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Abstract The use of OPL-3D, a robust, flexible and easy-to-use
optical digitizer, in conjunction with reverse engineering proced-
ures is presented. The optical digitizer is used as a stand-alone
(i.e., not in tandem with popular CMM’s) system, whose output
point clouds can be manipulated, by means of both specifically-
designed software and high-performance commercial software,
to produce mesh surfaces and NURBS of the acquired shape. The
digitizer-process combination yields accurate digital replicas of
the target object, the accuracy of the whole combination being
on the order of 1/1500 of the measurement range. The speed of
acquisition, combined with the above high accuracy, the ease of
use and the fact that recalibration is seldom required makes the
digitizer ideal for reverse engineering in an enormous number of
applications ranging from automotive to biomedical.

Keywords CAD modelling · Optical 3D measurement · Rapid
prototyping · Reverse engineering

1 Introduction

Reverse engineering devices and techniques have a great impact
on a number of environments. In industry, they play an import-
ant role in accelerating product and process development [1–5].
In the human sciences, they are gathering increasing importance
as tools for the creation of full 3D archives for art, architecture,
archaeology, etc., as well for the production of replicas of monu-
ments and handicrafts that may replace the originals in hostile or
critical environments [6–8].

In all of the above cases, accurate tools to capture the 3D
shape of the object are required. The measuring tools for this
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operation can be of the contact, as well as of the non-contact
type, the latter being based mostly on optical sensors. Optical
sensors, in turn, can be grossly subdivided into point, line, or
area sensors [9]. They can be physically mounted into structures
originally devoted to contact sensing, such as coordinate meas-
uring machines (CMMs) [10]. Alternatively, the combination of
non-contact measurement to contact measurement in different
measuring sessions, even at different times and locations, can
yield a highly accurate 3D reproduction of the physical object,
while dramatically reducing the time required for the acquisition
process [11–13].

In a previous paper, we described the results of an experi-
mental activity carried out jointly between our laboratory and
a laboratory within a Department of Mechanics [14]. The aim
was to introduce a novel approach to the integration of an op-
tical sensor to a CMM, with no physical integration of the two
devices, but with the integration at the level of data aggregation.
In that activity, the optical sensor used was the former version
of a 3D whole-field digitizer developed in our laboratory that
operates according to the active stereovision principle, and uses
non-coherent, white light area projection techniques. The results
were indeed encouraging, and could open new perspectives in
the use of optical sensors as fast devices for “gross” acquisi-
tion of free-forms, that could feed one or (preferably) batteries of
CMMs and define the operating volume for them, thus decreas-
ing considerably the measuring time of each CMM.

Further work in the development of the optical 3D system led
to the current version of the device, named OPL-3D as a labora-
tory prototype, and having the commercial name of 3DShape in
the layout proposed by one of the spin-off companies of the labo-
ratory, (Open Technologies srl, Italy). The device has been tested
in a number of industrial, as well as non-industrial, applications.
The system exhibits high accuracy, high speed in the acquisition
of very dense point clouds, and low sensitivity to the environ-
mental light and to the surface reflectivity. Moreover, it is easily
configurable depending on the required measurement accuracy,
and it is portable, to be fruitfully used with large immovable ob-
jects. OPL-3D and its operation have been described in detail in
a recent paper [15].



1354

In this paper, OPL-3D is proposed as a stand-alone gauging
device for reverse engineering; in fact, its measurement accuracy
and speed make it suitable for direct 3D acquisition, even without
further use of CMMs or contact touch technology, in all the cases
where the requirements in terms of fidelity to the original piece
are not extreme.

The reverse engineering process has been designed with the
aim of achieving a good trade-off among the complexity of the
shapes, the elaboration time, the operator time, the accuracy of
the models, and the reliability of the data. To this aim, OPL-
3D has been equipped with both self-developed and commercial
software tools that effectively perform the alignment of multiple
views and the generation of descriptive models of the 3D data
(i.e., polygon meshes and CAD models) to be fruitfully used in
the restyling of the shapes in CAM applications and in rapid pro-
totyping (RP) applications.

This paper presents the operation of OPL-3D and of the
software tools in significant reverse engineering applications of
interest to industry. The overall methodology is presented in
Sect. 2. The optical system and the software are described in
Sect. 3. The experimental case studies are shown in Sect. 4.

2 Overview of the method

The sequence of four tasks that allows one to perform reverse
engineering using OPL-3D is shown in Fig. 1, and is described
here. These tasks are (1) the optical acquisition, (2) the multi-
view alignment, (3) the generation of the polygon models and (4)
the generation of the NURBS-based mathematical models.

Task 1 produces the point clouds using OPL-3D. The ac-
quisition of complex surfaces is accomplished by moving the
system around the object and by acquiring an adequate number
of partial views that completely gauge it.

Task 2 aligns the set of point clouds previously captured
in a common reference frame. OPLAlign, a suitably designed
software tool, entirely developed at the laboratory, performs this
task.

Task 3 transforms the 3D data of the point clouds into
models based on the topological connection of simple geometri-
cal elements, which tessellate the shapes. Moreover, it performs
the decimation and the editing of the models. The output of this

Fig. 1. Schematic layout of the method

task is the polygon model, which is used both in CAM and RP
applications. Two software environments are available to per-
form this task. These are (i) the Optosurfacer module, which has
been developed at the Laboratory, and (ii) the Geomagic Studio
4.1 software (from Raindrop Geomagic Inc, USA).

Task 4 produces the NURBS-based CAD models, which are
the basis of the restyling of the shapes as well as of their repro-
duction. Geomagic Studio 4.1 carries out this operation.

3 The experimental apparatus

3.1 OPL-3D

OPL-3D, the optical sensor used to capture the 3D information,
is shown in Fig. 2. The optical head is composed of an LCD
projector (ABW LCD320) and of a colour CCD video camera
(Hitachi KP D50, standard resolution, depth of 8 bit). The pro-
jector projects a sequence of 11 black and white fringe patterns
of incoherent light on the surface under measurement. The first
eight patterns of the sequence differ from each other in the spa-
tial period of the fringes. The last three patterns are obtained by
spatially shifting the eighth one three times along the direction
perpendicular to the fringes, (π/4 is the amount of the shift). The
video camera synchronously frames each pattern; due to the fact
that the acquisition direction is at an angle with respect to the
projection direction, the fringes appear to be deformed by the ob-
ject shape. The projected patterns are elaborated following the
gray code–phase shifting method [16], which is aimed at univo-
cally indexing each direction of projection by means of a real
number, called a light plane.

Figure 3 shows schematically the sequence of the projected
patterns, and the deformation of one of them. In this figure,
points Oc and Op represent the entrance and exit pupils of the
video camera and of the projector, respectively. Parameters FW
and FH are the width and the height of the field of view (FOV).
Parameter d = Op Oc is the system baseline and L is the stand-
off distance, (i.e., the distance of the base line from the FOV).
It is worth noting that the amount of deformation of the pat-
terns increases with the ratio d/L , that, in fact, defines the optical
geometry of the system.
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Fig. 2. Image of OPL-3D

Fig. 3. Optical geometry of the system and measurement principle

The spatial coordinates (XS, YS, ZS) of an object point (for
example, point S in the figure) are evaluated by intersecting the
direction of projection OpS (indexed by light plane σ) and the
line of sight λ = SOc. Line λ intersects the image plane at co-
ordinates IS and JS. This results in the triplet of values (σ , IS,
JS) for point S. Coordinates (σ , IS, JS) are then mapped into
the spatial coordinates of the measurement by means of suitable
calibration procedures that estimate the pose and the orienta-
tion of the projector-camera pair with respect to the system (X,
Y , Z) and compensate for radial and tangential distortion of the

lenses [17]. A detailed description of the calibration step is pre-
sented in [15]. Here it is worth noting that the whole process is
completely automated, and takes no more than 5 min. No recali-
bration is required unless the system configuration (i.e., values d
and L) is changed.

3.1.1 In-field optical measurement

In the first step, the triangulation geometry of OPL-3D is set de-
pending on the measurement range, the required resolution, the
specific levels of environmental light, and the surface appearance
of the object. Specifically developed software helps the opera-
tor during this process, suggesting proper values for the baseline
d, the standoff distance L , and for the optical parameters (focal
length and lens aperture). The optical devices are then orientated
according to the suggested configuration, and the optical head is
calibrated. Then the measurement is activated. The projection-
acquisition sequence of the fringe patterns requires 2 s, and the
elaboration step is completed in 4 s (data storing included). Typ-
ical values for the uncertainty of the measurement are 120 µm
over large field of views (450 mm by 340 mm), linearly scalable
in the case of smaller areas.

3.2 OPLAlign

The aim of this tool is the pair-wise matching of the point clouds,
i.e., the evaluation of the rotation-translation matrix between
couples of adjacent views. The estimation of this transformation
is essentially based on the knowledge of the 3D coordinates of
a specific set of fiduciary points on the object surface, that have
to be shared by the cloud pair. In the first step, a semiautomatic
procedure establishes which points of the object surface are the
fiduciary ones. Two different possibilities have been explored:
in the former, called passive marking, proper markers are phys-
ically placed on the object surface. The object is moved with
respect to OPL-3D and all views are acquired. The only con-
straint is that the overlapping regions contain the same set of
markers. In the latter, called active marking, a stable pattern of
markers is projected. OPL-3D is moved around the object: the
pattern is switched on to acquire the 2D colour/intensity infor-
mation; then it is switched off when the 3D measurement of the
view is performed (this operation is controlled by the PC). Pas-
sive marking is used whenever light weight and small objects are
the measurement targets and/or when the surface reflectivity re-
sults in a low quality of the 2D colour/intensity images captured
by means of the active marking. However, the markers often
result in invalid 3D data and introduce additional noise with re-
spect to the measurements obtained by using the active marking.
In fact, in this last case, the markers are absent in the 3D data, and
the matching is more accurate.

In both cases, the (X M , YM , Z M) coordinates of the cen-
tres of the markers are the fiduciary points: they are determined
by means of a suitable 2D target detection algorithm that es-
timates values X M and YM from the 2D intensity information,
and the depth coordinate Z M from the 3D range image. The
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correspondence between the coordinates of each one of the se-
lected markers in the two views is stored in a look-up table.
A Rodriguez-Hamilton description is used to model the rotation
and translation parameters of the matrix [18]. These are evalu-
ated by means of a non-linear algorithm that accounts for the
invariance of the mutual distance between corresponding points
in the look-up table and iteratively minimizes it up to a user-
defined threshold. The elaboration is very fast and, whenever the
measurement uncertainty of the point clouds is ≥ 120 µm, it does
not decrease the quality of the data in the aligned pair. Moreover,
in the presence of more accurate 3D data, the performance of
the alignment can be further improved by using a specifically de-
veloped ICP-based algorithm [19]. Due to the fact that it is very
well conditioned by the previous alignment, it rapidly converges
to a very accurate estimate of the transformation matrix.

3.3 Optosurfacer

Optosurfacer has been designed to allow the user to model the
physical shapes by means of rectangle meshes, without requir-
ing a specialized knowledge and background, and at the same
time providing total compatibility with the higher performance,
higher cost and market available software environments, opti-
mized for CAD-CAM applications.

Optosurfacer generates meshes of rectangles from the aligned
views. The software is composed of a number of modules. Each
one is specialized to perform a specific task. These are (1) data
importing and ordering, (2) detection and editing of undercuts
and out-layers, (3) definition of the mesh that models the original
measurement data, (4) flexible trimming of the mesh topology
depending on the object local curvature, and (5) scaling, mirror-
ing and translation of the entities.

The ordering algorithm adds the neighbouring information to
each point, and organizes the data into a regular matrix. To obtain
a good trade-off among the detail of the representation, the num-
ber of entities of the output IGS file and the overall elaboration
time, it performs proper decimation, depending on the value of
a threshold parameter, user–selectable. The ordered point cloud
is then edited to eliminate isolated points, invalid measurement
data, and to increase the signal to noise ratio.

The mesh is defined over the ordered data by means of rect-
angles whose vertices correspond to the matrix points. A multi-
resolution approach is implemented, to optimize the adherence
of the mesh topology to the local surface curvature. The number
of the entities can be further reduced, depending on the value of
the so-called “sampling” parameter, which is user-selectable.

Special care is devoted to simplify the use of the IGS output
meshes in CNC machines. To this aim, special scaling, mirroring
and translation of the entities is possible before the meshes are
exported into specialized, market available CAM-tools.

3.4 Geomagic Studio 4.1

Geomagic Studio 4.1 is a market available, sophisticated soft-
ware environment, which creates triangle meshes and CAD
models of very complex shapes.

A specialized tool called “merge” allows the operator to
finely adjust the value of a number of parameters to optimize the
mesh both in terms of the accuracy with respect to the original
point cloud and in terms of the number of the triangles. Then the
mesh can be edited by means of the “edit” tool, which allows
the reliable reconstruction of even seriously corrupted portions
of the surface by using either quasi-automatic transformations
(as, for example, the “fill hole” operation, the surface smoothing,
the triangle optimization), or very sophisticated elaborations, for
local “trimming” of the mesh. Moreover, the “decimate” tool can
be used to derive lighter models from the original one, for a good
trade-off between the accuracy of the representation and the di-
mension of the files.

Geomagic Studio creates, in an automatic way, the patch lay-
out and the NURBS-based representation of the shapes starting
from the triangle mesh. It privileges the automation of the whole
process with respect to the fine, local editing of the surfaces: this
dramatically reduces the operator time and results into a CAD
model that, to our experience, can be optimized through a very
low level of further editing.

4 Experimental cases

Two experimental case studies are reported to demonstrate the
efficiency of the optical RE process proposed here. The first one
is the generation of the CAD model of the 1:4 scaled prototype of
a Ferrari F333 car, shown in Fig. 4a. The second one is the cre-
ation of the mesh of the wooden bass-relief presented in Fig. 4b
and the production, by means of CNC milling, of a scaled replica
of the mould.

4.1 Case study 1: the Ferrari F333

The scaled model of the F333 is a wind-tunnel model of the
car, of dimensions 800 mm×450 mm×250 mm (length × width
× height). In order to achieve a good trade-off between the
accuracy of the point clouds and their number, OPL-3D was cal-
ibrated in the following configuration: base-line d = 420 mm,
standoff distance L = 940 mm, width of the field of view FW =
300 mm. In this setup, the system produces point clouds with
an uncertainty of 90 µm (mean value, over a depth range of
100 mm). The quality of the measurement can be easily appre-
ciated in Fig. 5, which shows the 3D data corresponding to the
portion of the car framed in Fig. 4a. The 6 MB file of the point
cloud at full resolution is shown at left, while the 1:8 decimated
view is presented at right. In the first image, the 2D information
is overlapped with the 3D range data. A regular grid composed of
solid and dashed lines is clearly visible. The grid elements con-
tain the small circles, which are the markers used by OPLAlign
to align the views. Actually, the uniform, matt and white paint of
the surface was optimal to use with the active marking.

Figure 6 shows how the software interface looks during the
semiautomatic selection of the markers (here, corresponding
markers in the views are labelled by the same number). The
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Fig. 4a,b. Target objects. a The F333 1:4 scaled model. b The bass-relief

Fig. 5a,b. Single view acquisition performed by OPL-3D. a 3D range data
plus colour information, full resolution. b 3D range data, at 1:8 scaled reso-
lution

high contrast of the images allowed us to perform this task very
rapidly. Moreover, it enabled the 3D detection algorithm to ac-
curately estimate the centres of the markers, despite their small
dimension. The result of the alignment of the views is shown in

Fig. 6. Selection of corresponding markers in adjacent views

Fig. 7. The parameter used to evaluate the performance of this
procedure was IA = √

µ2 +σ2, where µ and σ are the mean
and the standard deviation of the distribution of the distances be-
tween corresponding points in the two views. For the alignment
of the views in Fig. 7, we obtained IA = 100 µm. The alignment
was then performed for all the remaining views, in a pair-wise
sequence. Despite the values of IA for each pair spanned from
80 µm to 110 µm, the residual error, generated by the alignment
process and accumulated during the whole elaboration, turned
out to be 0.5 mm as maximum misalignment among the views.

The aligned set of views was then imported in the Geomagic
Studio 4.1 software. In the first step of the elaboration, the point
clouds were fused into a single one and suitably filtered by means
of a Gaussian filter to reduce the noise level. Then the triangle
mesh was created. The “merge” tool available in this environ-
ment performed these tasks in a quasi-automatic way. Actually,
the software only requires as input the smoothing level (either
“low”, “medium” or “high”), and the step of the triangulation. In

Fig. 7. Performance of the pair-wise alignment carried out by OPLAlign
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our case, the low level of smoothing was set, and, due to the fact
that the 3D points were organized in ordered matrices, the trian-
gulation step was automatically selected by the software, as the
relative distance between couples of points. Figures 8a,b show
the point cloud after the fusion (Fig. 8a) and the corresponding
triangle mesh (Fig. 8b). This file is a 60 MB STL file, with 2.2
million triangles. Its quality can be appreciated in Fig. 9, where
the high number of triangles results in a high degree of adherence
to the original 3D data.

Fig. 8a,b. Creation of the triangle mesh. a Point cloud of the F333 after the
fusion. b Triangle mesh at high resolution

Fig. 9. Zoom in of the 60 MB triangle mesh corresponding to the zone of the
F333 framed in Fig. 4a

In the second step, this model was decimated in order to re-
duce the file dimension. The “decimate” tool performed this task.
The decimation is obviously a critical operation, as it can de-
crease the file dimension at the cost of a dramatic reduction of the
accuracy of the model. The decimate tool, however, is optimised
to preserve the topology of the surfaces even when the number
of the triangles is significantly reduced. In our case, we reduced
the file dimension by about one order of magnitude, and obtained
a triangle mesh with a tolerance lower than 0.05 mm with respect
to the original one.

In the third step, the mesh was edited to reduce the residual
noise, to fill the holes, and to make the surfaces as regular as
possible, without losing the details. The “edit” tool was used.
The main characteristic of this step was the possibility of car-
rying out the various tasks in a highly automatic way, limiting
the intervention of the operator to the case of very fine editing
(as, for example, in correspondence of very high local curvature
of the surface, where the triangles had to be manually adjusted).
The resulting mesh is shown in Fig. 10a (whole model, wire-
frame visualization) and Fig. 10b (same view as in Fig. 9). The
two models have been compared to appreciate the influence of
the editing on the accuracy of the representation by using the
“3D compare” tool. It highlighted that 80% of the triangles in
the edited model showed a distance lower than 0.06 mm with re-
spect to the original one, the remaining 20% being lower than
0.1 mm.

The final step of the elaboration was the creation from the
triangle mesh of the NURBS-based CAD model of the car.
The “shape” tool performed this task. It automatically detected

Fig. 10a,b. Editing and decimation of the triangle mesh. a Decimated 6 MB
triangle mesh (wire frame representation). b Zoom in of the model (same
portion as in Fig. 9
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the features of the surface, to precisely recognize the curva-
ture changes. Then, it defined the layout of the patches. Two
values were required as input parameters: these are the “gran-

Fig. 11. Patch layout calculated on the decimated triangle mesh

Fig. 12a,b. CAD models derived from the patch layout. a 10 MB file (14
control points). b 4.5 MB file (10 control points)

ularity” value, used to detect the features, and the number of
the patches, used to generate the layout. The elaboration was al-
most completely performed by the software, leaving the operator
to manually edit the patches in correspondence with the surface
boundaries. Figure 11 shows the resulting patch layout, on which
the surfaces were fitted.

Two models have been created, the former with 14 control
points, the latter with 10 control points. They resulted into two
files, in the IGS format, of 10.5 MB and 4.5 MB, respectively.
Figures 12a,b show the surfaces reconstructed in the two files
for the surface portion framed in Fig. 4a. The high level of ac-
curacy of the representation of both the models is quite evident.
Figure 13a is the colour-coded representation of the accuracy of
the 4.5 MB CAD model. Due to its high adherence to the tri-
angle mesh used to generate it, and to its reduced dimension, it
was preferred to the 10.5 MB CAD model. The rendered view of
the CAD model is shown in Fig. 13b. Table 1 shows the average
duration of each task.

Fig. 13a,b. The 4.5 CAD model. a Colour coded map of the accuracy of
the CAD model with respect to the triangle mesh. b Rendered view of the
model
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Table 1. Average duration of each task in the reverse engineering of the Ferrari 333 and of the bass-relief

Number % of acquired Acquisition and Creation and editing Creation and editing Power mill elaboration
of views surface alignment (h) of the mesh (h) of the CAD model (h) and reproduction of the mould (h)

F333 30 97 4 8 2 –
Bass-relief 8 98 0.5 0.2 – 5

4.2 Case study 2: the bass-relief

The bass-relief used as the target object in this experiment
has dimensions 272 mm×230 mm×20 mm (length × width ×
height). The presence of many details required the acquisition
of eight point clouds. OPL-3D was calibrated with d = 380 mm,
L = 700 mm, FW = 110 mm. The mean value of the measure-
ment uncertainty in this setup was about 70 µm, over a depth
range equal to 40 mm. Figure 14 shows the result of the align-
ment performed by OPLAlign: the whole number of measured
points was 585,200.

This set of views was imported into the Optosurfacer soft-
ware. In order to achieve a good trade-off between the ac-
curacy of the model and the number of the mesh elements,
the threshold value was set to 1 mm. The rendered view of
the whole IGS model, based on 13,794 entities, is depicted in
Fig. 15a and a zoom of the wire frame corresponding to the
top left corner of the object is observable in Fig. 15b. It is
worth noting that the mesh approximates the physical shapes
well and adapts the dimension of the rectangles to the local
topology of the object. The “mirror” option was then acti-
vated, and suitable boundary surfaces were defined to optimise
the mesh of the mould. The resulting model (IGS format) is
shown in Fig. 16. It was then imported into a commercially
available CAM environment (Power Mill in our case). Suit-
able post-processing has been performed. The resulting milling
path (in the ISO format) has been used by a CNC milling ma-

Fig. 14. Multi-view acquisition of the bass-relief performed by OPL-3D and
by OPLAlign

chine to produce the 1:3 scaled replica of the mould, shown in
Fig. 17. Again, the time required by each subtask is detailed in
Table 1.

5 Conclusions

This paper demonstrated the effective use of our optical digi-
tizer in conjunction with suitable software for the modelling of
surfaces using two examples of reverse engineering of free-form
shapes. In both cases the whole process was demonstrated to be
particularly successful, thanks to the use of a reliable, flexible
and easy-to-use optical sensor: OPL-3D. In fact, it was able to
guarantee both high-speed acquisition and very high measure-

Fig. 15a,b. Achievement of the rectangle mesh obtained by means of Opto-
surfacer. a Rendered view. b Zoom in of the model corresponding to the top
left zone of the bass-relief (wire-frame representation)



1361

Fig. 16. Obtainment of the mesh of the 1:3 scaled mould of the bass-relief

Fig. 17. Scaled replica of the mould

ment accuracy, and proved to be the ideal tool for reverse en-
gineering in many circumstances. Both low-cost, self-designed
software and high-performance commercial software was used,
to demonstrate the flexibility of the system to adapt to a large
spectrum of applications, and to fit the operator’s needs in term
of elaboration time and performances required.

In addition, full compatibility in the output formats has been
maintained, as a mean to comply with most of the software envi-
ronments for reverse engineering available today. The complete
process covers mesh-production and a NURBS description of the
shapes. The processes described result in outputs that can be ef-
fectively used in the milling machining of the objects. Further
experiments proved that the models could be fruitfully used in
rapid prototyping sessions, as has been demonstrated in other ap-
plications exploited with the same instrument [20].
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