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Abstract 

One of the major challenges for the aerospace industry is to manage a range of com-

plex products during their manufacturing and assembly process. Digital Mock-Ups 

(DMU) are nowadays extensively used as supports of information during the afore-

mentioned phases. In this paper we introduce the concept of updated DMU which 

actually reflects the product being assembled. For this purpose, the nominal product 

geometry needs to be updated in order to reflect the as-built geometry of the prod-

uct’s components at a given step of its assembly. The geometry of the next compo-

nents to be assembled, called interface components, are consequently updated in 

order to adapt to geometrical variations, while the rest of the DMU stays in its orig-

inal as-designed configuration. A comprehensive method to update the DMU from 

its as-designed configuration to reflect the actual configuration of the product being 

assembled is thus proposed. To this end, a framework inspired from the Reverse-

Engineering field is developed, then assessed thanks to a simple case study.  

Keywords:   Reverse-Engineering; Product manufacturing; As-built model; Digital 

Mock-Up. 

  



2  

1. Introduction 

In order to speed-up the manufacturing and assembly processes, physical mock-ups 

of aeronautical products have been gradually replaced with their digital counter-

parts, leading to the concept of product virtual representation also known as Digital 

Mock-Up (DMU). The DMU typically consists in a detailed 3D representation of 

the product’s geometry but also contains information related to manufacturing and 

assembly processes such as tolerances, machining programs, assembly planning, 

inspection procedures, and so on. During manufacturing and assembly phases, the 

DMU stands for the reference geometry of the product. More particularly, the ge-

ometry of the elements constituting the DMU is described in the product as-de-

signed configuration, which means the components are without geometrical devia-

tions and in their theoretical position. 

Tolerancing methods aim to confine product geometrical variations within an 

admissible interval so that it satisfies the functional requirements expressed in the 

DMU. Geometrical constraints are thus established between elements to be manu-

factured or assembled, and specified elements of the initial product. Tolerancing 

methods are often coupled with Computer Aided Tolerancing Tools [1] relying on 

the DMU, enabling worst case and/or statistical tolerancing of rigid assemblies. Im-

provements have been made all along the years in order to provide more realistic 

tools for aeronautical assemblies [2], which are considered flexible due to large size 

and low thickness components.  

Despite the use of tolerancing methods and tools, the management of product 

geometrical variations does not allow an accurate prediction of the entire geometry 

of the actual product at each step of the assembly process. Aeronautical products 

are typically composed of thousands of parts, often made of composite materials 

and presenting a high length-to-thickness ratio, which makes geometrical variation 

estimation very tedious. As a result, unpredicted discrepancies inevitably appear 

between the actual product and its reference digital model [3][4]. Consequently, 

features of already assembled components do not constitute a valid basis to continue 

the assembly process. 

In order to avoid cost-ineffective adjustment operations or the generalized use of 

jigs, some authors propose to use techniques derived from Reverse-Engineering in 

order to adapt to discrepancies by manufacturing custom-made components [3][4]. 

The geometry of specific interface components is customized so that they perfectly 

fit within the available space. More particularly, geometrical data are captured in 

the shop floor assembly station, in order to adjust the interface component CAD 

model. Interface components are afterwards manufactured then assembled. 

In this paper, we introduce the concept of hybrid representation of the updated 

DMU in order to reflect the actual geometry of a product during its assembly. The 

updated DMU is composed of as-built components, describing the actual configu-

ration of the product being assembled, interface components and as-designed com-

ponents. The use of such a DMU allows a more comprehensive management of the 
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product’s geometrical variations by establishing bi-directional relations between the 

physical product and its virtual model, often referred to as digital twin. In a broader 

scope, some authors show that the establishment of such relations between physical 

parts and their virtual models would enable a more efficient execution of the product 

activities all along its lifecycle [5]. 

Obtaining such an updated DMU, reflecting the actual geometry of the product 

including its geometrical deviations, is not straightforward and serious difficulties 

must be overcome. Within the context of Reverse Engineering, only a few papers 

aim at reconstructing models of existing products in order to underline geometric 

changes with a preexisting DMU. In most cases, the information - geometrical or 

linked to the product use - extracted from an eventual preexisting DMU only serves 

as an initial estimate of the product to be reconstructed [6]. In [7, 8] authors decom-

pose the initial CAD model of the product into a set of tessellated components that 

can be easily matched to measured data. These components are first recognized in 

the CAD model, along with their properties and global relations in order to facilitate 

the matching. Once the matching between tessellated components and measured 

data is carried out, a registration algorithm is used in order to calculate the as-built 

pose of the CAD model components, controlling the compliance of the product with 

respect to corresponding dimensional tolerances. Other authors propose to use CAD 

templates of mechanical parts [9, 10] containing a set of design features which pa-

rameters can be modified thanks to data extracted from the real world (mainly 3D 

measurements). Such a template-based reverse engineering method consists in ex-

ploiting a parametric description of the object in order to retrieve a meaningful dig-

ital representation. An extension of the previous method to mechanical products is 

proposed in [11]. The main advantage of this approach is that it eventually results 

in a fully editable CAD model which is consistent with the original design intent 

which mostly makes it suitable for redesign purposes only. 

This paper gives a detailed description of our proposition of an updated DMU 

based on a hybrid representation. Contrary to the as-designed model, the geometry 

of the updated product reflects product geometrical deviations. Based on this infor-

mation, the geometry of the components to be assembled is also updated in order to 

impact the manufacturing and assembly activities based on the DMU. An illustra-

tion of our Reverse-Engineering framework for updating the as-designed compo-

nents to as-built and interface components using data acquired from optical meas-

urements and the available engineering knowledge is also presented. 

2. From the as-designed DMU to the updated DMU 

Our concept of an updated DMU based on a hybrid representation, is illustrated 

through a simple case study based on a product consisting of four assembled parts: 

a flanged box (Meccano® part n°236), two triunions (Meccano® part n°126) and a 

perforated strip (Meccano® part n°4). The as-designed DMU (Fig. 1) is constructed 
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using the CAD software CATIA® V5 and the part’s engineering drawings. As it is 

often the case, and for a better understanding, fixturing parts are not represented in 

the DMU.  

Global references are defined as a set of three planes, named A, B and C, repre-

senting respectively the primary, secondary and tertiary references. Geometrical re-

quirements are defined as a localization tolerance that aims to position a set of three 

holes regarding to the global references (Fig. 1). Here tolerancing aims to confine 

the position of each hole axis into the cylindrical region specified by the tolerance 

value.  

 

Fig. 1. Partial representation of our case study functional requirements  

In the proposed scenario, the first three parts, i.e. the yellow box and the two 

green triunions are manufactured then assembled (Fig. 2.b.). The geometry of the 

actual product is acquired, and thus updated in the DMU thanks to our method in 

order to reflect the as-built configuration of the already assembled components. 

Based on the as-built geometry, the geometry of the last component is updated so 

that, once assembled, the functional requirements of the final product are met. More 

particularly, the position of the pattern of holes is updated so that the position of the 

specified hole axes in the desired tolerance interval. 

With the classical manufacturing approach in the aerospace industry [1, 2, 3, 4], 

a specific tolerance is allocated to each functional surface or local reference of the 

product. In the best case, a statistical or worst case calculation is performed in order 

to find a tradeoff between the overall production costs induced by these tolerances 

and the assurance that functional requirements will eventually be met. Very often, 

these tolerances cannot be directly assessed and the as-designed DMU serves as 

reference model to transpose geometric constraints between elements to be manu-

factured and global references into much simpler constraints where only local ref-

erences are involved. For example, the first fixturing hole axis is assumed to be in 

the same position than in the as-designed DMU, and the second one is drilled so 

that the final part remains parallel to reference A. As discrepancies tend to appear 

between the actual product and the as-designed DMU, this scenario often leads to 

several mandatory additional adjustment steps in order to guarantee that the final 

assembled product eventually meets the specified functional requirements (Fig. 1). 
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The situation of the local references, here the fixturing hole axes (L1 and L2) 

and the contact plane with the triunions (L3), relatively to the global references, and 

how it impacts the product’s functional requirements is the key concern of our ap-

proach. Each local reference is expressed in the frame defined by the global refer-

ences together with the product’s functional requirements. In the as-designed DMU 

(Fig. 2.a.), the local references (L1, L2 and L3) are theoretically positioned regard-

ing to global references. This configuration does not account for the actual geometry 

of the product. 

 

 

 
 

(a) As-designed DMU 

 

 
 

(b) Built product

 

 
(c) Updated DMU 

Fig. 2. The product as-designed model (a) is updated to reflect the built components at a given 

assembly step (b), following manufacturing and assembling operations are also impacted (c) 

We use a Reverse-Engineering based method to update the product’s already 

assembled components so that they reflect the actual geometrical configuration of 

the product at a given step of the assembly process (Fig. 2.b.). The updated as-built 

components integrate the geometrical variations between the as-designed model and 

the actual product. As a result, the situation of the local references in the frame 

defined by global references is known by the user.  

The newly defined situation of the local references (L1*, L2* and L3*) is used 

to adapt the geometry of the next component to be assembled, called the interface 

component, so that the respect of the product’s functional requirements is ensured 

(Fig. 2.c.). Therefore, following manufacturing and assembly operations, which are 

based on the interface component’s geometry, are impacted. 

L2* 
L3* 

L1* 
L1 L2 

L3 
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In the case study, the DMU only contains as-built components and interface com-

ponents. Nevertheless, we could imagine a scenario where some additional compo-

nents would be assembled to the interface part. In this scenario, the previously spec-

ified hole axes would serve as local references in order to continue the assembly 

process. As the geometry of the interface part has been updated in order to meet the 

product specified functional requirements, these local references constitute a valid 

basis to continue the assembly. Therefore the to-be-assembled component geometry 

would not require to be updated and the assembly process could be carried on ac-

cordingly to the information initially contained in the as-designed DMU. As a result, 

the updated DMU would contain as-build components, interface components and 

as-designed components. 

In the general concept of updated DMU based on a hybrid representation, as-

built components coexist with interface components and as-designed components. 

As-designed components are components which are already present in the initial as-

designed DMU and which have not been assembled yet. As-built components cor-

respond to components that have been manufactured and whose geometry has been 

acquired and updated in the DMU in order to integrate their geometrical deviations. 

Interface components correspond to components that have not already been manu-

factured and assembled and whose design has been updated in order to be assembled 

to the as-built components so that the product’s functional requirements are met.  

In the next section an overview of our Reverse-Engineering method is presented. 

Our method allows the updating of the product’s as-designed configuration to as as-

built configuration as presented previously (Fig. 2.b.). The different steps of our 

method are individually assessed. 

3. Illustration of the proposed approach 

The proposed method aims to update components of an initial as-designed DMU to 

the as-built configuration which reflect the actual state of a given product. 

The first three components are assembled and digitized using a laser plane sensor 

(Kreon Zephir K2 25) mounted on a CMM. The different steps of our reverse-engi-

neering framework (Fig. 3) are implemented in Python and Matlab® and run on a 

laptop with a 2.3GHz CPU and 8GB of RAM. The as-built DMU is reimported in 

CATIA® V5. 

Data acquired from optical measurements are used as a representation of the real 

product. These data need to be processed, relying on the as-designed geometry and 

user’s knowledge about the product, in order to retrieve the product’s components 

in the as-built configuration. Our method consists in five steps: data preprocessing, 

global registration, segmentation, local registration and 3D modelling.  

 



 
 

(a) Data preprocessing 

 

 
 

(b) Global registration 

 

 

 

 
 

(c) Segmentation 

 
 

(d) Local registration 

 

    
 

(e) 3D modelling 

Fig. 3. Illustration of the Reverse-Engineering method on a simple assembly 

The component surface geometry is acquired using an optical measuring system 

which delivers a numerical representation of the geometry as a point cloud. The 

obtained raw point cloud, generally dense, non-homogeneous and highly noisy, is 

not readily usable for our application, and needs to undergo a data preprocessing 

step (Fig. 3.a.). 

During the second step (Fig. 3.b.), the point cloud is registered to the as-designed 

geometry. In order to establish a meaningful correspondence between the data and 

the model, engineering knowledge about the product’s functional requirements is 

used. In our case, we use the knowledge about the reference surfaces of our model, 

i.e. the global references, in order to register the point cloud to our reference frame 

so that geometrical deviations, extracted during further steps, are also expressed in 

this reference frame.  

During the segmentation step (Fig. 3.c.), the actual situation of the product’s 

components and elements of interest, i.e. local references, is identified from the 

point cloud. The first goal specifically aims to divide the point cloud into a set of 

features representing the assembly components.  

Geometrical deviations between the segmented elements and their as-designed 

equivalents are then characterized, and a step of local registration is next performed 

1.2mm 

0mm 
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in order to integrate these deviations into the initial model (Fig. 3.d.). The position, 

the orientation and also the form of the components are adjusted in order to mini-

mize an error metric between the geometry and the measured point cloud. 

Finally, the resulting geometry is exported into a commercial CAD software. The 

global model consistency is checked and adjustments are made in order to guarantee 

that no gaps or intersections are found in the final as-built geometry (Fig. 3.e.). 

 

 
 

(a) Part before drilling 

 

 
 

(b) Part after drilling 

 

Fig. 4. Adapting the drilling operation in order to meet functional requirements 

Once the component’s as-built geometry has been reconstructed, the situation of 

the local references regarding to the global references can be deduced in order to 

impact further manufacturing and assembly operations. In the proposed case study, 

the drilling operation to manufacture the fixturing holes is here impacted (Fig. 4). 

Indeed, the design of the interface component has been updated so that functional 

requirements of the assembly are met without the need of adjustment operations. 

The component is positioned in the global reference frame and features correspond-

ing to local references, here the two fixation hole axes, are updated thanks to the 

information extracted from the as-built geometry.  

4. Results and discussion 

In this paper, we proposed to use a hybrid representation of an updated DMU in 

order to provide a better management of geometrical variations during assembly. 

The originality of our approach is that the updated DMU not only reflects the actual 

geometry of the product, including its geometrical deviations, but also serves to 

adapt manufacturing and assembly operations so that the final product’s functional 

requirements are met without the need of cost-ineffective adjustment operations. 

The Reverse-Engineering method presented in this paper provides theoretical 

tools necessary to update a given DMU from its as-designed configuration to its 

hybrid updated configuration. The obtained Digital Mock-up reflects on the one 

hand the as-built geometry of the product’s already assembled components, includ-

ing geometrical deviations, and on the other hand the geometry of the components 

to be manufactured and assembled, which is updated in order to adapt to existing 

geometrical deviations. 
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However, interfacing as-built components with as-designed components is not 

straightforward and raises some interesting questions. Interfaces between as-built 

components and as-designed components involve on the one hand surfaces with 

geometrical deviations and on the other hand surfaces without geometrical devia-

tions. In this case, deducing the assembly behavior resulting from the contact of 

these surfaces does not admit a simple solution and would strongly depend on the 

underlying assembly model. 

A solution for a simple test case is proposed in this paper but both theoretical 

and practical developments will be needed in order to adapt it for industrial aero-

nautical products. 

Based on the results already presented in this paper a roadmap for future devel-

opments is established. Future work will primary focus on a better modeling of the 

product’s geometrical behavior and a better interface modeling between as-built and 

as-designed components. To this end, integrating graph based and skeleton based 

approaches to our Reverse-Engineering method seems promising. 
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