of irregular-shaped logs. From Table 2, it can be ob-
served that when comparing the measurements with the Solidworks model as the refer-
ence, the system’s volume calculation error decreased from 12.8% in manual measure-
ments to 2.7%, and the yield calculation error decreased from 23.5% in manual measure-
ments to 5.7%. 

Table 2. Comparison of experimental results. 

Data Sources Solidworks 
Model 

System 
Measurement 

Results 

Manual 
Measurement 

Results 
Volume 0.0842 m3 0.0865 m3 0.0950 m3 

Volume error - 2.7% 12.8% 
Maximum inscribed circle radius 150 mm 154.23 mm 166.27 mm 

Yield error - 5.7% 23.5% 

To validate the stability of the equipment, a repeatability experiment was conducted 
on the collection of irregular-shaped logs for 30 repetitions. After data processing and re-
construction, the fitted centroid data exhibited an error distribution within a circle cen-
tered at (0, 0) with a radius of 0.75 mm, as shown in Figure 11. This result demonstrates 
the stability of the collection equipment and algorithm. 

 
Figure 11. Distribution of experimental results. 
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5. Conclusions 
This paper addresses the issues of low intelligence levels and poor log utilization in 

log peeling equipment. To overcome these challenges, a digital twin-based optimization 
system for log peeling is proposed and constructed. An optimization method for log peel-
ing is introduced and experimentally validated. The system enables the autonomous cap-
ture of point cloud information from logs, analysis of peeling strategies, and simulation-
based research on processing parameters. This enhances the digitization level of log-cen-
tering equipment and provides scientific guidance for subsequent log-peeling processes, 
thereby maximizing the utilization of timber resources and improving the intelligence 
level of log-peeling equipment. Furthermore, the developed system serves not only as a 
testing platform for various local optimization algorithms in log-peeling production lines 
but also addresses the high development and testing costs associated with individual 
equipment. Additionally, the system utilizes the extensive data collected during the log 
peeling process to analyze equipment allocation and scheduling issues in the production 
line. In conclusion, this system enables more rational, efficient, and environmentally 
friendly production planning, thereby promoting quality improvements, cost reductions, 
and efficiency enhancements in enterprises. It facilitates the transformation and upgrad-
ing of enterprises towards digitization, intelligence, and greening, contributing to the 
achievement of carbon neutrality goals in our country. 
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