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Abstract

Precision manufacturing requires handling multi-physics coupling during processing,
where digital twin and Al technologies enable rapid robot programming under customized
requirements. However, heterogeneous data sources, diverse domain models, and rapidly
changing demands pose significant challenges to digital twin system integration. To
overcome these limitations, this paper proposes a digital twin modeling strategy based on a
metamodel and a virtual-real fusion architecture, which unifies models between the virtual
and physical domains. Within this framework, subsystems achieve rapid integration
through ontology-driven knowledge configuration, while ROS provides the execution
environment for establishing robot manufacturing digital twin scenarios. A case study of a
robot shaping system demonstrates that the proposed architecture effectively addresses
heterogeneous data association, model interaction, and application customization, thereby
enhancing the adaptability and intelligence of precision manufacturing processes.

Keywords: precision manufacturing; digital twinning; metamodel; implementation
architecture

1. Introduction

Robots are increasingly applied in industrial production due to advances in science,
technology, and artificial intelligence [1]. In precision machining, conventional machine
tools are often limited by workpiece size and accessibility, whereas robots can perform
complex three-dimensional operations with high flexibility, automation, accuracy, safety,
and cost efficiency, making them a promising alternative to traditional methods [2,3].

A central challenge in robotic manufacturing is achieving customized production
without compromising precision. Robot precision manufacturing is a machining process
involving multiphysical field coupling. The cutting force, for example, can cause tool
and workpiece deformation, leading to machining errors [4]. The complexity of these
interactions is evident in other advanced manufacturing processes like electrochemical
machining, where material removal is governed by the interplay of fluid dynamics, electric
fields, and mass transfer of multiple ion species [5]. Effectively modeling such systems
often requires a hybrid approach, combining detailed physics-based simulations with data-
driven methods that can provide real-time predictions [6,7] without the full computational
cost of first-principles models.
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Therefore, before actual processing, it is necessary to integrate digital twin and Al
technologies to create a transparent, virtual-real fusion simulation environment. This
environment can simulate temperature [8], pressure [9], and elasticity [10] during workpiece
processing, providing an adequate training set to correct errors caused by these coupled
factors and enabling rapid robot programming for custom requirements [11]. This approach
enhances decision-making and reliability in robotic operations.

Digital twins, first proposed by Grieves and initially applied in aerospace [12], have
been adopted in manufacturing for equipment monitoring, virtual debugging, and op-
erational planning [13]. In robotics, most studies focus on dynamic mapping and state
monitoring, with limited data utilization. Recent advances include vision-based control
integrated with CAD data [14], ROS-based tools for heterogeneous model integration [15],
and cognitive twin architectures for ontology-based simulation [16]. Despite these advances,
challenges remain in real-time interaction, system scheduling, and seamless virtual-real
integration, motivating the development of metamodel-based digital twin strategies to
enhance adaptability and precision in robotic manufacturing systems.

In [17], vision-based control for disassembly tasks utilizes CAD and vision data to
inform task planning, illustrating how geometric information can be integrated to improve
precision and adaptability. The simulation of the robotic operation tasks is implemented in
a digital environment. The ROS-based packaging tool developed by Vazirpanah aims to
integrate heterogeneous models built in different simulation environments into a unified
formal heterogeneous modeling framework [18]. The interaction between models is through
topics, but the real-time correlation and scheduling between systems cannot be guaranteed.
A cognitive twin architecture is designed to construct different domain models into a
unified semantic ontology model and automatically transform them into an FMI model to
realize a digital twin simulation of a complex system [19]. Although these cases provide
some useful simulation models or architectures, there are still some challenges in the
practical application of digital twinning and Al technology [14,20].

There are challenges in heterogeneous data source association and measurement
during virtual and real simulations. Generally speaking, the control effect in the virtual
simulation scenario is completely dependent on the fully aware virtual sensor, and the
data has its own label. In the actual use process, the more complex the system is, the more
information it needs to be perceived, and the greater the amount of associated data required.
Taking robot cutting as an example, all of the state data of the robot in the simulation process
can be known by default, but in the actual production process, the stress sensor, the laser
tracker, the temperature sensor, and other sensing equipment are needed. However, there
are still some unpredictable data points which the fusion of a variety of sensor information
is needed to predict, such as the slow rebound amount of parts, instantaneous cutting
force, etc. Because the above data has a direct impact on the system control effect, it
is necessary to associate and link various data types, and in different manufacturing
conditions, the quantity, type, format, features, and other differences are large, and rapid
data integration applications have thus become a great challenge.

Model error poses cross-system integration challenges. There have been many suc-
cesses for robot applications developed based on model design [21-23], enabling designers
to iterate and refine the design in a virtual environment before actually deploying a physical
robot. However, it is difficult for a model used in virtual simulation to accurately reflect
the processing changes in real artifacts, especially the processing scene for multiphysical
field coupling, and it is difficult for a single model to characterize the complex processing
process and state changes. Therefore, in the virtual and real fusion scenario, it is necessary
to provide a variety of model correction or system recognition interfaces, but under the
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existing implementation architecture, realizing model unification between the virtual world
and the real world is still an important problem to solve urgently.

The changing customization requirements bring strong scalability challenges to sys-
tem application integration development. Since each customization requirement may
require a different combination of models, different process characteristics require different
processing parameters. Robotic application development requires a flexible combination
and parameter configuration in the models. For example, the working parameters, the
motion planning algorithm, or the control strategy of the robot can be adjusted through
configuration files or parameter settings. Configurability enables the system to quickly
adapt to changing needs without large-scale development and adjustment. At the same
time, by defining a unified interface and communication protocol, different components
and devices can be seamlessly integrated. At the application layer, we need to achieve
flexible and scalable arrangements from multiple dimensions, such as algorithms, mod-
els, and hardware, so that the system can quickly adapt to the changing needs without
large-scale development and adjustment.

Therefore, this work proposes a metamodel-driven digital twin modeling strategy
with a virtual-real fusion implementation architecture to address the challenges of hetero-
geneous data, model diversity, and dynamic customization in precision manufacturing.
The focus lies in rapidly designing and constructing robot digital twin systems capable
of meeting the demands of customized precision machining. The main contributions are
summarized as follows:

(1) We propose a novel digital twin implementation architecture for precision manufactur-
ing that encapsulates both physical and virtual systems, enabling the unified design
and programming of a shaping system digital twin within a single environment.

(2) Building upon this architecture, we develop a metamodel-based digital twin operation
mechanism and establish a unified simulation environment through ontology-driven
configuration. This approach allows subsystems to achieve rapid integration, while
ROS serves as the execution platform for virtual-real fusion, thereby supporting the
construction of executable robot manufacturing digital twin scenarios.

The system proposed in this paper establishes a unified model bridging the virtual
and physical worlds. By abstracting physical entities and algorithms into agents, it forms a
distributed network of nodes that allows designers to independently modify and optimize
the system. Consequently, precision manufacturing of the developed robot can dynamically
adapt to changing conditions, and the proposed framework significantly enhances the
system’s adaptability, flexibility, and consistency.

2. Precision Manufacturing Mode Based on Digital Twins

The existing precision manufacturing mode mainly relies on CNC machine tools or
robots for machining, as shown on the left side of Figure 1. The robot only processes based
on the trajectory planning results, which is equivalent to an open-loop control process.
The present study introduces an innovative framework that systematically bridges physical
and virtual domains for robotic milling applications.

The methodology incorporates real-time condition monitoring (acquiring sensor data
from the operational process), multimodal sensory integration (synthesizing diverse percep-
tual inputs), virtual environment simulation (encompassing rigid-body dynamics, digital
machining, and multiphysics modeling to simulate thermal, stress, and deformation phe-
nomena), and online adaptive optimization (iteratively refining physical operations through
simulation feedback). This comprehensive methodology enables dynamic process optimiza-
tion, effectively improving robotic milling performance through synergistic integration
of physical operations and computational simulations. The approach demonstrates three
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key innovations: (1) the implementation of bidirectional data mapping between the physi-
cal and virtual domains, (2) the development of a unified digital twin modeling system
(DTMS) for coupled simulations, and (3) the establishment of an online closed-loop control
mechanism for continuous process enhancement.
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Figure 1. Manufacturing mode based on the digital twin.

However, the existing virtual simulation mainly provides the rigid-body simulation
environment of the robot’s kinematics and dynamics, supporting object interaction, such as
collision, contact points, grasping, etc. However, existing simulation software struggles to
characterize material morphological changes in virtual environments for material reduction
manufacturing of flexible bodies, a challenge that becomes particularly pronounced when
integrating milling simulations into commonly used robot motion simulation platforms
such as CoppeliaSim, Bullet, and Gazebo, among others. As the scale of the system
equipment increases, the mapping and correlation between data in the virtual world and
data in the physical world will grow exponentially. If the physical model is rebuilt in
the virtual environment, this will not only cause the repetition of work but also lead to
inconsistency between the data of the system model and the simulation model.

Virtual fusion in closed-loop processing mode requires the actual control process and a
digital twin model for real-time interaction and optimization. The urgent need for a digital
twin implementation framework is due to consistency between the physical world and the
virtual world model, while user system design and integration development provide data
between the actual interaction and control.

3. Digital Twin Implementation Architecture
3.1. The Overall Architecture

In the traditional development mode, the core of system function integration is to
move through the interaction of multiple physical devices at the data, information, con-
trol, and other levels so as to debug and optimize system functions and performance.
But modifying the initial design may lead to a lot of subsequent debugging work. With the
development of digital twin technology, the construction of virtual and real interactive
closed-loop systems with models and data as the core has become an important means to
realize business optimization. How to accurately digitally map physical objects into the
information space and realize a digital twin system with virtual and real fusion has become
a key problem to solve urgently.

The precision manufacturing process is presented in this section. As shown in Figure 2,
the system consists of three parts: the physical entity, the digital entity, and the digital
twin manufacturing system (DTMS). Physical entities mainly include all kinds of objects in
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the precision manufacturing process, including robots, CNC machine tools, PLCs, sensors,
processing materials, and working environments. Digital entities describe the physical
entities of the virtual space, including the digitized physical entities and all observable data
flows and information flows during the precision machining process of the physical entities.
The DTMS is a unified abstract description of physical entities and digital entities based
on the ontology model. It connects the domain model through a service bus to realize the
construction of the digital twin system application of the precision manufacturing process.

Digital Twin Manufacturing System
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Figure 2. Architecture diagram of digital twin realization of the precision manufacturing process.

The physical entity is based on the traditional control system framework, including
the equipment layer, the intermediate layer, and the control layer, covering the underlying
equipment and correlation relations of the precision manufacturing system. The underlying
equipment includes physical units, such as robots, CNC machine tools, PLCs, sensors,
and machining materials; the middleware includes the interaction mode of data flow
and information flow between devices; and the control layer mainly refers to the motion
controller of the underlying equipment and the running control algorithm program.

The virtual entity is based on multidisciplinary simulation software, including a simu-
lation environment layer, a middle layer, and a digital model layer, including mechanical
design, finite element analysis, virtual simulation, and other digital links. The simulation
environment layer refers to the virtual simulation environment based on digital models,
such as V-rep, Gazebo, ABAQUS, etc.; the middle layer includes the interaction mode of
data flow and information flow between digital models; and the digital model layer mainly
conducts digital modeling of physical entities, including geometric models, finite element
analysis models, multidisciplinary simulation models, and control models.

The DTMS is based on the modeling specification of the metamodel, including the
ontology model layer, service bus layer, and application layer, unifying physical entities
and virtual entities into the ontology space, and building a system running environment of
virtual and real integration through service association. In the DTMS, the service bus is
mainly based on the ROS environment, and the ontology model and the application devel-
opment based on the ontology model are the core of realizing virtual and real integration
of the system, which is also the main work of this paper, which will be discussed in detail
in the subsequent sections.

3.2. Ontology Model Design

The ontology model is designed to unify the physical models and information models
contained in physical and digital entities, ensuring that a common knowledge framework
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can be shared between the subsystems of the shaping equipment. Moreover, the simulation
results can be stored in the knowledge base to realize the reuse and analysis of knowledge.

3.2.1. Ontological Structure

Traditional ontology modeling primarily focuses on the semantic annotation of knowl-
edge, serving as a foundation for knowledge retrieval. However, there is currently no
established standard for creating task ontologies, particularly concerning the application
and definition within specific fields. To address this gap, this paper proposes an ontology
structure, as illustrated in Figure 3. It develops a metamodel for robot application inte-
gration and extends this framework to incorporate a field model, ultimately applying it
to actual physical systems. This approach provides essential semantic models for subse-
quent application modeling, task arrangement, and application deployment. Presently,
the ontology model is constructed using OWL and Protégé 5.5.

Meta

GASST
model e
unified approach
layer
Domain Function Equipment
layer

Application h? f'; @ ﬁ %

layer Laser force Laser

robot tool
Tracker sensor Scanner

Figure 3. Structure of modular ontologies for the robot shaping system.

3.2.2. Metal Model Ontology

This paper proposes the implementation of the GASSTA (Graph, Agent, Service, Space,
Topic, Association) metamodel with six basic elements: graph, agent, service, space, topic,
and relationship. The relationships in the GASSTA model are shown in Figure 4.

CIS
Service Service
P/S .
Agent1 topic topic Agent2
Space Graph Space
Translation

Figure 4. GASSTA ontology model.
A description of the metamodel ontology is shown in Equation (1).
Metal_model := {Graph, Agent, Space, Service, Topic, Association} 1)

where a graph represents a full cooperative simulation scenario. An agent represents a
physical object or subsystem within the scene space. It represents the spatial location of
the individual entities in the scene and the coordinate transformation between the entities,
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or the address of subsystem calculation. A service represents the specific function that
the object can provide. A topic represents the interactive information provided by the
object. A relationship represents the attribute interactions between agents, as described in
Equation (2).

Association := {C/P,P/S, Translation} )

where C/S represents the service flow in the collaborative simulation scenario. The arrow
root node represents the service provider, and the arrow terminal indicates the service user.
P/S represents the information flow in the collaborative simulation scenario. The root
node of the arrow represents the topic provider, and the arrow terminal represents the topic
user. Translation represents the positional relationship between the physical entity models
in the collaborative simulation scenario.

Figure 4 includes five other elements, used for the characterization of a complete
collaborative simulation scenario. The agent in Figure 4 includes three elements: space,
service, and topic. The connection between Agentl and Agent?2 is topic, service, and space,
characterizing the information interaction, service call, and spatial location relationships
between agents, respectively. The specific functions of the agent are released through
the service method, and the workflow of the service can represent the specific processing
process. Semantic description of the model was conducted using the OWL language.
Specifically, Protege software was employed to encapsulate the model, and the ontology of
the robot shaping system was formalized by defining classes and their attributes. Through
this process, the concepts defined in the GASSTA model could be transformed into OWL
classes. The data properties of the classes can be used to correlate specific 3D models,
program code, text, formulas, and other knowledge information to provide support for the
subsequent collaborative simulation code generation.

3.2.3. Domain Ontology

All individuals in the precision manufacturing digital twin system are constructed
under the six basic elements, namely graph, agent, space, service, topic, and correlation.
According to the domain modeling, both entities and non-entities in the precision man-
ufacturing system can be packaged according to the specific functions of the two-field
model. The former can be used to represent a model or method, such as the agent model of
force and temperature, and the latter can be used to represent a mechanical arm and a tool.
Different graphs can represent different collaborative simulation conditions to complete
different simulation tasks. In this way, the GASSTA model provides a standard process and
specification for the precision manufacturing system, which can be expanded according to
the actual scenario requirements.

(1) Function ontology—The function ontology is used to characterize the model or
method in the system, which is expanded based on the metamodel architecture;
the services of the function ontology correspond to an srv file and the source pro-
gram for the function; the topic corresponds to an msg file, the data format of the
topic, and the source program for the function, with the physical equipment to be
deployed by the ontology and the call relationship of the corresponding services and
topics. Figure 5 depicts the function ontology model.
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Figure 5. GASSTA function model.

(2) Equipment ontology—This is the collection of equipment categories in the robot
shaping system. Unlike the method model, the device ontology adds the spatial
relationship of the device and the 3D description file of the device for the subsequent
digital twin simulation. At the same time, most of the services provided by the equip-
ment body are network services packaged on the basis of the hardware drive, such as
the position control service of the robot. Figure 6 shows the device ontology model.
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Figure 6. GASSTA equipment model.

In general, the domain model is a specific application-oriented instantiation of the
metamodel, used to characterize the physical devices or methods in the shaping system
and to map the specific functions and interactive information of each part of the system
into the services and topics of the agent.
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4. Application Layer Design

In the previous section, the metamodel only achieves formal unity for the precision
manufacturing system model and whole life cycle consistency. However, how to abstract
and reorganize the DTMS model in concrete applications has become a key problem. Based
on Java, this paper develops an application layer design tool for the instance model, which
can be imported into the specific engineering application model through drag and drop,
and provides the graph formal programming environment of the domain model, which
has the functions of configuration, arrangement, code generation, and deployment of the
domain model.

(1) Model configuration—Based on the GASSTA specification, entities and algorithms
in the system are used as agents, and all agents can be used to generate multiple
OWL files. Model instantiation is implemented by using the parameter configuration.
The configuration parameters provide detailed information on the processed part,
including a detailed description of the processed part; design documents, such as a
3D model; material attribute information, such as Poisson’s ratio, strength, and spe-
cific heat; and process requirements, such as machining accuracy, safety constraints,
and other information.

(2) Model arrangement—The actual business process and data flow are realized through
correlation between the models, using a line representation with arrows. C/S between
services represents the service flow in the collaborative simulation scenario. The ar-
row root node represents the service provider, and the arrow terminal indicates the
service user. P/S between topics represents the information flow in the collaborative
simulation scenario. The root node of the arrow represents the topic provider, and the
arrow terminal represents the topic user. The translation between spatial attributes
represents the positional relationship between physical entity models in the collabora-
tive simulation scenario. The shaping system is finally characterized in the form of
graphs, and the corresponding system files are generated.

(8) Code generation—The choreographed scenario model generates executable programs
for the target environment by association.

(4) Model deployment—The arranged system file contains the interaction between ser-
vices, topics, spaces, and other information between agents. The code parses the graph
information and generates the corresponding program in the form of a functional
package according to the ROS node template. After parsing the file, the deployment
tool is deployed to the node device according to the IP address, and then, the running
scheduling logic is controlled through the master node. Finally, they participate in the
simulation process in the form of a ROS node service or topic.

4.1. Code Generation

Code generation is central to the development of the DTMS presented in this paper.
Application layer design tools for the agent, services, topics, spaces, and other properties
in the virtual environment are used to reconstruct the virtual scene. This paper uses the
features of distributed deployment in the ROS architecture. Using the ROS code generation
principle shown in Figure 7, the ontology model contains instance information in ROS
function package-required files and programs.

The ontology choreography tool associates the topic and service corresponding to the
agent according to the ROS template selected by the model and generates the corresponding
ROS node program, and the algorithm program corresponding to the ontology is integrated
into the node by means of callback. All of the nodes are managed via the ROS Master.
After the code is generated, the backend does the following based on the configured
properties, as shown in Table 1.
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Table 1. The process of the configuration.

NN U b WN =

Configuration process

Create functional packages, and each agent corresponds to one or more functional packages.
Create the msg folder, and import the msg file that originates from the ontology model.
Modify the CMakeLists.txt document.

Modify the package.xml

Generate pub files and sub files based on the template.

Compile and configure the environment variables.

4.2. Operation Process of DTMS

The digital twin operation mechanism proposed in this paper is to quickly integrate

the ontology model of each subsystem and establish an executable solid propellant grain

shaping simulation scenario. Here, we adopted the simulation architecture of ROS as the

main environment for virtual simulation. The elements required by the digital twin system

can be transformed into the simulation nodes of ROS, the agent model of multidisciplinary

simulation can be transformed into specific services, and the information transmission

between models can be managed and interacted with through topics. The digital twin

operation mechanism proposed in this paper is the operation process of transforming the

ontology model into ROS nodes:

@

@

®)

4)

Configuration stage-scene construction—All solid objects in the agent in the graph
provide the corresponding URDF model, which can be built in the simulation envi-
ronment; subobjects provide operational packages that can be run as nodes in ROS.
Configuration stage-parameter configuration—Based on the design information,
the static information of the digital twin simulation includes the solid initial pose;
material attribute information, such as Poisson ratio, strength, specific heat, etc.;
and process requirements, such as machining accuracy, safety constraints, and
other information.

Initialization stage-scene initialization—The specific location of the entity object is
determined by the space attribute, and the location relationship of the entity object is
described by translation.

Initialization phase-service registration and initialization—The specific functions of
the entity are published in a service manner.



Machines 2025, 13, 898

11 0f 18

(5) Digital twin simulation stage-workflow operation—According to the specific work-
flow of the task model reasoning, the processing process of the robot shaping system
is simulated through the service calling sequence of the ontology model.

(6) Digital twin simulation stage-single-step calculation—The specific simulation step is
determined according to the initialization information, the multidisciplinary simula-
tion is integrated by the agent model, and the simulation is calculated according to
the specific solver or executable program.

(7) Digital twin simulation stage-simulation results—The resulting data of the simulation
are stored uniformly according to the ontology model.

In traditional ROS-based simulation, the data correlation between each subsystem
usually requires human participation, and data analysis of the simulation results can only
provide limited information. With the support of the digital twin operation mechanism,
the simulation results of each node can be combined with the ontology model to form a
knowledge base and provide a training set for subsequent planning and deployment.

The digital twin under the DTMS architecture is reflected in the following aspects:

(1) A unified semantic modeling method is adopted to establish the ontology model of
multiple agents, which integrates the physical model and the digital model of each
piece of physical equipment into the process of solid propellant grain shaping.

(2) The ontology model is transformed into nodes under the ROS architecture, and each
environment of the digital twin is connected through service combination, and data
interaction between subsystems is realized through topics.

In conclusion, the data/information between the models and the feasibility and con-
vergence of the system algorithm are verified by the ROS simulation process. On this basis,
the generated node program can be deployed to the corresponding physical hardware
according to the IP information of the model space attribute. According to the connection
relationships between the models in the ontology system file, the ROS nodes are started in
order, which can realize stable operation of the whole system.

5. Digital Twin Simulation Verification of the Shaping System
5.1. The Robot Shaping System

To effectively demonstrate the implementation of the ontology model and the digi-
tal twin simulation architecture presented in this paper, it is crucial to provide concrete
application examples—specifically focusing on the material reduction manufacturing pro-
cess for inert solid propellant grains. We therefore showcase the robotic shaping system
depicted in Figure 8. This robust system integrates key components—including a so-
phisticated robot controller, a cutting system, a force sensor, a vision sensor, and a laser
tracking instrument—creating a seamless and efficient operational framework. Further-
more, the robot’s online control algorithm, paired with a dynamic virtual simulation
environment, is expertly deployed on a dedicated PC, ensuring optimal performance and
reliability in real-time applications.

In order to provide shaping precision, the digital twin system needs to provide force,
heat, deformation, and other physical quantities to realize the simulation closed loop. One
aspect is the simulation results, and the other is the measurement results of the sensing
system. The goal of simulation system optimization is shown in Equation (3).

min  J(7e; x) := E[|2 — x|

s.t. { Xt = fsurrogate(St, Xt—1) -

st = 1(sy_1; W)
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where 7, denotes the simulation process, and s represents the simulation state, which en-
compasses the material’s position and shape, the mechanical arm’s configuration, ambient
temperature, and other relevant factors. Each simulation stage depends on specific configu-
ration parameters. Therefore, it is necessary to optimize the parameters w to ensure that
the simulated environment closely matches the real-world conditions, thereby improving
the reliability of the simulation results. Here, fsurrogate Tepresents a surrogate model used to
accelerate computation, and the optimal configuration parameters w are obtained through
Equation (3), ensuring the fidelity and accuracy of the simulation system.

~|o|

4
ren _

vrep simulation

Controller

Figure 8. The robot shaping system—testbed.

Based on this optimized simulation, further design and optimization tasks can be
performed, including cutting process planning, cutting path optimization, and flexible
manipulator control. Taking cutting path planning as an example, under the constraints of
material viscoelasticity, manipulator stiffness, and cutting precision, a joint simulation is
conducted based on the GASSTA ontology model to establish an optimized cutting path
planning framework, enabling more accurate and reliable path generation.

Specifically, the environmental state at time ¢ is represented as x;, with the state space
including the joint angles of the manipulator ¥;, the center position of the tool’s end-
effector ¢;, the cutting state J;, and the maximum temperature at the tool-material contact
point ¢y, i.e.,

x¢ = [¥4, er, 01, Gt 4)

This comprehensive state definition provides a complete description of the simulation
environment, allowing the optimization process to fully account for manipulator motion,
cutting dynamics, and thermal effects.

The optimal robot milling strategy can be described by the optimization problem

min  [(T) (&)
s.t. Xt41 = f(xtr ut)/ t= ]-/ 2/ e rT (6)
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where f(x, 1) represents the loss function or the cost function, and the motion trajectory
of the robot; the system dynamics function, namely the robot dynamics function, given
the current robot state and control amount; the robot state at the next time; and the
system control amount are also incorporated into the problem. In the robot milling task,
the system dynamics are given by the simulation environment and satisfy the following
environmental constraints:

Yo = f(Yru)
s.t. ey = fFK (Tt) (7)
01,8t = fsurrogute(et—lr et; Ssurface)

where fri represents the positive kinematic function of the robot, with the specific robot
architecture and parameters determined. The URb robot is used in this project, and the
positive kinematics is implemented using V-rep V3.6.0 simulation software. The agent
model is used to represent a finite element analysis because finite element analysis cannot
meet the real-time requirements, and the calculation cost is huge. In this paper, the Kriging
model is adopted to build a multi-fidelity surrogate model fswmgatg to improve the com-
putational efficiency with enough accuracy. Although the agent model is not as accurate
as a finite element analysis, it still meets the requirements and can greatly accelerate the
simulation process.

All components of the system are connected through Ethernet or wireless networks.
The system structure is shown in Figure 9. The system is finally implemented using
ROS simulation architecture, so the processing units included in the system are all run
independently on different computers in the way of ROS simulation nodes.

| PC3 PC2

proxy e :
vrep simulation
model
deployment
@ PC1 | controller o
Path Robot &
DTMS planner controller 20
tools §
| StateEstimator | | 3
L\

Temperature Sensor.. Force

legend Dq Sensor @’Q

data follow
control follow ' 0

&£ 3 N

Laser Tracker W
Robot

Figure 9. DTMS structure diagram of the robot shaping system.

5.2. Ontology Model Design of the Robot Shaping Scene

Referring to Figure 9, all subsystems in the column-shaping scenario can be divided
into functions and devices based on physical entities. According to the modeling spec-
ification of the GASSTA ontology model, each agent contains three auxiliary elements:
service, topic, and space. Each service corresponds to one srv file and the source program
for the function implementation; each topic to one msg file, the data format describing the
topic, and the source program for the function implementation; and spatial coordinates
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to describing the location of the entity. The URDEF file characterizes the description of
the entity itself; the mesh file represents the STL file of the entity itself; and the node IP
represents the IP address on which the node is running. Taking the robot cutting system
ontology model as an example, the required services are the robot control service and
the milling cutter speed control service; the subscribed topics can include a speed control
instruction, joint control instruction, torque control instruction, milling cutter speed control
instruction, etc.; the spatial coordinate information represents the coordinate information
between other entities and the system. At the same time, the model can publish the joint
value, speed value, torque value, cutter speed value, etc.; the spatial attributes include the
spatial coordinates of the system itself, the 3D description file, and the node IP on which
the model runs.

The ontology model of the algorithm in question focuses primarily on the services
and topics that can be provided by the method itself. For instance, using the force agent
model as an example, this model can offer a service for force simulation and can publish a
topic related to the contact force. Additionally, the spatial attributes include the node IP
address on which the model operates. Based on these examples and utilizing the GASSTA
ontology model, we can abstract all of the elements involved in the robot shaping system
and model the robotic shaping process, as illustrated in Table 2. The Protege tool has
been used to instantiate the ontology model, and the related files are uploaded to a cloud
server for unified management and consistency of the file models. This step also identifies
the required agents within the system, along with the services and topics that need to
be provided.

Table 2. Definition of the robot shaping system agent.

Agent Call the Service Subscribe to the Topic Render Services Post a Topic
Formal simulation Deformation quantity Location control service  Robot cartesian data
Force simulation Contact force Photo service Robot joint data
V-rep_node ) . o . . .
Temperature simulation ~ Temperature scale Position reading service  Point cloud data
Robot control Joint control
Photo service Point cloud data Planning services Planning trajectory
Contact force
Plan

Planning services

Temperature scale
Planning trajectory

Robot control

Joint control

Robot control

Location services
Position reading service

Robot Cartesian
Robot joint value
Laser tracker data

Robot tcp data

State estimator

Temperature—sensor data
Force sensor

Temperature scale
Contact force

Temperature agent
Force agent
Formal agent

Temperature simulation
Force simulation
Formal simulation

Temperature scale
Contact force
Deformation quantity

5.3. Digital Twin Simulation and Deployment of the System

In the process of digital twin simulation, the ontology configuration tool is devel-

oped to represent the basic elements using rectangles. Lines with arrows are used to
indicate relationships between elements. Element attributes are represented as an attribute
list. The agent in Table 2 can be characterized in the form of an ontology, and the specific
algorithm programs are encapsulated into the present body in the form of model properties.
With the DTMS tool, illustrated in Figure 10, you can import the ontology model required
into the scene and arrange the information flow of the ontology model using connections.
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In this paper, V-rep simulation software is used to build the simulation environment of
the robot shaping system. The related entity model can be updated through the URDF and
mesh files in the spatial attributes, and the initialized spatial pose can be adjusted using the
spatial coordinate information. Because V-rep cannot directly read the parameters of the
ontology, this paper generates txt profiles to store the pose information on the agent model.
The services and data in the V-rep simulation process are also involved in the simulation
process through the ROS node services or topics.

APP layer design tool

4 agent_equipment

/X

Plan

owl.Thing

[~ Formal agent 18
Robot control &
Temperature 3

agent

GASSTA models l deployment
Service bus
ROS master
Robot State v [eEcEs Force Deforma
2 rep ture tion
control Estimator proxy
proxy proxy

=

robot

§ £ == @ g cquipment
- oo function

Laser force Laser Vrep

Tracker sensor Scanner Simulation

Figure 10. Flow chart of DTMS implementation of the robot shaping system.

5.4. Analysis of the Simulation Results

The digital twin simulation system developed in this study was applied to the process
of cutting inert solid propellant grains to validate its effectiveness and practicality. By inte-
grating the path planning, strain evolution, temperature distribution, and force response
into a unified virtual environment, the system enables comprehensive monitoring and
in-depth analysis of the cutting process. As illustrated in Figure 11, the simulation results
indicate that the proposed digital twin system can accurately reproduce the material strain,
thermal effects, and cutting force variations under different operating conditions. These
findings demonstrate that the system possesses reliable predictive capability and real-time
feedback functions for complex inert solid propellant grain cutting operations, thereby
providing strong support for experimental studies and offering an effective tool for process
optimization. Furthermore, when the initial inert solid propellant grain type is changed,
only the metamodel of the solid propellant grain needs to be modified, and the subsequent
digital twin simulation results will update synchronously. Experimental results further
confirm that the system remains effective even after modifications to the geometry and
deformation characteristics of the solid propellant grains.
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Figure 11. Simulation verification of a digital twin system for inert solid propellant grain cutting.

(a) Scenario 1: digital twin simulation path planning. (b) Strain, temperature, and force variations

in Scenario 1 under digital twin simulation. (c¢) Scenario 2: digital twin simulation path planning.

(d) Strain, temperature, and force variations in Scenario 2 under digital twin simulation.

5.5. Analysis of the Physical Experiment Results

After the simulation experiment, we conducted physical experiments based on the

robot shaping system shown in Figure 8. The milling cutter is a double-edged ball cutter,

with the rotating speed set to 20 r/s, and the feed speed set to 2 mm/s. As illustrated

in Figure 12, under the proposed digital twin architecture, the milling cutter runs stably,

and the motion of the robotic arm is controlled by the plan agent. At the same time, through

the state estimator agent, it is possible to monitor and predict the temperature and pressure

during the robot shaping process effectively.

800 40
Force (real) Temperature (real)
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357
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S 400 o
o [0
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Figure 12. Physical experiment verification of a digital twin system for inert solid propellant grain

cutting. (a) Temperature measurement values and predicted values during the shaping process.

(b) Force measurement values and predicted values during the shaping process.
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6. Conclusions

This study presents a digital twin system that exhibits adaptive responsiveness to dy-
namic variations in the pharmaceutical shaping process, thereby enabling automated design
verification and unmanned processing across diverse drug models and size specifications.
The proposed GASSTA metamodel establishes a unified foundation for standardized vir-
tual-real integration, ontology-driven configuration, and graph-based topological represen-
tation, while the integration methodology incorporates multiphysics coupling simulation,
ROS-based functional package generation, and distributed system validation. Experimental
results demonstrate that the architecture effectively addresses the challenges of heteroge-
neous data association, model interaction, and application customization, thus contributing
to enhanced precision, scalability, and intelligence in pharmaceutical manufacturing.
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