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Abstract
In the last decades, digital 3D models have substituted 2D technical drawings for the design and development of mechanical 
products. This results in a huge amount of CAD (computer-aided design) models available in legacy and Web repositories. 
3D CAD models are now the reference product specification, and are frequently exchanged with customers and companies 
collaborating in the product development. In addition, this great amount of data can be exploited by scientists to test and 
evaluate their research results. Therefore, the visualization and analysis of CAD models from everywhere and through any 
device are particularly useful for both engineers and researchers. To answer this need, this paper presents a web-based solu-
tion exploiting the X3D capabilities for the direct visualization in the Web browser of CAD assemblies and of some of their 
characteristics remotely computed by the application on user demand.

Keywords  3D web application · CAD data visualization · 3D visualization · Online service

Introduction

Recent advances in internet capabilities for delivering big 
amount of data together with the possibility of connecting 
with no time and location restrictions, make the development 
and use of Web applications more and more attractive. Con-
textually, as argued by Mounton et al. [30], Web applications 
have major benefits comparing to desktop applications since 
they are available for all major platforms and their use does 
not require the installation of any software or libraries (other 
than the Web browser). Anyhow, despite the growing inter-
est in visualizing and processing 3D content on the Web, 
“current browsers are not designed to manage the data-inten-
sive and interaction-packed throughput required by Web 3D 
applications” [36]. In the engineering domain, the increased 
number of 3D acquisition and authoring tools resulted in a 

large amount of available 3D models that from one hand can 
be reused by companies, thus avoiding the time-consuming 
recreation of useful assets, and from the other hand can be 
exploited by scientists to simulate and test their methods 
and algorithms. Most of the available repositories of 3D 
data content allow the 2D and/or 3D previews of parts to 
provide some more insight on the 3D model, before down-
loading it, to facilitate the model selection. Unfortunately, 
in general, such previewers just provide the 3D shape and 
only some commercial tools also specify indications of the 
salient parameters characterising the product. Thus, they are 
informative only for simple parts. For complex 3D assembly 
models, possibly made of up to several hundreds of parts, 
simple 3D visualisation is not enough to understand what 
are the parts that make up the model and how they combine 
with each other. For such models, one important issue is 
the ability to visualize individual hidden components [18], 
which may be arbitrarily complex, and may occlude one the 
others; see as an example Fig. 1a where the cover and the 
cage hide the enclosed parts.

To allow the inspection of the internal parts, several solu-
tions have been proposed, such as playing with transparency 
values of some components to allow to see through them 
(see Fig. 1b). An alternative method consists in defining 
sections of the product by selecting one, or more planes (see 
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Fig. 1c). In case of multiple planes, the section view should 
be defined by the intersection of the selected planes.

Additional important informative data normally not 
visualized can be either explicitly stored in the models, as 
annotations for instance, or implicitly deducible by model 
analysis. As an example, some assemblies could have parts 
with oversimplified shapes because they are supplied from 
external vendors. In this case, the functionality of such a 
simplified part can be deduced by analysing the context of 
use of the part in the assembly or by accessing other infor-
mation, e.g. bill of material, encoded in external systems, 
such as in product data management (PDM) or product life-
cycle management (PLM) systems. While such information 
can be available to engineers and designers, it might be more 
difficult to obtain for researchers who might not have access 
to these additional sources or might not own the necessary 
engineering knowledge. Therefore, it would be of utmost 
importance the availability of tools allowing a better inspec-
tion of the components and characteristics of the assembly 
to facilitate the comprehension of their suitability for the 
specific needs.

In this perspective, to ease the inspection of CAD (com-
puter-aided design) models when users cannot access to their 
CAD desktop application, this paper presents a Web-based 
application specifically designed to cope with assembly 
models. The application, named CAD3A (CAD assembly 
analysis application), allows the visualization of standard 
CAD models as well as the computation and the visuali-
zation of their salient characteristics implicitly embedded 
in the model from any kind of devices, including mobile 
devices, having a Web browser and an internet connection 
without browser plugins. Among the assembly character-
istics, CAD3A enables the computation of the Degree Of 
Freedom (DOF) among pairs of parts in contact, the identi-
fication of regular patterns of parts and the parts’ functional 
classification. Moreover it offers the possibility to export the 
CAD model converted in a Web-format (encoded as X3D) 
as well as the results of the computed characteristics using 
the JSON format for the exchange of data between Web 
clients. The present paper extends the work described in 

[23] by providing insight on the content of CAD assembly 
models, which is the specific 3D content type supported by 
our framework, and on the improved capabilities of the sys-
tem. The novel contribution of this paper is manifold: (i) an 
improved Web-based visualization of CAD assembly model 
structure that provides not only the geometry of the constitu-
ent parts but also their hierarchical organisation within the 
assembly as defined by the designer; (ii) the remote iden-
tification of repeated parts and their (if any) distribution 
according to regular patterns, which represent information 
characterizing assembly models particularly useful for man-
ufacturing considerations on the product, such as assembly 
planning, spare parts storage.

The rest of paper is organized as follows. Section “Related 
Works” provides an overview on the existing applications to 
deal with 3D models on the Web. Section “3D CAD Assem-
blies” describes the content of CAD assembly models by 
introducing terminology and relevant elements for their 
characterization. Section “The Web Architecture Frame-
work” illustrates the general Web framework and focuses 
on the description of the developed services. Section “The 
Prototype” presents the developed CAD3A application with 
its UI functionalities and illustrates examples on medium-
complex CAD assembly models. Finally, Section “Conclu-
sion” ends the paper providing conclusions and future steps.

Related Works

Nowadays Web has become the main channel for the shar-
ing and dissemination of knowledge and content. Through 
the years, 3D data became a consolidated type of content 
in addition to text, video and images. As a side effect, deal-
ing with 3D content though Web applications has opened 
a relevant number of issues, mainly related to real time 
visualization. Due to the fact that depending on the specific 
application, 3D content may strongly vary in terms of stored 
data and format, different tools have been developed to deal 
with it over the Web. For instance, various tools have been 
developed in biochemistry and biology for the molecular 
visualization [37] and in medicine for the remote access 
to medical images, as it allows multiple experts from dis-
tinct locations to view patient data and discuss their find-
ings [12, 29, 31]. Targeted to the cultural heritage domain 
[35], presents 3DHOP, a tool well suited for the visuali-
zation of high-resolution single objects (especially dense 
models coming from 3D scanning), which is conversely 
not appropriate to manage complex scenes made of several 
low-poly objects as when working with CAD, procedural or 
hand-modelled geometries. For a more detailed overview of 

(a) (b) (c)

Fig. 1   Different views of a 3D assembly model with occluded com-
ponents
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existing methods for Web-based scientific data visualisation 
[17], provides an outline categorized by application domain.

Among the general-purpose tools, MeshLabJS [10] pro-
vides a Web-based graphical interface that allows to inter-
actively edit 3D models represented as triangle meshes by 
exploiting a modern Web browser that is able to run C++ 
code compiled into a javascript at a pretty acceptable speed. 
Similarly, HexaLab [5] is a WebGL application for real time 
visualization, exploration and assessment of hexahedral 
meshes.

In addition to Web applications providing a graphical 
interface, it is worth mentioning that some online services 
have been published to enable the possibility to remotely 
process 3D contents As an example, Campen and colleagues 
published an online service called WebBSP [7] which is able 
to remotely run a few specific geometric operations. The 
user is required to upload an input mesh from a standard 
Web browser and select a single geometric algorithm from a 
set of available operations. The algorithm is actually run on 
the server and a link to download its output is returned, and 
the Web interface does not allow visualizing the 3D model. 
Similarly, Attene et al. [2] extended the capabilities of the 
visualization virtual service (VVS) infrastructure [46] allow-
ing the possibility to remotely run complex customizable 
shape processing workflows. Users are allowed building and 
running their own workflows by selecting among available 
operations, each of them published as a single Web service. 
Again, the output is sent back to the user as a downloadable 
file and not 3D viewer is provided by the infrastructure.

The aforementioned Web applications focus on specific 
3D content representations (either triangle or hexahedral 
meshes) which are typically used in many application fields, 
but not for the design of industrial product in CAD systems.

The type of 3D content influences not only the visualiza-
tion but also the interaction with the information associated 
with 3D data. As an example of a Web application in the 
product design context, Nyamsuren et al. [33] proposed a 
tool for model revision control, based on WebGL technol-
ogy, that calculates and represents differences between CAD 
models. In this domain, due to the need of companies to 
communicate with different suppliers, several applications 
have been developed for the conversion and/or visualisation 
of CAD files. In [44] a list of available viewers is presented. 
Most of them are desktop applications, possibly providing a 
Web version as a plugin. The common provided functionali-
ties are the import of a variety of legacy and standard CAD 
formats, the visualisation of the associated assembly tree 
and metadata as well as the geometry in various modali-
ties (e.g solid, wireframe, transparency setting). In some 
cases, as SpinFire [43], Clari3d [11] or 3DViewStation 
[1], they provide capability to perform some dimensional 

and distance evaluation over the 3D geometry, such as wall 
thickness, bounding box, volumes and surface area and to 
add annotations. In addition to the commercial systems, 
also some free tools are available. Some of them provided 
by CAD suppliers, e.g. [3], allow to freely visualise their 
native CAD formats. Purely Web-based applications, like 
ShareCAD [41], Creators3D [13], eMachine Shop [15], have 
strong limitations in dealing with assemblies since, in gen-
eral, they only show the whole assembly as a single object 
with few capabilities to see the internal composing elements. 
Anyhow, none of the aforementioned applications allows the 
possibility of evaluating and visualising characteristics of 
assemblies which are significant when looking for models 
for design reuse or for testing analysis applications. This 
includes the inspection of the type and arrangement of the 
composing parts and the mating conditions between two 
parts (i.e. how two parts are connected together) and the 
functionality of the designed components.

These aspects are important topics in research and they 
have been faced in automation context. For instance, Park 
and Oh [34] developed an automatic method to extract kin-
ematic information from assembly models, Yiu and Regli 
[47] presented a classifier for CAD models integrating 
machine learning techniques, while Vilmart et al. [45] stud-
ied the pattern, in particular symmetries and alignments, 
of repeated parts to extract possible assembly structures. 
Anyhow, most of the solutions developed to analyze CAD 
models are designed to be integrated as an application in a 
local workstation and not available as Web applications, as 
the one proposed in this paper. To deal with these aspects, 
recently Simões et al. [42] present a system to prepare and 
import CAD data for visualisation and interaction on the 
Web. Their X3D application allows user to interactively 
add information on the assembly behaviour and appearance, 
allowing to specify the material and kinematics informa-
tion to the assembly parts. As CAD3A, their system imports 
CAD models in STEP format and translate them in X3D 
format for their inclusion in the Web browser, but differently 
from CAD3A no services for the automatic extraction of 
assembly characteristics are provided.

3D CAD Assemblies

The term “CAD assembly” refers to 3D models, generally 
employed in industrial engineering applications, whose rep-
resentation scheme is usually the boundary representation 
(B-Rep). This representation is a de-facto standard in com-
mercial CAD systems and provides an exact representation 
of the surfaces outlining the shape of 3D models. Generally, 
CAD assembly models are made up of several parts that are 
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related together by hierarchical relationships, where the root 
node indicates the complete CAD assembly, intermediate 
nodes indicate the organisation in sub-assemblies and the 
leaf nodes refer to the atomic composing parts. The result-
ing hierarchical structure is not unique and can reveals some 
designer intents. For example, assemblies can be organized 
in a way that the forthcoming assembly simulation steps are 
eased, or they can be organized with respect to visualization 
or they can be decomposed according to criteria based on 
the constitutive materials. Such decomposition defines sub-
assemblies and corresponds to the way designers may focus 
on a product. Note that hierarchical structure information is 
not necessary for visualization purpose of the 3D model, but 
its rendering can improve the general understanding of CAD 
model. For this reason, CAD3A aims at preserving hierar-
chical structure information during the conversion process 
from CAD models to models suitable for Web visualiza-
tion. Details on this aspect are reported in section “X3D 
generation”.

CAD assembly models are also characterized by inter-
faces, which describe the relationships between the parts of 
a model once those parts are arranged in the 3D space. These 
relationships may be grouped into interferences, contacts 
and clearances as shown in Fig. 2.

Interferences represent unrealistic and unrealizable 
configurations that can be generated by some mistakes or 
designed on purpose to convey a certain meaning [39, 40], 
such as the intersections among screw and nut threads, or 
when considering flexible parts, as springs, seals and insu-
lating parts, or when designing parts assembled by shrink-
fitting. The contacts between two parts contribute in the 
definition of a fundamental concept to analyze mechanisms, 
i.e. the mobility. The mobility of an object is defined by the 
connections between parts, called joints or kinematic links, 
that are made up of the contacts of each rigid geometric part 
[34] and that determinate the allowed DOF. Kinematic links 
are divided in two groups: upper kinematic pairs and lower 
kinematic pairs. A kinematic pair is said to be a lower pair if 
the involved parts have surface area contact between them. 
Different lower kinematic pairs can be identified accord-
ing to the types of surfaces involved in the contact and the 
number of allowed DOF [32]. The common kinematic pair 
classification is depicted in Fig. 3.

An upper kinematic pair arises when two surfaces are 
constrained to remain in contact along a common line or 
at a common point. An example of this kind of joints is 
represented by ball bearings, where the balls are in contact 
by points to the inner and outer rings. Finally, the clear-
ances occur when the presence of a distance between two 
or more surfaces of two parts convey a functional mean-
ing. Understanding the mobility of CAD assemblies is a key 
feature to be analyzed when evaluating the general behav-
iour of a product, anyhow the general motion as well as the 
single DOF between two parts can be deduced by running 
complex simulations or analysing the geometry of contact 
surfaces (operations that require engineering expertise and 
specific CAD tools). With the aim of improving the general 
understanding of CAD models and the sharing of meaning-
ful information, in CAD3A there is the possibility to com-
pute and visualize in a simple and clear manner this kind of 
information.

These characterizing information can be shared using dif-
ferent file formats. On the one hand, proprietary formats can 

Fig. 2   Possible interfaces between parts of an assembly model

Fig. 3   Lower kinematic pairs [28]
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enrich model information depending on the adopted CAD 
system producing files whose content can have slight differ-
ences even if they represent the same model. On the other 
hand, neutral file formats allow sharing standard information 
with no content customization. For these reason, CAD3A 
supports the STEP standard format (ISO 10303-203 and 
ISO 10303-214) as an input file format, which encodes 
both the geometry of the assembly models and associated 
information.

Beside the above-mentioned information, there exist other 
data related to CAD models necessary in manufacturing pro-
cess of the designed products. For instance, annotations are 
used to explicitly express some geometric properties (such 
as tolerances and thread pitches) or component material. 
These additional information is usually stored in separated 
systems that can be linked to proprietary CAD tools; there-
fore, a generic 3D visualization application is not able to dis-
play such an information. To support researchers’ activities 
CAD3A aims at computing and visualizing other relevant 
information that generally cannot be achieved without proper 
tools or specific engineering competences. In particular, the 
ability of identifying fasteners (e.g. screws, bolts, nuts and 
c-clips), parts that characterize specific functional sets and 
their arrangement in the 3D space following specific patterns 
allows to deduce information on assembly operations. For 
these reasons, CAD3A focuses also on the computation and 
visualization of part classification and of regular pattern. 
Details on these aspects are reported in Sections Part Clas-
sification and Pattern Detection.

The Web Architecture Framework

CAD3A has been designed as a Web application providing 
different functionalities as separated services that can be per-
formed regardless the platform and the language adopted by 
the experts in their development. The distribution of CAD3A 
as a Software as a Service (SaaS) represents a benefit for the 
companies that decide to exploit it and for researchers who 
desire to visualize and analyse specific information related 
to the 3D models. This choice has an high impact on the 
quality and management of the developed system [14] due 
to the fact that new functionalities can be easily added even 
using different programming languages, databases, hardware 
and software environment, depending on what fits best [8]. 
In addition, the devices adopted by the final users do not 
require high computing performances since they are used 
as browsers and the computing capacity is demanded at the 
server side.

In the following, Sect.  provides details on the entire Web 
architecture, while Sects. from “X3D generation” to Pattern 
Detection describe the single modules employed as services 
in the CAD3A Web architecture.

Web Architecture

The scheme of the provided Web application is illustrated 
in Fig. 4. Users can upload on CAD3A’s Web page a CAD 
assembly model encoded as a STEP file (both AP203 and 
AP214 are supported). The Web page is accessible through 
different possible devices (laptop, phone, tablet or desktop). 
The uploaded model is then processed by the X3D genera-
tion service that creates an optimized representation of the 
model itself according to the X3D language, which is an 
open standard for 3D graphics representation over the Web 
[6]. Such a representation enables the possibility to display 
the model in a 3D view where the various 3D components of 
the assembly model can be selected, rotated or zoomed. The 
3D visualization shows the relative position of the single 
parts in the entire assembly model. To support the visualiza-
tion of the CAD model organisation, the proposed system 
detects the hierarchical structure of the model by analyzing 
the part names in the generated X3D representation (see 
section “X3D generation”).

In addition to the model visualization, the system allows 
the possibility to run several analyses on the 3D model, 
each of them extracting specific features and conveying 
their semantic meaning to the user through a graphical user 
interface. According to the CAD assembly characterization 
illustrated in Section 3D CAD Assemblies, the proposed 
services aim at detecting and visualizing the kinematic rela-
tionships as well as regular patterns and a functional classifi-
cation of parts. Kinematic relationships are extracted by the 

Fig. 4   Software as a service (SaaS) scheme. The central icon repre-
sents the Web application and the other ones describe the adopted file 
format to transfer information
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Interfaces extraction service (described in Section Inter-
faces Extraction), which uses the methodology described 
in [25] to identify the relationships between adjacent parts 
of the assembly model and DOFs between those having 
faces in contact. Other features are extracted by the services 
Part classification and Pattern detection, which provide 
respectively a functional classification of the parts accord-
ing to their shape adopting the learning process described in 
[38] and an identification of regular arrangement in the 3D 
space of repeated parts (i.e. different instances of the same 
geometric part). Details on these services are reported in 
Sections Part Classification and Pattern Detection. All the 
above-mentioned services work on server side and transfer 
the results of their analysis back to the client Web page by 
exploiting JSON data-interchange standard. Finally, users 
have the possibility of exporting the information computed 
by the different services and reloading such an information 
for further analysis or use in their own applications.

X3D Generation

Managing 3D data over the internet is not an easy task [36]; 
moreover, the current Web viewers do not directly handle 
CAD data. Considering this lack, the goal of the proposed 
service is to provide an online converter from STEP to X3D 
file format, such that CAD assemblies can be examined and 
manipulated into a Web page. Among the different formats 
suitable for 3D content visualization on the Web (e.g. VRML, 
X3D, XML3D, O3D), the X3D format has been chosen since 
it is standard-based and is suitable for DOM integration [4], 
this means that the front-end elements can be manipulated 
through the Web interface (the DOM) and the modifications 
can be synchronized to the backend (the X3D).

Algorithm 1 The X3D model generation algorithm
1: procedure GenerateX3D(StepModel)
2:
3: STL Files = {}
4: for each parti in StepModel
5: stli = Tesselate(parti)
6: STL Files ← stli
7: end for
8:
9: X3D Files = {}
10: for each stli in STL Files
11: x3di = Convert(stli)
12: X3D Files ← x3di
13: end for
14:
15: X3D model = Unify(X3D Files)
16:
17: Return x3D model
18: end procedure

Listing 1: Snippet of the structure of a generated X3D file.
<?xml version ="1.0" encoding ="UTF -8"?>
<scene >

<shape >
<indexedFaceSet coordIndex="...." >

<coordinate point="...." />
</indexedFaceSet >
<appearance >

<material DEF="part_name"
diffuseColor="1.00�0.10�0.10"
transparency="0.4"/>

</appearance >
</shape>
<shape > ... </shape >
<shape > ... </shape >

</scene>

As shown in Algorithm 1, given a STEP file encoding a 
CAD assembly model, the service iterates over the parts of 
the assembly and performs a triangulation of each of them. 
Each shape is labelled with the corresponding name (pro-
vided by the STEP file) allowing an 1-to-1 map between 
the STEP and the X3D for further interactions. To allow a 
tree-visualization representing the hierarchical structure of 
the CAD model, the label of each part is obtained by con-
catenating the names of the father components of the part 
in the assembly tree separated by a special character. Such 
a label is used as a filename to save each part as a STL file 
(standard triangulation language, i.e. a format file to repre-
sent the surface geometry of a three-dimensional object by 
the unit normal and vertices of the triangles approximating 
the original surface). Once all the STL files have been gener-
ated, they are unified into a single X3D file. X3D files are 
written in XML format, then the unification procedure works 
on the identification of relevant tags.

List 1 shows an example of a generated X3D file. A set 
of “shape” nodes is used to represent single assembly parts. 
Such a representation includes both geometry information 
(i.e. the “indexedFaceSet” node) and some visualization 
settings (i.e. the “apperance” node). The “indexedFaceSet” 
node defines both geometric and topological information 
by the “coordinate” node and the “coordIndex” attribute, 
respectively. Visualization settings are instead encoded by 
the “material” node inside the “apperance” node. This last 
node encodes also part names representing hierarchical data 
using the attribute “DEF” of its “material” tag.
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Algorithm 2 The hierarchy structure algorithm
1: procedure HierarchyVisualization(x3D model)
2: HierarchyModelList = {}
3: HierarchyPartList = {}
4: for each shape in X3D model
5: name = GetX3DName(shape)
6: hyerarchicalComponents = GetHyerarchicalComponents(name)
7: end for
8: HierarchyPartList ← hyerarchicalComponents
9:
10: for each Qi in HierarchyPartList
11: currentParent = StepModel
12: while Qi �= ∅ do
13: currentComponent = GetFirstElement(Qi)
14: currentComponentName = GetName(currentComponent)
15: parentName = GetName(StepModel)
16: parentToSeek = BuildChildrenName(parentName, currentName)
17: existingParent = Find(parentToSeek)
18: if existingParent �= null then
19: new rel = CreateHierarchy(existingParent, currentComponent)
20: HierarchyModelList ← new rel
21: end if
22: currentParent = existingParent
23: Remove currentComponent from Qi

24: end while
25: end for
26:
27: Return HierarchyModelList
28: end procedure

 
standard format, e.g. STEP that is the most used in exchang-
ing CAD data between companies, not incorporating the 
interface information. For this reason, this service aims at 
extracting the joints risen by contacts and the volumetric 
interfaces present in CAD assembly models.

The joint identification problem can be translated into a 
DOF identification problem, Table 1 shows the correspond-
ences between joint types and DOFs. Thus, the interface 
extraction service computes the DOFs between pairs of 
touching parts by identifying the set of allowed transla-
tions and rotations between them. The general idea is that 
each contact surface inhibits a movement along a certain 
direction, the combination of all the constrained movement 
provides the resulting DOF expressed as the set of possi-
ble translation and rotation. Here, both sets are expressed 
by normalized vectors characterizing either a translation 
direction or a rotation axis according to the global refer-
ence frame. Concerning volumetric interfaces, the inter-
face extraction service simply returns a tag representing 
the intersection with no additional information. Details on 
the DOFs and volumetric interfaces identification procedure 
are described in [25, 27].

Once the X3D has been generated, the Web client processes 
the information stored in each “apperance” node. This pro-
cedure is illustrated in Algorithm 2. Iterating over the shape 
tags in the X3D file, it is possible accessing each single part 
of the assembly model. Thus for each part, the main proce-
dure reads the part name that has been generated preserving 
in the name its complete hierarchy (GetX3DName() proce-
dure) and slits it according to the special character used in its 
definition (GetHyerarchicalComponents() procedure). The 
output is a list Qi describing the family tree of the specific 
part, where the first element corresponds to the entire assem-
bly model and possible other elements qi(i > 0) encode the 
name of the child of element qi−1 ∈ Qi.

As a result, the hierarchical structure is visualized as a 
tree graph in which leaves represent the parts of the assem-
bly model, the root the entire assembly model, while inter-
mediate nodes represent sub-assemblies of the original 
model (see Fig. 8, right side).

Interfaces Extraction

Despite engineers spend a lot of time designing and enrich-
ing CAD models, most of CAD models are exchanged in 
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Once the joints and the volumetric interfaces are 
extracted, we graphically visualize them. Since the maxi-
mum DOF of a rigid body in space is defined by three 
translations and three rotations, distinct shapes and colors 
have been adopted to represent a specific transformation; 
specifically blue lines and yellow circles are used to rep-
resent translations and rotations respectively. An example 
is displayed in Fig. 5. Since translations and rotations need 
to communicate an axis, both of them could be represented 
with lines, but at the expense of intuitiveness. The choice 
of using two separated elements is led by the purpose of 
improving the information perception at first glance. In case 
of volumetric interfaces, a transparent blue box is displayed 
to highlight the intersection region. Figure 5a represents 
a cylindrical joint whose DOF is a translation and a rota-
tion both along the cylinder axis, then the line identifies the 
translation direction while the rotation axis is represented by 
the normal to the plane underlying the circle line. Figure 5b 
shows a planar joint. In this case, the allowed translations are 
all the ones belonging to the mating plane and represented 
as blue lines. Since there is not an unique combination of 
vectors describing the directions orthogonal to a certain 
normal, a transparent blue plane has been added to describe 
that every combinations of the depicted lines are possible. 
Figure 5c illustrates a revolute joint where only a rotation is 
allowed and it is represented by the yellow circle. Finally, 
Fig. 5d shows two intersecting parts and the resulting box 
to communicate the region where the volumentric intersec-
tion occurs.

Part Classification

The part classification service aims at labeling the con-
stituent parts of an assembly model according to their shape 

under a functional point of view. Despite the use of rules 
and standards, the functionality of a component may be not 
directly available in the CAD model but rather specified 
in some metadata or description in the PDM systems [38]. 
Thus, the specification of the type of the components in a 
CAD model strongly depends on the information manually 
specified by designers. This is a big limitation, also con-
sidering that to access this information the user is forced to 
rely on the PDM system. To provide a part classification that 
eases the assembly inspection, this service aims to automati-
cally identify the functionalities of the parts by considering 
different shape characteristics. Anyhow, the part shapes are 
sometimes oversimplified making parts with different func-
tions very similar in their shape [28]. These situations fre-
quently occur when standardized components are acquired 
from suppliers making arduous an automatic recognition of 
component types. To deal with these oversimplified situa-
tions, this service provides a geometric-oriented classifica-
tion (i.e. cylinder-like, cube-like, sphere-like and torus-like) 
other than canonical categories (including bearing, gear, 
c-clip, nut, shaft, screw and bolt, spacer, key, linkage arm 
and part of bearing).

The classification is based on a learning process applied 
on a collection of descriptors of the parts [38]. According 
to the analysis of Jayanti et al. [19], 3D spherical harmon-
ics, shape distribution (with D2 measure), inner distance, 
size values (i.e. surface area and volume), and proportions 
among the minimum bounding box dimensions are the most 
suitable descriptors to discriminate the classes above cited. 
In the proposed framework, the 3D spherical harmonics, the 
D2 shape distribution and the inner distance are computed 
respectively by the procedure defined in [20] (with its default 
parameters), [21] and [22] on a mesh representation of the 
part; while the surface area, volume and proportions among 
the minimum bounding box dimensions are obtained using 
the API provided by the CAD kernel of SolidWorks®.

Once the parts are classified, the result is displayed in 
the Web page by coloring each class in a different way, as 
depicted in Fig. 6. Considering the high number of classes, 
colors has been chosen trying to maximize color differ-
ences for parts that are normally in contact. Note that this 
visualization does not cover the initial 3D visualization, i.e. 
the user can choose to display the classification results or 

Table 1   DOF values according 
to the joint type (see Fig. 3), 
where R indicates a rotation, T 
a translation, the subscripts u, v 
and n the vectors along which 
the rotations/translations are 
allowed. Note that u, v and n are 
generic vectors and thus they 
may not coincide with principal 
coordinate axes

Type DOF

Revolute R
u

Prismatic T
u

Screw R
u

Cylindrical R
u
 , T

v

Spherical R
u
 , R

v
 , R

n

Planar R
n
 , T

u
 , T

v

Fig. 5   Examples of DOF repre-
sentations adopted in CAD3A. 
Yellow circles and blue lines 
represent allowed rotations 
and translations, respectively, 
(in accordance with the DOF 
described in Fig. 3); while 
blue transparent boxes indicate 
volumetric intersections (a) Cylindrical joint (b) Planar joint (c) Revolute

joint
(d) Volumetric
intersection
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simply visualize the 3D model using the UI described in 
section Development Environment.

Pattern Detection

Complex industrial assemblies normally include multiple 
occurrences of the same component. These repeated parts 
are often positioned within the assembly according to some 
regular patterns. The most common example is given by 
circular or linear patterns of screws and nuts frequently used 
to block together parts, such as cages and covers. Knowing 
the presence and position of such repeated elements might 
be of benefit for several applications. For instance, it offers 
suggestions for the standardisation of parts or for the spare 
parts storage. At the production level, it provides informa-
tion useful for the evaluation of the assembling operations 
and costs. To support to a wider extent a better understand-
ing on how the assembly is organised, CAD3A includes a 
service to detect the presence of repeated parts and identify 
their possible distribution according to regular patterns. 
This service is based on the algorithm described in [24]. 
Parts are considered as repeated whether they are explicitly 
encoded in the STEP file as occurrences of the same part, 
or they have the same shape. This last condition is detected 
by analysing few shape and topological information of the 
B-Rep of the parts. Two parts are then considered to be of 
equal shape when they have the same volume and surface, 
and equal number of faces of a specific geometric type (e.g. 
planar, cylindrical) and percentage of the surface area of a 
specific type over the whole part’s surface area. Once the 
repeated elements are detected, the service verifies if they 
are arranged according to some predefined patterns. The 
service returns linear and circular patterns where elements 
are equally distributed. The algorithm works as a series of 
grouping and filters. First repeated parts whose barycenters 
are co-planar are grouped in subsets having the same dis-
tance. Groups are then processed starting from those with 
the largest number of elements and with lower distances 
between elements, considering the proximity a valid indica-
tor for the pattern existence. Then it verifies if the elements 
in the group are lying over a circle or a line, in case elements 

of the same group can belong to more than one pattern, the 
one involving the highest number of parts is chosen.

Here, the result visualization exploits again the usage of 
colors. Since multiple patterns may exist in a model, distin-
guishing them in a possible multi-pattern view may be hard 
even if using different colors. Then we decided to visualize 
just one pattern per time (selected by the user) and to display 
them with a predefined color per type (blue for linear pat-
terns and red for circular ones). A visualization example is 
illustrated in Fig. 7.

The Prototype

CAD3A is designed and implemented as a Web application, 
where a back-end module manages input models produc-
ing suitable outputs for the a front-end module that deals 
the rendering and the GUI. The current prototype is acces-
sible online via HTTP.1 As a matter of example, CAD3A 
Web page provides the possibility to play with a set of pre-
computed 3D assemblies, selected from the 3D Assembly 
Repository [26].

In the following, we describe some technical details on 
the services implementation (section Development Envi-
ronment) and the developed graphical user interface (Sec-
tion Data Visualization and User Interaction).

Development Environment

CAD3A has been deployed on an Windows Apache server 
endowed with a PHP interpreter.

The X3D generation service has been implemented as 
a pair of two pieces of code. The former is a python script 
exploiting SolidWorks® API to convert the input STEP 
assembly file into a set of STL files, each of them represent-
ing a single part of the assembly. The latter is written in C# 
and using Meshlabserver [9] converts each STL file into a 

(a) (b) (c)

Fig. 6   Example of part classification visualization

(a) Circular pattern (b) Linear pattern

Fig. 7   Examples of pattern visualisation adopted in CAD3A, where 
the entire model is transparent grey and the components belonging to 
a pattern are colored in red and blue if the detected pattern is circular 
or linear respectively

1  http://​cad3a.​ge.​imati.​cnr.​it/​webapp.

http://cad3a.ge.imati.cnr.it/webapp
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X3D file, and finally merges them into a single X3D file 
encoding the whole model, while keeping the single parts 
separated.

The interface extraction service is a C# software. It takes 
the uploaded STEP file as an input, and generates a JSON 
file where the relationships among the assembly parts are 
encoded. List 2 shows an example of the structure adopted 
to describe the joint, where the involved parts are identi-
fied as “Source” and “Target” and the “DOF” tag lists the 
set of allowed and not allowed translations and the allowed 
rotations.

Listing 2: JSON example returned by the “Extract interfaces” service.
{

’’Source ’’:’’FLANGE_HUB -1-1’’
’’Target ’’:’’BOLT_1 -1-1’’
’’ContactType ’’:0
’’DOF ’’:

’’Translation ’’:[(1.0 , 0.0, 0.0)]
’’TranslationNotAllowed ’’:[]
’’Rotation ’’:[(1.0, 0.0, 0.0)]

}

The part classification service is a C# software. It takes 
the whole set of the STL files generated by the aforemen-
tioned service X3D generation and returns a JSON file 
where, for each assembly part, its functional classification 
is encoded.

The pattern detection service is a C# software. It takes the 
uploaded STEP file as input and returns a JSON file where 
the detected patterns are encoded. Each pattern is described 

as the list of its constituting parts and its characterising 
parameters, such as the type of pattern, its radius and center.

Data Visualization and User Interaction

The graphical user interface is a dynamic HTML page 
exploiting Javascript to be responsive with respect to user 
interaction. As illustrated in Fig. 8, the content of the Web 
page is divided in three main parts: (i) a side menu on the 
left; (ii) a 3D viewer in the middle of the page (called “3D 
model area visualization”); and (iii) an information box on 
the right side (called “Assembly data”) showing the result of 
processing services organized into different tabs.

The left side menu allows loading an input as a STEP file 
(AP203 or AP214) or as “Result” previously computed and 
exported; moreover, it allows running the desired processing 
services and exporting the results as a zip file. Each button 
of the menu is connected to a specialized PHP script, which 
is responsible to run the server side operations described in 
Sections X3D Generation,  Interfaces Extraction,  Part Clas-
sification and  Pattern Detection, and to return their output 
information to the Web page so that it can be properly dis-
played. Computed data can be exported by selecting desired 
data (the X3D file, the contacts, the classification and/or 
the pattern data) and clicking the “Export results” button, 
which downloads a folder in a ZIP format with the selected 
data. Such a result can be re-imported for further analysis 
using the “Result” import functionality. Once a service has 

Fig. 8   CAD3A Web page. The left sidebar hosts buttons to both 
import/export data and run available services. The right sidebar pro-
vides extracted information about the imported model. The central 

area hosts both the visualization canvas and a log report area to show 
run-time information
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been executed, the color transparency of the relative button 
changes, assuming a grey shadow to indicate the button has 
been disabled. In addition to the above mentioned buttons, at 
the top of the menu it is possible to select from a drop-down 
menu pre-computed models.

The “3D model area visualization” is implemented as a 
X3DOM scene [4]. It exploits the WebGL support integrated 
by default in modern browsers to embed the 3D content into 
a browser context by the definition of an XML namespace 
that enables a < x3d > tag to be used in a standard HTML 
[16]. At the top-left corner of the 3D view there are three 
buttons that allow to (i) show/hide all the parts, (ii) change 
the visualization mode selecting between opaque and trans-
parent options, (iii) reset the view centering the model in its 
original position. In the 3D view, the imported assembly can 
be rotated, translated and zoomed. As default, the compo-
nents are visualized in transparency mode to allow a partial 
visualization also of the internal ones. In both the visualiza-
tion modes, through “Part” tab in the right box, it is possible 
(i) to hide/show a single part or a set of parts grouped in the 
hierarchy structure by unchecking/checking the correspond-
ing part flag; and (ii) to change the color of each part by 
clicking on the color button next to the name part and choos-
ing the desired color in the pop-up window. In addition, to 
help the identification of correspondence between the 3D 
part and its name, if a user clicks over a part in the 3D view, 
the part color changes in opaque mode and its name in the 
hierarchy-tree view becomes bold.

Pressing the “Extract interfaces” button, the service 
detecting the relationships among the assembly parts is 
called and the pairs of parts sharing a contact or a volumetric 
intersection are listed in the “Contacts” tab of the Assembly 
data” box. To easy the interpretation of the performed analy-
sis, clicking on one record only the parts involved in the 
selected interface are rendered (one in green and the other 
in red) together with additional elements communicating the 
relative degree of freedom, as described in section Interfaces 
Extraction and illustrated in Fig. 5.

If the user press the “Classify parts” button, once the 
classification is terminated, in the “Assembly data” box a 
new tab appears named “Part classification” showing the 
list of detected classes. Parts belonging to different classes 
are colored with different colors as described in Sect. Part 
Classification and illustrated in Fig. 6, anyhow the user can 
set a desired nuance by clicking on the button next to the 
classification name. To allow a functional visualization, it 
is also possible to hide/show a class unchecking/checking 
the corresponding flag among the element in the “Part clas-
sification” list.

The result of the last service is displayed in the “Patterns” 
tab of the “Assembly data” right box. As for the contacts, 
a user can visualize one pattern per time. Once a pattern 
is selected, the 3D view will shows it in the opaque mode 

within the assembly, as illustrated in Fig. 7, while in the 
“Patterns” tab-related information (e.g. the name and the 
number of parts involved and the distance between them) 
will be given.

Figure 9 shows a collections of models rendered in the 3D 
view according to the different user choices. For any model, 
in the center, left and right sides of the picture respectively, 
the figure shows (i) the default visualization of the “Part” 
tab, (ii) the highlight of selected results of the classification 
and interface computation, (iii) some patterns. These exam-
ples are available in the application by choosing the desired 
model in the predefined list of the “Select a model” item 
above “Import file” in CAD3A.

Conclusions

In this paper, a Web application to visualize and analyze 3D 
CAD assembly models has been introduced. The provided 
analysis capabilities allow the identification of the DOFs 

Fig. 9   Visualisation of sample models available on CAD3A (from 
the top, model 1, 2, 3, 4 and 10), and of the obtained results from 
the developed services: the part visualisation (in the center), exam-
ples of classified parts and extracted interfaces (left side), examples 
of extracted patterns, linear (in blue) and circular (in red) (right side)
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existing between two parts in contact, the classification of 
the parts according to the functional point of view and the 
detection of some regular arrangements (linear or circular) 
of repeated parts in the 3D space. Once the requested analy-
sis has been performed, results are structured and stored in 
JSON format, which allows the exchange of data between 
client and server applications, and the visualization in the 
proposed Web application. This solution allows reviewing 
3D CAD content on the Web just having a browser and an 
internet connection.

The proposed system has been tested over several assem-
bly models (from simple models up to complex models made 
up of hundred pieces) to guarantee its reliability. From our 
tests, the system results robust and the provided rendering 
features help to verify the correctness of the proposed ser-
vices with simplicity and immediacy. Indeed, through such 
CAD Web-application different services can be easily inte-
grated no matter how they are developed.

In the future, there are several improvements we aim to 
achieve. First of all, the computational complexity of the sin-
gle services should be faced to short the actual latency time 
mainly due to the current file read/write operations for mod-
ule communication. In this perspective, to reduce the dimen-
sion of the saved files and to improve the performances when 
loading previously analysed models or simply converted in 
X3D format, we also plan to better exploit the information 
on the repeated parts, by simply storing one representative 
occurrence and the positions of the other occurrences.

Additional services are foreseen for the analysis of the 
assemblies, including the visualisation of the repeated parts 
independently of their belonging to regular patters. Moreo-
ver, we plan the integration of CAD3A as inspection tool 
of our public 3D CAD assembly dataset2 conceived to sup-
port the evaluation and comparison of retrieval methods on 
assembly models. This would be the first step to achieve an 
online model and information retrieval on CAD assembly 
models designing new methods suitable for the Web.

Our preliminary usage tests with researchers demonstrate 
that the provided graphical user interface is of utmost value 
to support research activities. Anyhow, we aim at perform-
ing more structured user studies (involving different types 
of target users, e.g. researchers in different fields, mechani-
cal engineers or designers) to test the GUI experience and 
validate its effectiveness.
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