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Abstract: (1) This paper, based on the characteristics of complex steel structures as well as difficult
points in the process of their detailed design, introduces the product design concept of DfMA (Design
for Manufacturing and Assembly) from the manufacturing industry and studies the detailed design
method of BIM-FEM model conversion. The BIM software Revit (2020) is used as the basis for the BIM
detailed design of the project, which achieves the purpose of rapid modeling and provides a detailed
design model basis for finite element analysis. (2) Utilizing the Revit API and C# for secondary
development as the technical means, this approach involves converting the geometric entity model
described by CSG-Brep into an APDL stream. This creates an interface with the finite element analysis
software ANSYS (12.0) to implement the detailed design of BIM-FEM model conversion, optimizing
the algorithm for converting complex analysis models that require high precision for special-shaped
steel structures. (3) This research addresses issues such as the disconnection between the design,
manufacturing, and construction of special-shaped steel structures, providing support for design
decisions. Moreover, it enhances the detailed design method by improving the standardization of
special-shaped components under the condition of design diversity. (4) These studies provide sustain-
ability for engineering design, manufacturing, and construction projects, enabling the maximization
of benefits and product lifecycle management (PLM) through these projects. (5) Finally, a case study
analysis was conducted on the Wuhan City New Generation Weather Radar Construction Project,
designed by the Central South Architectural Design Institute (CSADI), to verify the detailed design
of BIM-FEM model conversion. This proved the scientific validity, practicality, and necessity of
this research.

Keywords: special-shaped steel structures; DfMA; BIM; finite element model (FEM); model conversion;
CSG-Brep

1. Introduction

With the development of the construction industry, China’s requirements for buildings
are not only limited to safety, durability, and other basic needs, but increasing attention has
been paid to the aesthetic feeling of a building, which led to the emergence of a number
of non-traditional forms or geometric shapes of special-shaped steel buildings. Typically,
the cross-sectional shapes or construction forms of special-shaped steel structures differ
from those of conventional steel structures, featuring complex geometric shapes, curves, or
asymmetry. Therefore, the research on special-shaped steel structures faces the challenges
of multidisciplinary intersections and complexity, which need to be comprehensively re-
searched and analyzed from many aspects, such as geometric design, structural mechanics,
material science, architectural engineering, etc., and they need to break through traditional
thinking and technological limitations in their design and construction. The process, from
the design to the manufacturing and then to the construction, of special-shaped steel struc-
tures often involves various unique and challenging aspects [1]. Due to the numerous
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non-standard components as well as nodes in special-shaped buildings, the large amount of
total material used, and complex structures, their construction is challenging and requires
high precision. Therefore, the internal force state and geometric line shape of special-shaped
building structures upon completion are closely related to the construction process of the
structure [2,3]. The conventional design of special-shaped steel structures usually involves
only determining the basic structural form and parameters, focusing on meeting essential
structural functions and performance requirements, such as load-bearing capacity, stability,
and seismic resistance, to ensure a structure’s safety and reliability. Therefore, compared to
standardized conventional structures with simple geometric shapes, meeting the aesthetic
requirements of special-shaped steel structures, enhancing manufacturability, optimizing
structural performance, improving construction efficiency, and reducing project risk require
more rigorous, scientific, and innovative detailed design methods due to the complexity
of these design demands. Domestic scholars have conducted in-depth research on the
detailed design of prefabricated buildings [4] and steel structures [5] in manufacturing and
construction; however, the in-depth study of the manufacturing–construction and detailed
design of special-shaped steel structures is somewhat disconnected. Therefore, the aim of
this paper is to provide new ideas and methods for the detailed design of special-shaped
steel structures.

Due to the complexity of the detailed design process of special-shaped steel structures,
there is often a significant amount of repetitive calculation work, low efficiency, and a
lack of sufficient consideration for construction feasibility. This can lead to information
gaps in the design–manufacturing–construction process. It necessitates comprehensive
consideration of multiple design objectives, constraints, and influencing factors, including
a structure’s seismic performance, load-bearing capacity, and deformation control.

Special-shaped steel structures belong to prefabricated buildings. Based on the char-
acteristics of prefabricated steel components, this paper introduces the design concept of
DfMA. This approach first appeared in manufacturing as a basis for design and manufactur-
ing and has been utilized for decades. Over this time period, new technologies and fields
have continued to be integrated with it. Bao et al. [6] correlate DfMA with offsite construc-
tion, confirming that this methodology can be continuously adapted to new challenges and
technologies in the future of the ACE industry to maintain its relevance and validity. DfMA
has seen significant development under the research of Cao et al. [7]. In 2013, RIBA (Royal
Institute of British Architects) added a DfMA overlay to its renowned work plan to imple-
ment DfMA principles and guidelines [8]; until then, DfMA had not been widely adopted
in the construction industry. It was not until 2020 that RIBA released a revised version of its
work plan, providing an updated guide based on DfMA for completing civil engineering
projects [8]. As of now, the theoretical part of DfMA has been fully developed in the ACE
field. Subsequently, Tan et al. [9] explored the various aspects of how modularity affects
DfMA. They discussed the relationship between product modularity, process modularity,
and DfMA in the context of off-site construction (OSC). This has theoretical significance for
the modular approach of DfMA and practical implications for those who aim to use digital
manufacturing technologies in off-site construction. Wood et al. [10] developed a DfMA
application based on a digital platform, enabling architects to collaborate with manufac-
turing suppliers to design customized houses and apartment buildings. Dong et al. [11]
proposed a modular as well as parametric design method and process for PC components
based on DfMA, which has facilitated the construction of a standardized design system
for prefabricated buildings. Currently, the application of the DfMA concept in the ACE
industry has received widespread attention, and applying DfMA in construction projects
can significantly improve overall productivity [12].

2. Methodology

This paper is based on the DfMA methodology for the detailed design of special-
shaped steel structures in BIM software and finite element software, aiming to system-
atically integrate these objectives without compromising aesthetics and functionality by
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introducing methods and thinking patterns from the manufacturing industry. It provides
a method for the rapid modeling of, analysis of, and feedback on special-shaped steel
structures to achieve interoperability, ensuring the maximum value of sustainable projects
while enhancing the standardization of special-shaped components in a variety of design
scenarios. This method emphasizes the consideration of the production and assembly
processes from the design stage to reduce costs and improve efficiency as well as quality;
however, the application of the DfMA concept in the ACE industry requires a high degree
of digitalization, with design decisions needing to be based on an accurate understand-
ing of structural performance and behavior. Moreover, the detailed design process of
special-shaped steel structures involves different software packages and tools, leading to
information gaps and difficulties in data conversion [13].

Within the context of DfMA, a design team can utilize finite element analysis to
evaluate the performance of various design options and optimize them. This ensures
the manufacturability and assembly ease of a design while not compromising the safety
and stability of a structure. Finite element analysis provides important technical support
and tools for the optimization, detailed design, and construction of special-shaped steel
structures, which can help engineers and designers to understand the behavior and per-
formance of a structure more comprehensively, improve the accuracy and efficiency of
a design, and ensure the safety, reliability, and economy of a structure [14]. While finite
element software is extensively utilized for the modeling and analysis of special-shaped
steel structures within the engineering domain, certain limitations persist. In particular,
challenges arise when dealing with analysis models of complex structural forms and those
requiring high levels of refinement, especially in the context of unconventional special-
shaped structures [15]. Furthermore, the accuracy and stability of finite element analysis
are closely related to the quality and density of the mesh. For the detailed design of certain
local detailed parts of special-shaped steel structures, a more refined finite element analysis
model may be required.

With the development of technologies such as artificial intelligence, the Internet of
Things (IoT), and big data, BIM, as one of the core technologies of digital construction, is
gradually realizing automated and intelligent applications. BIM models can be used to
represent geometric shapes, spatial relationships, geographic information, the quantities
and properties of building components, cost estimations, material inventories, and project
schedules [16]; however, the application of BIM technology in the specific structural de-
sign phase is a constraining part of the entire design phase. This affects the integration
maturity of the design phase, putting this stage in a predicament due to a lack of sufficient
information and data exchange with other parts of the design phase [15]. For the detailed
computational analysis of complex special-shaped steel structures using BIM, it is still
necessary to remodel them using finite element software. This process is inefficient and
faces challenges in model establishment [17].

Therefore, the data conversion and information transfer between BIM and finite
element models become key to overcoming this predicament [18]. To achieve the conversion
from BIM models to FEM models, the extraction and expression of information from
BIM models are critical tasks within this process. Traditionally, model data conversion is
conducted through the IFC standard format as an intermediary transition [19]; however,
different BIM and finite element software utilize distinct databases, leading to variations
in the integration with the IFC standard [20]. Many widely used finite element analysis
software packages do not support IFC standard format files. The method of data processing
is complex, cumbersome, and redundant, and the conversion process after processing will
result in data loss to a certain extent [21]. Song et al. [22] segmented models into columns,
beams, and slabs based on their vertex information and spatial coordinates to obtain model
information. This method does not require manual intervention in the data, resulting
in regular and high-quality finite element meshes; however, it is not suitable for special-
shaped structures, and the process is cumbersome and prone to errors. Chen et al. [23]
proposed a method of describing geometric entity models using boundary representation
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(Brep), which has the advantage of expressing unique geometric models of complex shapes
well; however, it still requires manual numbering and matching of the model’s geometric
data and physical information. Daum et al. [24] introduced a boundary-based Brep method
for analyzing topological information in BIM, which has the advantage of describing
detailed building topological information at the point, line, and surface levels; however, its
largest modeling unit is a surface, not an object, which makes representing the topological
information between many architectural objects challenging. The aforementioned rules
often rely on low-level geometric elements, such as edges and faces, without considering
the high-level features of 3D models.

Moreover, due to the limitations of these rules, finding universal rules applicable to
all models is extremely difficult, if not impossible. Ming et al. [25] proposed a CSG-Brep
topological model that combines the advantages of CSG (constructive solid geometry)
and Brep for data information processing and 3D model description. The method can
significantly reduce the amount of data, enhance the convenience of model storage and
management, clearly record the model generation process, handle topological connectivity
relationships, process both regular and irregular shapes, and manage the topological
relationships between models. In comparison, this model conversion method is more
flexible. It allows for the extraction and combination of BIM model information according
to the modeling characteristics of different finite element analysis software packages. The
model conversion is more targeted and accurate, enabling the quick extraction of BIM
model information and conversion into finite element analysis models for software that
does not support the IFC standard. This method is of significant importance in advancing
the application of BIM-FEM model conversion technology in the fields of structural analysis
and detailed design.

This paper proposes a detailed design method for special-shaped steel structures
based on DfMA, combined with BIM-FEM model conversion technology, to address the
challenges encountered in special-shaped steel structure design and construction process.
Within the implementation process of DfMA, BIM plays a key role because it provides a
design team with an integrated platform for coordinating and managing design information.
The combination of BIM models with finite element analysis allows for better conversion
and sharing of design information. Utilizing the CSG-Brep model expression method
makes the BIM-FEM model conversion more efficient in exchanging data from architectural
information models to finite element analysis models, thereby supporting a structural
design team’s workflow under the DfMA framework. DfMA, finite element analysis,
and BIM-FEM model conversion are interrelated, collectively supporting the deepening
and optimization of structural design, making the design process more efficient, reliable,
and sustainable.

3. DfMA-Based Detailed Design Method for Special-Shaped Steel Structures

In the global resurgence of prefabrication and construction industrialization, DfMA
has become a buzzword. Some argue that DfMA is not a new concept, given the existence of
principles like constructability, lean construction, value management, and integrated project
delivery. Others believe that DfMA represents a new direction for future construction.
Digital technologies, industrial technologies, and intelligent technologies are transforming
traditional architectural design, manufacturing, and construction processes. The funda-
mental principles of DfMA primarily include the simplification of design, standardization,
modularity, and assembly ease; among these, standardization and modularity are the key
basic principles [11]. The primary objective of DfMA is to enhance productivity by integrat-
ing downstream knowledge into the design phase, assisting designers [26,27]. Compared
to design approaches that primarily focus on aesthetics and functionality, DfMA considers
constructability, sustainability, and usability. DfMA breaks down departmental boundaries,
posing significant challenges for interdisciplinary and interdepartmental collaborative
innovation [9]. DfMA focuses on the ease of manufacturing and the efficiency of assembly.
While it offers significant advantages in terms of reducing construction costs, minimizing
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waste, and shortening project timelines, it can also impose certain limitations on the archi-
tectural design process. Despite these limitations, DfMA is not universally restrictive and
can be part of a balanced approach to architectural design. Guided by the DfMA guidelines
checklist provided by Lu et al. [28], the detailed design of BIM-FEM model conversion for
special-shaped steel structures can be conducted through the following aspects, as shown
in Figure 1.
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conversion.

• Analysis and optimization design: Analyze and optimize the design of special-shaped
steel structures based on the principles of DfMA. Focus on a structure’s manufactura-
bility and assembly ease, with the aim of reducing the number of parts and simplify
the structural forms to decrease production costs and increase assembly efficiency.

• Establishing the BIM model: Utilize BIM software to create a digital model of a special-
shaped steel structure. During the modeling process, factors such as a structure’s
geometric shape, material properties, and component connection methods should be
considered to ensure the model’s accuracy and completeness.

• Structural optimization and parameter adjustment: Optimize and adjust the param-
eters of a structure through the BIM model to meet design requirements and DfMA
principles. For instance, optimize component sizes and shapes, adjust structural
connection methods, etc., to enhance a structure’s stability and reliability.

• Conversion to an FEM model: Convert the BIM model into an FEM model for structural
analysis and performance evaluation. During the conversion process, it is necessary
to consider the accuracy and precision of the model to ensure that the FEM model
accurately reflects the physical behavior and load response of a structure.

• Structural analysis and optimization: Conduct a structural analysis and optimization
based on the FEM model, evaluating performance indicators such as the strength,
stiffness, and stability of a structure, and utilize the analysis results to optimize and
improve a structure, ensuring that it meets design requirements and DfMA principles.

• Construction process optimization: Optimize construction processes and estimate
material costs based on the converted FEM model. By optimizing construction tech-
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niques and material utilization plans, construction efficiency is improved, and costs
are reduced, effectively applying DfMA principles.

3.1. DfMA-Based Technology Route for Detailed Design

This paper presents applied research on the detailed design of BIM-FEM model
conversion for improving a special-shaped steel structure through the DfMA product
design concept. As shown in Figure 2, the technology route can be divided into the
following steps.
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1. DfMA principles analysis: In the preliminary design phase, DfMA principles are
applied to analyze special-shaped steel structures. Considering the manufacturability
and assembly ease of a structure, the goal is to simplify the design and reduce materials
as well as costs.

2. BIM modeling: Based on the analysis results of DfMA, utilize BIM software to create
a digital model of the special-shaped steel structure and ensure the model contains
accurate geometric information, material properties, and details such as member
connections.

3. Structural parameter extraction: Extract structural parameters, such as component
dimensions and material properties, from the BIM model and perform optimiza-
tion design. This step helps maintain consistency between the BIM model and the
FEM model.

4. FEM model conversion: Convert the BIM model into a FEM model for structural
analysis and performance evaluation. During the conversion process, it is crucial
to ensure that the model is accurate and precise, capable of accurately reflecting a
structure’s physical behavior and load response.

5. Structural analysis and optimization: Utilize the FEM model to analyze a special-
shaped steel structure, assessing its strength, stiffness, and stability, among other
performance metrics. Based on the results of the analysis, carry out structural opti-
mization to meet design requirements and DfMA principles.

6. BIM model detailed design: Based on the FEM analysis results, enhance the design of
the BIM model, and optimize the structural details and assembly schemes to improve
the manufacturability and assembly ease of a structure. At the same time, construction
information and process plans should be incorporated to support the implementation
of subsequent construction phases.

7. Model iteration and verification: Conduct iterative optimization between the FEM
and BIM models, and perform model verification. Ensure consistency and accuracy
between the two to achieve the seamless conversion of the design scheme and its
detailed elaboration. During the iteration process, it is crucial to consider whether
the structural calculation results meet safety standards, the cost of materials and
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manufacturing within the budget, the aesthetic demands of customers or the market,
and so on.

8. Outcome summary and application: Summarize the entire conversion and design
process, document the design scheme’s outcomes and experiences, and apply the
optimized design scheme to actual engineering projects to verify its effectiveness
and feasibility.

Based on the above content, this paper focuses on establishing a BIM detailed de-
sign model for special-shaped steel structures and the architecture of a BIM-FEM model
conversion plugin.

3.2. DfMA-Based Detailing of BIM Models

In the design process of special-shaped steel structures, BIM is a key technology
supporting DfMA, and DfMA makes BIM more suitable for special-shaped steel structures.
To further optimize modeling efficiency and precision as well as the detailed design of
BIM-FEM model conversion, the detailing of the BIM model has become a prerequisite. Use
highly precise detailing BIM models as carriers of data information to extract construction
data, transmit and continue detailing design information, connect the information flow
from design to manufacturing–construction, and provide a data basis for the processing
and precise assembly of special-shaped components [2]. The BIM modeling design concept
oriented towards DfMA is based on the organic integration of BIM and DfMA. This
paper, grounded in the product design philosophy of DfMA, utilizes modularization and
standardization as fundamental design principles for BIM detailing and application in
special-shaped steel structure projects.

1. Component modularization and standardization: By analyzing the design require-
ments, functions, compositional characteristics, and basic rules of special-shaped steel
structure projects, organized component design drawings are classified according
to the needs of design, manufacturing, and construction. This process determines
the types and specifications of modular components and divides them into various
standardized functional modules. When establishing the design rules for modules, the
needs of manufacturing and construction must be fully considered. By examining the
shape, size, component layout, and data architecture of each module in the drawing
library, standardized module design drawings are created, and a corresponding mod-
ule drawing library is established. The design drawings for standardized modules
need to be associated with the structural parameters of the module. Structural param-
eterization involves defining parameters and attributes for each modular component,
including dimensions, materials, connection methods, etc.

2. Creating a library for standardized modules: The design drawings of each functional
standardized module, which are divided according to the researched design rules
and associated with structural parameters, will be saved as Revit family files. This
facilitates their reuse in different projects. Necessary metadata and parameter infor-
mation will be added, module design parameters will be input, and a module library
will be established. Each parameterized standard module has a code associated with
structural parameters, ensuring easy storage and retrieval, with each module’s code
being unique. In Revit, the DfMA-based library for special-shaped steel structures
provides efficient, standardized components but also presents some limitations in
terms of geometric design. These limitations are mainly manifested in the following
aspects: restrictions between standardization and complex shapes, the simplification
of geometric details, the conflict between modularity and personalized design, com-
patibility and integration issues, and challenges in updating and maintenance. This
requires designers to possess the necessary skills and a deep understanding of the
tool’s limitations when using these tools.

3. Parametric modeling: Various modular components are assembled into a complete
special-shaped steel structure model according to design requirements. Add con-
struction information in the Revit model, such as component markings, assembly
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sequences, construction techniques, etc. Meanwhile, define boundary conditions
during the modeling process, setting the model’s boundary conditions, loads, and
constraints. Optimize and adjust the created Revit model to ensure its accuracy and
completeness, meeting design requirements and DfMA principles.

Figure 3 illustrates the process of incorporating DfMA into the BIM modeling design
of special-shaped steel structure components, primarily divided into the following steps:
Firstly, analyze the data. A large number of special-shaped component plans from already-
built or under-construction special-shaped steel structure projects are retained as references.
DfM and DfA analyses are conducted on the plans to identify potential manufacturing as
well as assembly issues and determine the requirements for manufacturing and assembly.
Analyze project information from the drawings, the external shape of the special-shaped
steel structure, connection nodes, end accuracy, spatial layout, etc. Next, divide the special-
shaped steel structure components. The composition patterns of various components of the
special-shaped steel structures were studied, and modular categories for the components
were established. The components of the special-shaped steel structures were divided
into various standardized modules, resulting in the design drawings of the modules.
Analyze the design drawings to determine how the components of the special-shaped steel
structures should be segmented. Since the overall bending radius of special-shaped steel
structures easily causes inward concavity of the inner arc surface, affecting the overall force
distribution, it is necessary to reasonably consider the sequence of construction during
design and manufacturing. Divide the unit length judiciously, fully consider the irreversible
impact caused by bending, and meet all requirements for manufacturing and assembly.
Then, technical rules for module composition, unit division, and node connection were
researched and formulated.
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During the unit division process, the material information of the components was
retained, completing the segmentation work for the entire model. After segmentation,
a series of geometrically simple cubes was obtained. Then, create parametric standard
modules. Check the BIM software to determine if it contains the special-shaped steel
structure component modules required for the project. Suppose the BIM software does
not have the corresponding parametric special-shaped steel structure modules. In that
case, it will be necessary to create standardized modules using the family template files
in the BIM software. After successful creation, apply DfMA principles to inspect the
standardized modules, evaluating their manufacturability and assembly feasibility as well
as efficiency. The created BIM modules will be saved in the corresponding standardized
special-shaped steel structure component library, and the subsequent design of the special-
shaped steel structure components and the entire project’s BIM modeling application will
be completed by calling the respective modules. Finally, the application of parametric
modules is introduced. By adding appropriate fittings and insulation panels, the combined
BIM components will be improved and optimized, enhancing the efficiency and quality of
manufacturing and assembly. Once the manufacturing and assembly requirements are met,
subsequent model conversion and finite element analysis design processes can proceed,
further optimizing the project’s design and manufacturing based on the DfMA concept.

4. BIM-FEM Model Conversion Detailed Design Method

As a leading finite element analysis software, ANSYS (12.0) features robust modeling,
analysis, post-processing, and optimization design capabilities and can be effectively
applied to the analysis and design of special-shaped steel structures. It provides engineers
and designers with comprehensive tools and support. Revit (2020), as a kind of BIM
software, offers a wealth of functionality and advantages for handling special-shaped
steel structures, enabling users to model, analyze, optimize, and collaborate quickly and
efficiently, achieving full process management and control of special-shaped steel structure
designs. Moreover, the ANSYS secondary development platform allows users to customize
and develop specific functions as well as tools with which to enhance and extend existing
capabilities, while Revit offers an extensive application programming interface (API).
Both can support integration with external applications to meet the needs of specific
industries or application areas, providing users with a favorable development environment
and conditions. Users can develop customized solutions that meet specific requirements
according to their needs. Therefore, the DfMA-based detailed design of special-shaped
steel structures on Revit (2020) and ANSYS (12.0) will enable more accurate and efficient
BIM-FEM model conversion and validate the feasibility of this study.

4.1. Model Conversion Method and Approach

To achieve the conversion from BIM models into FEM models, it is first necessary to
extract key point information of structural components from the Revit model. This involves
extracting geometric and physical information through computer-set algorithms and then
converting this information into APDL command streams. Finally, geometric entities are
automatically generated in ANSYS through APDL commands. This paper utilizes the
CSG-Brep topological model method to process data information and describe 3D models
for the detailed design of BIM-FEM model conversion.

Several shape limitations can arise in the context of geometric modeling, especially
when using a CSG-Brep hybrid method. This method combines the strengths of both
CSG, which uses Boolean operations to combine primitives, and Brep, which explicitly
describes the boundaries of shapes. Some of the key shape limitations often encountered
with elements based on CSG-Brep topological structures are as follows: (1) complexity in
handling non-prismatic shapes; (2) difficulty with high-detail local features; (3) challenges
with thin structures; (4) issues with complex curvatures; (5) topological errors during
Boolean operations; (6) interoperability issues; and (7) performance concerns. Understand-
ing these limitations is crucial for effectively utilizing CSG-Brep systems in design and
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manufacturing processes. By being aware of these potential issues, designers and engineers
can better plan their projects to mitigate these drawbacks. The basic elements of a 3D model
consisting of a progressive relationship from simple vertices, edges, wires, and faces to
complex shells, solids, composite comsolids, and compounds, as shown in Table 1.

Table 1. The topological structure of elements and their meanings.

Element Meaning

Vertex The topological element corresponding to a point, without dimensions
Edge The topological element corresponding to a constraint curve, one-dimensional
Wire A set of edges (connected through points) that may not form a closed loop
Face A part of a 2D plane and a part of a 3D surface
Shell Composed of faces, which can form either a closed or an open structure
Solid The space confined by a shell, three-dimensional

Comsolid Composed of entities connected through surfaces
Compound An object composed of different types of elements

Firstly, obtain the geometric entity data from the Revit model, and then construct a
topological model description for the ANSYS geometric entity model by combining CSG
and Brep. The boundary of a solid is defined by a collection of faces; each face is further
defined by a surface and its boundaries. The boundaries of a face are defined by a collection
of edges, and sets of points define the edges. In the topological structure relationship, edges
are composed of vertices, wires are made up of edges, faces are constructed from wires, and
shells or solids are formed from faces, as illustrated in Figure 4. Higher-level topological
objects are constructed progressively from lower-level topological objects. Objects of
different levels cannot be combined. Meanwhile, different solids can form composite
entities. All topological objects can form compounds, and basic geometric objects, such
as points, curves, and surfaces, can be further linked to more complex geometric objects.
Therefore, based on the DfMA theory, the geometric entity expression method of CSG-Brep
can effectively treat complex special-shaped steel structure geometric models as assemblies
composed of many elements with topological relationships.
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Figure 4. Topological model structure based on CSG-Brep.

To compare the superiority of CSG-Brep over other modeling description methods,
some simple geometric examples are used. These examples will highlight the characteristics
and suitable scenarios for each method.

In simple geometric examples like a cube or sphere, CSG works by using set operations
(such as union, intersection, and difference) to combine simple shapes (like cubes, spheres,
cylinders, etc.) to create more complex forms. The Brep method defines an object’s shape by
detailing its boundaries—that is, its faces, edges, and vertices. Other descriptive methods,
such as Mesh models, divide the surfaces of the cube and sphere into small triangles, each
triangle defined independently.

The comparative advantages of CSG-Brep and Mesh Model are as follows. (1) CSG
provides a higher level of abstraction, making it easier to implement and modify the logical
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combinations of complex shapes. (2) Brep is better suited for applications that require
detailed geometric analysis due to its precise boundary definitions.

The above comparisons show that the combined use of CSG and Brep offers a powerful
tool capable of efficiently handling complex geometric operations while maintaining precise
boundary definitions, making it the preferred choice in many engineering and design fields.

The BIM models contain a vast amount of data, including information necessary
for structural analysis, such as component IDs, spatial locations, geometric dimensions
(length, width, and height), and material properties (linear elastic modulus, density, and
Poisson’s ratio). The meaning of these parameters is given only when necessary during the
model transformation process. These physical data are also essential for ANSYS structural
modeling and can be directly extracted by referencing the Revit API code. The development
approach of this paper is to first extract the aforementioned data from the BIM detailed
design model established based on the DfMA concept using the Revit API. Then, the
geometric entity model of the topological structure expressed by CSG-Brep is written
into an entity file in the form of command streams using the ANSYS parametric design
language APDL. By loading this file into ANSYS, the geometric entity model and physical
information are matched, enabling the construction of the required finite element analysis
model. This method can efficiently and effectively complete the conversion of detailed
special-shaped steel structure models in one go, avoiding potential data errors such as loss
and duplication during the model conversion process of complex special-shaped structures.

The detailed method for BIM-FEM model conversion is shown in Figure 5. Firstly,
utilize the traversal of graphical elements to obtain the topological elements of the current
graphical element in the BIM instance and determine the unit type through a combination
of parameters such as unit dimensions and material parameters. Next, extract the effec-
tive range of boundaries and material information based on the selection of component
graphical elements, constraint graphical elements, force unit types, and structural mesh
division methods according to finite element analysis software model standards. Use an SQL
Server database to add material physical properties to the model; then, based on the extracted
topological elements, employ the model connection method to generate composite entities.
Finally, match the command stream formed by the composite entities and integrated material
information, export it in the APDL language format to a specified path, and generate a text file.
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4.2. Model Conversion Plugin Architecture Design

The BIM-FEM conversion plugin architecture is based on BIM data design. Initially,
for data collection, the C# language and BIM data formats (Revit API/Revit APIUI) are
utilized through the Visual Studio development platform to extract component information,
enabling cross-operation. Subsequently, for the management of regular physical informa-
tion, such as material types and material parameters, a generic SQL Server database is
employed for assignment. The reasoning processes of geometric compound model split-
ting, topological structure analysis, and mesh division are conducted using the DfMA and
CSG-Brep knowledge base for inference and storage. Boundary condition information,
including load types, sizes, and positions, is extracted in Revit. Then, for the generation
of command streams, the arrangement of parameters within a single command stream
and the combination of multiple command streams are mainly achieved through program-
ming. Finally, the Revit model is imported into the ANSYS-APDL model for finite element
computation to complete structural analysis and dynamic as well as static elastoplastic
analyses, and design iterations are adjusted based on the analysis results to complete the
DfMA-based detailed design loop. The final BIM-FEM model conversion plugin design
features a modular structure, as shown in Figure 6.
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4.3. Model Conversion Plugin Code Generation
4.3.1. Plugin Development Environment Setup

Setting up a development environment is as follows. (1) In Visual Studio (VS), create a
new C# solution. (2) Under the solution, create a Class Library project and set the target
framework to .NET Framework 4.6.2. (3) In the project references, add RevitAPI.dll and
RevitAPIUI.dll, and include references to the namespaces corresponding to the required
API functions (for example, reference using Autodesk.Revit.DB when using the Revit
database). (4) Only after adding the relevant .dll references and namespace references to
the API can the functions within the API be referenced in the Integrated Development
Environment. (5) Add the Transaction Mode attribute and the Regeneration Option to the
command class. These two attributes respectively influence the startup mode of the plugin
and the update method after modifications to the plugin code. Derive a class from the
IExternalCommand interface and write the interface code snippet within it. This interface
contains only one abstract function, Execute, which can be implemented by overriding
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this function within the namespace. The Execute function will be referenced as the main
function of the external command. Write the primary code logic into the Execute function
to meet the functional expansion needs of the model conversion plugin. The constructor for
the Execute function of an external command needs to define some parameters, as shown
in Table 2. Finally, export the functionality for the Ribbon UI extension.

Table 2. The parameters of defining the execute constructor.

Execute Constructor Parameter

ExternalCommandData type CommandData
String type Message

Element type Elements

4.3.2. Obtaining the Information of Revit Model Geometry

To extract geometric information from a Revit model established based on the DfMA
concept, the first step is to identify elements that belong to family types from the many
elements in the Revit project document (Document) and further obtain each specific family
instance of these family types, storing them for later use. In Revit, geometric information
is divided into two main categories: the Element class and the Geometry class. The
Element class serves as the base class for many objects, with most objects directly or
indirectly related to the construction of the BIM model being derived from the Element
class. When performing structural model conversion, it is necessary to filter and extract
the geometric as well as physical information of components from elements derived from
family-related classes. By modifying “OST_StructuralColumns” and “FamilyInst -ance”,
you can quickly filter out the family types required by the user. Using an element collector,
you can efficiently extract the desired family instances from the Revit model and perform
subsequent operations for extracting and converting geometric information.

During the Revit model conversion process, key geometric information is extracted
from the Geometry class. This paper utilizes the GetSymbolGeometry() and GetInstanceGe-
ometry() method functions to obtain the geometric elements of family types (under local
coordinates) and family instances (under global coordinates), respectively. Through this
method, it is possible to extract geometric entities (solids) corresponding to family instances
from a geometry instance and to obtain information on all geometric topological elements,
such as vertices, edges, wires, faces, and shells, corresponding to the entity.

4.3.3. Tracking the Location of Topological Elements

To track the position of topological elements, each shape defines a local coordinate
system, CSGLocation. The local coordinate system can be represented in two ways: three
mutually perpendicular vectors represented by the right-hand rule and the transformation
relative to the global coordinate system. CSGLocation records the rotation matrix relative
to the global coordinate system. Let Q be the matrix stored in CSGLocation, and Q must
be a 3 × 3 matrix. It is used to describe the rotation of a solid in three-dimensional space.
Each of its columns can be regarded as a unit vector of coordinate axes expressing the
transformation from a local coordinate system (i.e., the solid’s coordinate system) to a
global coordinate system. Specifically, the first column represents the orientation of the
local x-axis with respect to the global coordinate system. The second column represents
the orientation of the local y-axis with respect to the global coordinate system. The third
column represents the orientation of the local z-axis with respect to the global coordinate
system. Additionally, Q must satisfy the following two conditions:

Q1 =

q11 q12 q13
q21 q22 q23
q31 q32 q33

, d = |Q1| , d ̸= 0 (1)
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Q2 =
Q1
3
√

d
, QT

2 = Q−1
2 (2)

The matrix, Q, is a linear transformation matrix that can convert a point (x,y,z) into
another point (u,v,w) through matrix multiplication: u

v
w

 = Q ×
(
x y z 1

)T
=

 q11 × x + q12 × y + q13 × z + q14
q21 × x + q22 × y + q23 × z + q24
q31 × x + q32 × y + q33 × z + q34

 (3)

Q can also be a combination of fundamental transformation matrices. By combin-
ing these fundamental transformation matrices, a composite transformation matrix can
be obtained.

The position of a shape will affect its subshapes. For example, suppose an edge under-
goes a translation transformation along the vector (x,y,z)T. In that case, the transformation
matrix for this edge relative to the global coordinate system stored in CSGLocation is
as follows: 1 0 0 x

0 1 0 y
0 0 1 z

 (4)

When traversing the subset of an edge, the CSGLocation of the vertices is still stored
in the variable matrix (4). If a translation and rotation transformation (around the x-axis
by PI/2) is applied to the edge, then the same composite transformation matrix relative to
the global coordinate system stored in the CSGLocation of the edge and its sub-vertices is
given as follows: 1 0 0 x

0 1 0 y
0 0 1 z

×

1 0 0 0
0 0 −1 0
0 1 0 0

 (5)

As shown in Figure 7, the diagram displays the main members of the geometric
helper class and the types of properties contained within the Option class. The geometric
helper class is inherited from the APIObject base class, with its members primarily used to
assist in representing geometric information or performing geometric transformations on
geometric objects.
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4.3.4. Filter out Corresponding Component Family Instances

RevitAPI provides element filters, which are used to traverse elements and filter them
based on different criteria. By combining the use of filters and collectors (FilteredElement-
Collector), the required objects can be obtained quickly and efficiently. With reference to
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Figure 8, the diagram illustrates the filtering process for obtaining family instances in a
model. By using element filters, various filtering conditions can be set as needed, such
as the element type, parameter value, geometric properties, etc., to filter out the family
instances that meet the criteria. Then, the qualifying family instances are collected for sub-
sequent operations and processing by traversing with filters and collectors. This method of
filtering and collecting can improve the efficiency of the code and allows for the flexible
retrieval of the required family instance objects based on specific needs.
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4.3.5. Matching Geometric Information with Physical Information

Export the ANSYS-APDL command stream geometry model code. As shown in
Figure 9, the diagram illustrates the process of using an SQL Server database to add
material physical properties to the model. Enter the following physical properties: density,
Young’s modulus (Young Modulus .X), and Poisson’s ratio (Poisson ratio .X), to match
geometric information with material physical information. Run the functionality provided
by the code in Revit to extract boundary condition information. This information includes
load types, load sizes, and load positions, among other aspects. Convert the extracted
boundary condition information into the APDL command stream format. This step can be
automated, converting the boundary conditions defined in Revit into APDL commands
suitable for ANSYS. Finally, import the converted APDL command stream into ANSYS for
finite element analysis.
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5. DfMA-Based Optimization Process of Design–Manufacture–Construction for
Special-Shaped Steel Structures

In the standardization and digitalization process of special-shaped steel structures,
the BIM-FEM model conversion interactive tool represents an important new feature. Tra-
ditional two-dimensional drawings and the design–construction model no longer meet
basic requirements. A characteristic of BIM technology is its ability to achieve data sharing
and information continuity, eliminating the current low production efficiency in the con-
struction industry and the disconnection between design, manufacturing, and construction.
Moreover, BIM technology can fully compensate for the traditional finite element soft-
ware’s deficiency in modeling complex structural calculation models, avoiding redundant
modeling and enhancing design efficiency. This paper provides a reference for the digital-
ization of the design, manufacturing, and construction of special-shaped steel structure
buildings through the BIM-FEM model. It also explores a full-process design based on the
DfMA concept. Based on the BIM-FEM model conversion, it realizes the integration and
digitalization of the entire process of assembly, including detailed design, construction, and
installation. It serves as the foundation for a data-driven, full-process design workflow, as
illustrated in Figure 10. Through detailed design using BIM models and converting them
into FEM models for structural analysis, the entire process spans the full cycle of design,
production, and construction. It also provides sustainability for design, manufacturing, and
construction projects within engineering, procurement, and construction (EPC), enabling
these projects to maximize benefits and product lifecycle management (PLM). Based on
PLM, a complete system for the digitalization, detailed design, and delivery of construction
engineering projects has been established.

In the design phase, optimize the design of special-shaped steel structures based on
DfMA analysis to achieve the best possible manufacturability and assembly. Modulariz-
ing and standardizing the structure improves conversion efficiency, optimizes conversion
precision, and simplifies the conversion method. Utilize BIM-FEM model conversion tech-
nology to optimize and validate the design scheme. Establish BIM models and analyze
FEM models to evaluate the structure’s performance and stability, identify potential issues,
and make improvements, ensuring the design’s rationality and feasibility. Through opti-
mization in the detailed design phase, it is possible to effectively reduce risks during the
construction process, enhance the quality and reliability of the building structure, achieve
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the minimization of the building’s entire lifecycle cost, and thereby realize the sustainable
development of the entire building project.
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In the manufacturing phase, the design and production of special-shaped steel compo-
nents comply with DfMA requirements. Revit can generate floor plans, elevations, and 3D
drawings simultaneously during the design process. The traditional design process lacks
consideration for the manufacturing process. Therefore, for the design outcomes intended
for production, after conducting the BIM-FEM detailed design, BIM software is used to cre-
ate design drawings and engineering quantity tables for manufacturing processing. After
the manufacturing is completed in the factory, the finished special-shaped steel components
are transported to the assembly site or stockyard for subsequent construction needs.

In the construction phase, DfMA can effectively assemble the modules designed during
the design stage. In this paper, assembly is primarily manifested in two ways. Firstly, in
the establishment of a BIM model for special-shaped steel structures, efficient assembly of
modules is achieved based on the DfMA concept. The second is the process of assembling
standardized special-shaped steel components, which have been designed in detail through
BIM-FEM model conversion, into special-shaped steel structure buildings during onsite
construction. The onsite installation process of special-shaped steel components also serves
as a practical verification of the design and production processes, for example, whether the
special-shaped steel component modules, after detailed design, can meet the requirements
for the lowest cost plan, fastest schedule, etc., during construction. Furthermore, this
process can also provide feedback for optimization and adjustments during the detailed
design phase and production process, facilitating the entire design, manufacture, and
assembly of special-shaped steel structures. It enhances the coordination of the entire
process, reduces costs, and facilitates production.
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6. Case Study

To demonstrate the scientific validity, practicality, and necessity of the design methods
and tools presented in this paper, validation is conducted based on the Wuhan New
Generation Weather Radar Construction Project designed by the CSADI. This project is
a key initiative cooperated by the China Meteorological Administration and the Hubei
Provincial Government, located on Bafen Mountain in Jiangxia District, Wuhan City, with
a planned land area of 8672.01 m2 and a total construction area of 4230 m2. This project
features complex structural forms, where plan drawings cannot accurately express spatial
intersections, and the construction of special-shaped steel structures and the modeling of
structural calculation models are challenging. Therefore, this project provides excellent
scientific support for the research points of this paper.

Inspired by the natural phenomenon of “cyclones”, the tower’s plan adopts a double
helix shape with a facade that varies richly. The project aims to create a meteorological tower
that integrates functions such as monitoring and warning, scientific research experiments,
and public science education. The project features double towers with vertical components
that are inclined and twisted, with a large height-to-width ratio of 11.2; in order to meet
the needs for building safety, accuracy, and the control of structural response as well as
stability, the project design required the natural period to be less than 1 s. The top contains
a connected radar machine room (with a significant mass), and there are many special-
shaped prefabricated components, with an overall assembly rate of 68.7%. Therefore,
there are high requirements for structural analysis modeling and computation. This paper
adopts a modular design method based on DfMA and developed tools with which various
special-shaped prefabricated components can be designed and analyzed.

Based on the aforementioned project, a case study of building a model with a simple
framework is conducted to validate the research ideas, extend methods, and technical
approaches, as illustrated in Figure 11. (1) Creating the project’s BIM model in Revit
software based on DfMA theory. (2) Assigning physical information to each special-
shaped component using the material library of SQL Server software. (3) Extracting the
geometric topological structure of the BIM model through the CSG-Brep expression method.
(4) Generating the ANSYS-APDL command stream. (5) Importing the APDL command
stream into ANSYS software to automatically generate the finite element analysis model.
Based on this, a finite element analysis of the BIM structural model for this project is
conducted in ANSYS.

The quality of the conversion algorithm can be assessed based on the number of final
solid components and the CPU time required for the conversion. The more detailed the
model and the greater the number of solid components, the better the conversion algorithm
is considered to be. This algorithm was compared with other traditional algorithms based
on the IFC standard [29]. Table 3 compares the number of final solid components and the
CPU conversion time between the original unoptimized conversion algorithm and our opti-
mized conversion algorithm based on DfMA analysis and the CSG-Brep expression method.
The results show that the optimized conversion algorithm significantly improves accuracy,
efficiency, and performance. For a large number of special-shaped steel components, the
CPU conversion time was nearly halved, indicating high program efficiency. According
to test statistics, the tools in this paper were able to complete the model construction of
1596 special-shaped prefabricated components, accounting for 97.85%, avoiding the loss of
a large number of special-shaped components, and improving the precision of component
conversion by nearly 18.36%. Practice has proven that this design software can complete
the modeling and detailed design of most special-shaped components. Moreover, this
conversion method is more versatile, and the conversion results are more intuitive and
more in line with the modeler’s intent.
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Table 3. Comparison of traditional and optimized algorithms.

Conversion CPU Time (s) Number of
Conversion Elements

Traditional conversion algorithms 156 1348
Optimized conversion algorithms 68 1596

Finally, the project utilizes the optimized conversion algorithm based on DfMA anal-
ysis and the CSG-Brep expression method to conduct structural analysis, node detailed
design, and dynamic elastoplastic analysis on the converted special-shaped steel structure
finite element analysis model, as shown in Figures 12 and 13.
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7. Conclusions

Firstly, this paper conducted applied research on the detailed design of BIM-FEM
model conversion for special-shaped steel structures using BIM, based on the DfMA product
design concept. Secondly, considering the advantages of the CSG-Brep model, such as
its combinability, smaller data scale, inclusion of complete topological information, and
queryable internal elements, this study also used this method to express the topological
relationship between geometric models. It utilizes basic geometric objects to describe spatial
objects and transforms the intersection of spatial objects into the intersection between the
parametric representations of basic geometric objects. Finally, taking full advantage of
the efficiency, three-dimensional visualization, and parametric modeling features of BIM
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technology, along with the extensive Revit API, an interface for model conversion between
Revit and ANSYS was written, realizing the detailed design of BIM-FEM model conversion.
The main contribution of this paper lies in proposing an effective method for converting
BIM models into FEM models for detailed design, optimizing the detailed design method
for special-shaped steel structures based on DfMA, and using CSG-Brep to optimize the
BIM-FEM model conversion process, thereby achieving universality.

This research enables the conversion of complex project BIM models into finite element
models quickly, efficiently, and precisely through the C# language, generating ANSYS-
APDL command streams in the form of CSG-Brep. This approach fundamentally solves the
issues related to the large workload, difficulty, and low accuracy when modeling for special-
shaped steel structures, avoiding redundant modeling. It achieves a model that spans
all project phases, effectively addressing the disconnection in the design–manufacture–
construction process of special-shaped steel structures and achieving complementary
advantages. Compared to other BIM-FEM model conversion methods using the IFC
standard expression, the detailed design method implemented in this paper is simpler and
more efficient, avoiding many redundant steps and technologies. Additionally, based on the
DfMA product design concept, the design phase thoroughly considers potential difficulties
in manufacturing and construction processes, aiming for production and assembly with the
lowest cost, shortest time, and highest quality. This reduces the number of modifications,
cycles, and costs in the component design process, enhancing the efficiency and quality of
information expression in the detailed design of the BIM-FEM model conversion for special-
shaped steel structures and optimizing the detailed design process. This contributes to the
implementation of detailed designs for the “factory prefabrication” and “onsite assembly”
of special-shaped steel structures, significantly improving the precision of special-shaped
steel component fabrication.

8. Discussion

This study also has some shortcomings and limitations. Firstly, the paper discusses
the automatic conversion and detailed design of BIM-FEM from theoretical, methodolog-
ical, technical, and procedural perspectives. It has not further advanced into software
development for the detailed design phase of BIM nor truly realized parametric rapid
modeling, which remains an area for deeper research. Secondly, after structural analysis
using finite element software, manual data analysis and processing are still inevitable when
providing feedback on the results, not fully achieving intelligent, digital, and paramet-
ric interactive operations. In the future, further exploration of automatically generating
inference rules through secondary development could be pursued to achieve a complete
interoperable closed loop, thereby overall enhancing the conversion efficiency of BIM-FEM.
Lastly, regarding the disconnection issue in the design–manufacture–and construction of
special-shaped steel structures, future research could incorporate full lifecycle management
theory to explore a deeper and more comprehensive theoretical system, thereby improving
the efficiency of detailed design for special-shaped steel structures.
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