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Abstract: Rapid prototyping has received considerable interest with the introduction of
affordable rapid prototyping machines. These machines can be used to manufacture
physical models from three-dimensional digital mesh models. In this paper, we compare
the results obtained with a new, affordable, rapid prototyping machine, and a traditional
professional machine. Two separate data sets are used for this, both of which were acquired
using terrestrial laser scanning. Both of the machines were able to produce complex and
highly detailed geometries in plastic material from models based on terrestrial laser
scanning. The dimensional accuracies and detail levels of the machines were comparable,
and the physical artifacts caused by the fused deposition modeling (FDM) technique used
in the rapid prototyping machines could be found in both models. The accuracy of
terrestrial laser scanning exceeded the requirements for manufacturing physical models of
large statues and building segments at a 1:40 scale.
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1. Introduction

Several applications in the fields of urban planning, construction, and cultural heritage require
models that are at the same time accurate, visually pleasing, and easy to study, especially if the models
are used for presentation and exhibition purposes.

Rapid prototyping (RP) techniques make it possible to easily manufacture physical models based on
digital 3D models, meaning that model building is no longer a time-consuming, manual process.
With RP, model making becomes an interesting and accessible tool for illustration [1,2]. RP techniques
can be divided into additive and subtractive techniques, even though some authors only include
additive techniques in RP [3]. With additive manufacturing techniques, such as stereolithography
(SLA), the model is manufactured by adding material in layers [4]. Machining techniques, like milling,
are subtractive techniques: The manufactured object is made by removing material from a block with a
tool [5]. RP is widely used in industrial design, usually for making physical models [3]. In engineering,
RP techniques have been used, e.g., in manufacturing tooling for sheet metal forming [6]. In addition,
models made with RP have been used to validate simulation results [7] and visualize data obtained
from Geographic Information Systems (GIS) [8]. To utilize RP, a triangle mesh model of the object is
required [9]. This mesh model has to unambiguously define the internal volume of the object, so its
surface has to be free of any holes. In design applications, this is created by tessellation from a CAD
model. The resulting mesh model is sliced to determine the parallel horizontal cross sections of the
model [9]. Based on these cross sections, the path that the machine is using in fabrication is calculated,
typically this is referred to as a toolpath.

Additive manufacturing techniques used for RP include, for example, SLA, selective laser
sintering (SLS), laminated object manufacturing (LOM), 3D printing and fused deposition modeling
(FDM) [4,9,10]. In SLA, a directed laser beam is used to cure photo-curable resin, manufacturing the
object in layers [4,9]. In LOM, the object is made by cutting and gluing layers of sheet material [4,9].
In 3D printing, a powder material is selectively bound with glue by an inkjet, forming the object in
layers [4,9]. Fused deposition modeling (FDM) is one of the most common additive manufacturing
techniques used in RP. With FDM, a heated thermoplastic material is extruded and used to build the
model in layers (Figure 1) (e.g., see [4,9]). One of the advantages of FDM technology is that the
machines can be used in a regular office environment, unlike for example SLA machines, where
hazardous resins are used [10]. A disadvantage of FDM technology is that models require support
structures during the manufacturing process, which have to be removed afterwards [10], in addition
it cannot be used for manufacturing objects from metal materials. Typical build layer thicknesses for
FDM range from 0.05 mm to 0.25 mm, producing a surface roughness of 56.6 um Ra to 17.9 jun Ra,
depending on the angle of the surface built [10]. The dimensional accuracy of a FDM print was
found to be low compared to other RP methods, resulting in average linear dimensional accuracy of
95.3 percent [10].
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In recent years, there has been a major change in the market of FDM machines. There are currently
several, quite affordable, FDM machines available. Many of them are based on open-source projects.
This has made RP equipment more accessible than ever before. The performance of one of these
affordable RP machines has been studied by Pei et al. [11], who refer to these machines as Entry Level
Rapid Prototyping (ELRP) machines. Typically, these machines use acrylonitrile butadiene styrene
(ABS) or polylactic acid (PLA) as printing materials [12-16], ABS requiring a higher extrusion
temperature [12]. Some of the models are capable of using two materials in the same print, to produce
multi-colored models [12,13], while many only use one material at a time [14-16]. The build envelope
of ELRP machines is dependent on the specific model, but typical values range from 100 mm by
100 mm by 125 mm [17] to 230 mm by 270 mm by 200 mm [12]. In addition to these ELRP machines
being sold, there are also numerous service providers in the market offering RP as a service over the
Internet (e.g., see [18,19]). When discussing RP by additive manufacturing, it has to be noted that
occasionally the term “3D printing” is used to refer to all additive RP technologies. In a similar way,
most RP machines are sometimes called “3D printers”, even if they are based on a different
technology, such as FDM.

Figure 1. The operating principle of Fused Deposition Modeling.

Matenal to be extruded

The extruder head
(moving on two axes)

>

C] , Model built in layers

i The building platform

(moving on one axis)

There are several different techniques for acquiring three-dimensional virtual models of the physical
environment, for example photogrammetry and laser scanning (LS). Both of these are used extensively
in the field of geo-information. Other methods also exist: A digital model can be created by measuring
the key points of the original using, for example, a tachymeter if the geometry is simple enough.
Existing drawings or plans can also be used in modeling, if they are available.

Photogrammetry is the technology of deriving 3D data, characteristics, and attributes from
2D images. Fraser [20], and Grin et al. [21], for example, have studied 3D modeling based on
terrestrial images. Studies related to 3D modeling based on image sequences have been done,
e.g., Bethmann et al. [22], and Cornelis et al. [23].

Static terrestrial laser scanning (TLS) can produce dense point clouds (up to hundreds of thousands
of pts/m? from a range of 10 m). A specific TLS instrument has been demonstrated to reach an
accuracy of 8 mm (in 92% of tests, 4 mm) or better in ranges of 10 m to 50 m [24]. By combining
several scans, a larger point cloud can be created for the target [25]. TLS makes it possible to survey
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built environments with great accuracy, great precision, and high spatial data intensity [26]. Studies by,
for example, Arayici [26], Buckley et al. [27], Pu [28], and Pu and Vosselman [29], present
approaches on how to use 3D modeling with TLS.

Mobile laser scanning (MLS) is an emerging technique, in which a laser scanning system is
mounted on a vehicle. The vehicle might be, for example, a car or a boat and the measurements are
made while the platform is moving. Global Navigation Satellite System (GNSS) and Inertia
Measurement Units (IMU) are used for positioning and orienting the scanner. There have been several
recent studies on MLS systems and their accuracy, as well as on environmental modeling done with
MLS [30,31]. A relative accuracy of 10 mm or less has been reached with the Lynx Mobile Mapper
system [32], making it possible to survey large areas with a very high detail level.

Point clouds obtained using laser scanning techniques are typically very large in size and contain up
to hundreds of millions of points. Processing them requires computational resources and can also be
rather time consuming [33]. Typical problems encountered when working with point clouds include
gaps in the data caused by obstructions in the target and environment and varying point density in the
data set (Figure 2).

Figure 2. The operating principle of Terrestrial Laser Scanning.
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By combining 3D digitizing techniques with RP, physical models of the environment and artifacts
can easily be made. The use of RP techniques also has the benefit that copies of the same model can
easily be made [34]. These models have been used, for example, as demonstration and reconstruction
models in archaeology [4,35,36], for making replicas of objects for museum purposes or preserving
original artifacts [4,37], and as tactile models that make it possible for visually impaired users to study
various targets [4,34,38]. These models can be made in either real size or to scale [4]. RP techniques
can also be used to produce more sophisticated presentation models. With the use of color, more data
can be included in the physical models. In a similar manner, three-dimensional legends can be added
to help interpret the model [39]. The physical model can also be made from other data than just the
three-dimensional geometry of a physical original; this approach has been presented by Rase [8,39] for
visualizing data from geo-information systems.

Mesh models created by triangulating point clouds can also be used for RP. Some editing of the
models is usually required to achieve a hole-free mesh model from 3D digitizing. The editing process
can include stitching the scanned surfaces together, fixing of individual triangulation errors, filling
holes in surface, and possibly splitting the model to be manufactured in pieces [4,5]. This editing can
be performed with the Geomagic Studio software, for example [5]. This strategy was employed by
Tucci et al. [5] to create sculpture replicas. In their case, the mesh model generation and editing
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processes were performed using Geomagic Studio software. Models created with this method [5]
reflect the original, 3D digitized targets quite closely, and they also include any possible surface errors,
like dents, scratches, or other geometric defects from them if no additional mesh editing is performed.

ELRP machines have generated a certain amount of interest, and they increase the utilization of RP.
In this study, we will test whether one of these ELRP machines based on FDM technology can be used
to visualize the complex models produced by TLS. Based on the existing research, we can assume that
this is possible with professional hardware [4,35,36], but not much research exists on the use of ELRP
machines. Using the point clouds acquired with TLS, we will create the three-dimensional mesh
models by triangulation. After this, we edit the mesh models to attain hole free models that can be used
in RP. In addition, we aim to gain practical experience with using an ELRP machine. To compare the
workflow and the quality of the results, we present two cases. In the first case, we utilize an older,
professional-quality RP machine and in the second case we use a new ELRP machine. In both cases,
TLS is used to acquire the models to be manufactured.

2. Cases
2.1. Segment of Fagde from Granqvist’s Building

The fagade of the Gronqvist’s building, which is in the Neo-Renaissance style (Figure 3), is said to be
one of the most complex facde in the city of Helsinki, Finland. We used a Leica HDS6100 terrestrial
laser scanner to measure the facgde. The HDS6100 is a 690 nm, phase-based, continuous-wave
laser scanner with a 360°> 310 “field of view. The distance measurement accuracy for it is 22 mm at a
distance of 25 m. The circular beam diameter at the exit and the beam divergence are 3 mm and 0.22 mrad,
respectively. In the “High” resolution setting, the HDS6100 produces a point spacing of 6 mm on an
orthogonal target at 10 m distance from the scanner. With the “Super high” setting, the corresponding
spacing is 3 mm. In total, the facade was measured from four separate TLS scanning positions. Three
of the measurements were done using the “High” resolution setting, and one with the “Super high”
setting, producing a higher point density. All measurements were taken with the instrument mounted
on a tripod, from the street level. TLS measurements were collected in the multiscan mode and the
objective of the measurements was to obtain the best possible point coverage for the target. The
reference targets were placed around the study area for point cloud registration. The TLS point clouds
were co-registered using sphere reference targets, with the Leica Cyclone software. The resulting
average overlap errors for the four scans were: 0.012 m, 0.007 m, and 0.011 m. In total, 364 million
points were measured from the area. The fagade was separated from the data set; it contained
46 million points.

For creating a mesh model from the point cloud Geomagic Studio 11 was used. The selected area of
the fagde was segmented using the combined point clouds of the fagde (shown in Figure 3).
The excess points were removed by manual selection, including the surface of the sidewalk along the
lower edge of the facgde, which was also visible during the scanning. In total, 2,119,631 points were
used for the triangulation. The triangulation was performed with the *Wrap” function, during which
noise reduction was performed with the “Medium” setting. The density of the polygon mesh was
reduced with the “Decimate” function. After this, the gaps remaining in the mesh were filled using the
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“Fill holes” tool (Figure 4). The filling was performed manually, hole by hole, using the “Curvature”
type fill. This was the most laborious part of the process. Finally, the model was edited to a solid mesh
model by extruding the mesh edges and adding a straight back surface to the model (Figure 3.).
A similar procedure was carried out for the visible windows in the doors in the data set.

Figure 3. (a) The fagde of the building; (b) the obtained point cloud; (c) the completed
mesh model.

]

2.2. Statue at the University of Turku Campus

The “Three Witty Men” statue was made by the sculptor Harry Kivij&vi in 1968. It is located at the
University of Turku. The statue was digitized (Figure 5a) as a part of a larger survey project, which
covered most of the main buildings on campus. We scanned the statue using the same instrument as in
the first case. A larger number of terrestrial laser scans were taken from the area, two of which were
used to model the statue (Figure 5b). They were taken with the same “High” resolution setting as in the
first case. In total, they consisted of 57 million points. Three spherical reference targets were placed
around the statue for point cloud registration. The point clouds were co-registered with the Z + F
software, with the resulting average error being 0.012 m. The Figure 5b provides an overview of the
measured area from a top projection in the vicinity of the statue.
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Figure 5. (a) Laser scanning the statue; (b) top view of the area showing the scanning positions.

The 3D mesh model of the statue was built from two TLS point clouds, using again Geomagic
Studio 11 software. A total of 1.3 million points were used for the modeling. Points not belonging to
the target were removed manually and the point clouds were filtered to remove the outlying points,
using the “Select outliers” tool. After further segmentation, 1,040,824 points were used for
triangulation. Noise reduction was applied during the triangulation process, as in the first case.
The resulting triangle meshes were combined, and surface editing tools were used to fill holes
remaining in the mesh (Figure 6). During this process, the upper surface of the pedestal of the statue
had to be modeled based on the edges of the pedestal as it was not visible in the terrestrial laser scans.
This was done with the “Fill holes” tool, using the “Flat” fill type and selecting the edges of the mesh
in segments. The gaps in the sides of the figures also had to be filled this way, using the “Curvature”
fill type of the “Fill holes” tool. This editing process was, again, the most laborious part of the process.

Figure 6. (a) The triangulated point clouds colored according to normal direction, with
outside facing normals marked in blue; (b) Constructing a surface to the top of the
pedestal. Segments of mesh edges have been selected, and the new surface to be created is
marked in red; (c) The mesh after editing.

3. Evaluation Methods

Since we will discuss both our experiences with two different RP machines, and the quality of the
results achieved with them, we have chosen to evaluate the original data sets, the manufacturing
process, and the completed models (Figure 7).
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Figure 7. Workflow (a); and evaluation steps (b).
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3.1. Evaluating the Mesh Models

We chose to perform a set of comparisons since we had used two different data sets. We did
this to identify potential differences in the mesh models that could affect our comparison of the
two machines. For the algorithmic evaluation of the complexity of the 3D mesh models, we used
methods introduced by Valentan et al. [40]. These methods are extremely simple, and, therefore, they
may not always produce accurate results [40]. We began by making an extremely simple estimation,
where complexity (C,) is described by the amount of triangle facets (n) in the model:

Ci=n (1)

For the second method, we calculated the ratio between the model volume (v) and number of triangle
facets in the mesh (n):

G =— (2)

C3=— ©)
3.2. Evaluating the Rapid Prototyping Process

To evaluate the two different RP machines, we mapped the process steps in both cases.
By identifying any possible extra steps in the manufacturing process caused by differences in the
equipment, we were able to compare the usability and utility of these machines in practice. In an
optimal situation, the RP should be a one-step process, where the model is made without any
preliminary steps and no modification of the model is required after manufacturing. In practice, there
are typically some finishing steps after RP with FDM technology, for example removing support
material from the model [4].

3.3. Evaluation the Completed Models

To evaluate the visual quality of the physical models, we identified possible surface errors and other
three-dimensional artifacts caused by the RP machines. These artifacts may have included visible
steps, extra shapes, or gaps in the model. To document the artifacts, we used digital macro photography
with a Nikon D800E DSLR camera, which had a sensor resolution of 7360 %4912 pixels, a physical
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sensor size of 35.9 <24 mm, and a macro-lens with a focal length of 105 mm and an aperture value of
F 4.92 when producing a maximum reproduction ratio of 1:1. We photographed the physical models in
artificial lighting, using an exposure time of 1/100 s and an aperture of F 10.0. In an optimal case, the
model should be as close to the original mesh model as possible, and, therefore, it should not be
possible to observe the artifacts.

To evaluate the accuracy of the models when compared to the original mesh models used for
calculating the toolpaths, we 3D-digitized the models and compared the original mesh model to the
scanned surface of the model made with the RP machine. We used a Konica Minolta Vivid 9i 3D laser
scanner to 3D digitize the physical models. The scanner is based on laser triangulation. It projects a
moving stripe of monochromatic light on the object being scanned, via a galvano mirror. The
deformation of the projected stripe is captured by the devices’ internal camera, having an 8.46 mm
CCD sensor with 340,000 pixels. The cameras image can also be used to capture the texture of the
object being scanned. Lenses of different focal lengths can be used with the devices’ camera to change
the size of the measured area. The accuracy of digitizing is £0.05 mm when using a f = 25 mm lens at
a distance of 0.6 m, the measuring area being 111 mm by 83 mm. Before scanning, the device is
calibrated using the field calibration system. To facilitate scanning, a rotating stage platform can be
used to automatically rotate the object being scanned.

4. Results
4.1. Segment of Fagade from Grongvist’s Building

We manufactured the model of the fagade segment out of white ABS plastic using an older,
professional-quality RP machine (Table 1). We calculated the toolpaths using the manufacturer’s
software suite. We built the model using support structures, which were removed via an ultra-sonic
cleaner afterwards. After this, the model was painted since the white color of the material made it
difficult to study the surface geometry in detail.

Table 1. Specifications of the rapid prototyping machines used.

Case Grangvist’s Building Gréngvist’s Building Statue

Manufacturer Stratasys Ultimaker Ultimaker

Model Prodigy Plus Ultimaker Kit (BETA) Ultimaker Kit (BETA)
Build envelope size 203 %203 <305 mm 210 <210 <220 mm 210 <210 %220 mm
Build material used ABS plastic PLA plastic (white) PLA plastic (metallic gray)
Software used to Stratasys Insight Netfabb Studio Basic Cura 12.08

generate toolpaths for Ultimaker 4.9

Layer thickness 0.245 mm 0.150 mm 0.200 mm

used in manufacturing

Software used Geomagic Studio 11, Geomagic Studio 11, Geomagic Studio 11,
in mesh modeling 64 Bit Edition 64 Bit Edition 64 Bit Edition

Total amount of 1,322,068 1,322,068 2,224,986

facets in mesh model
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The same mesh model was also used to manufacture the model with an Ultimaker ELRP machine
from white PLA material. Netfabb Studio for Ultimaker 4.9 was used to calculate the toolpaths.
The model was built with the backside down, resulting in a relief-like geometry that did not require
support structures. After the manufacturing, extra threads of the plastic material, and a platform shape
left by the machine were removed manually (Figure 8). No further finishing of the model
was performed.

4.2. Statue at the University of Turku Campus

We made the model out of PLA plastic material using an ELRP machine (Table 1). We created
toolpaths using open-source software. Since the ELRP machine being used only supported
manufacturing with one material at the time, meaning that it was not possible to make dissolvable
support structures, we decided to split the 3D model into two components before manufacturing.
By splitting the model along the pedestal of the statue, both of the pieces were relatively relief like and
possible to manufacture without support structures. Figure 9a shows the segmentation of the model.
We made the upper part and the lower part of the model separately, with the lower part (in blue color)
being manufactured upside down (Figure 9). After RP, both parts of the model were finished manually
with a knife, removing all material not belonging to the model, such as extra threads of plastic left by
the ELRP machine. Once completed, the pieces were joined with glue. No further finishing was
applied to the model’s surface.

Figure 8. The model before (a) and after (b) manual cleaning, with detail images (c,d).
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Figure 9. (a) Both parts of the completed mesh model, with the lower part shown in blue,
(b) the top part of the model in the ELRP machine; (c) and the completed physical model.

4.3. Analyzing the Data Sets Used

Since both models were made to scale, we calculated the ratios mentioned in the scales at which
they were made. The results (Table 2) are difficult to interpret, but not conflicting. Both the C; and C,
are lower in the statue data set, indicating a higher level of complexity for both calculation methods.
This reflects the shape of the models, where the fagade segment is more a single body volume and the
statue model consists of more separate, but connected, volumes.

The number of triangles in the mesh is independent of the scale of the model. Valentan et al. [40]
considered a model with roughly 500,000 facets complex, where simple meshes only contained several
hundred triangles. Compared to this, both of our models were extremely complex, even though they
were considerably different in terms of the number of triangles. This reflects the complexity of the
mesh models obtained with TLS.

Table 2. Dimensions, scales and calculated complexity indexes of the created models.

Parameter Statue Mesh Model  Fagade Segment Mesh Model
Bounding box (mm) 54 %188 <107 99 x119 x55
Scale (to real measured target) 1:40 1:40
Amount of triangles in mesh 2,224,986 1,322,068
Mesh surface area (mmz) 30,157.2 47,762.6
Mesh volume (mm?®) 145,749.0 355,536.2
C,=v/n 0.066 0.437
C;=vl/a 4.833 7.444

4.4. Analyzing the RP Process

As we studied the processes for making the physical models (Figure 10), it became apparent that
the process was most complex in the case of the statue model. The steps used for data acquisition and
mesh modeling were similar. In all cases, the models were edited to fill holes in the mesh. After the
mesh model had been completed, the processes were different. Since we had decided to manufacture
the statue model in two segments, we needed to include an extra modeling step, in which the model
was segmented and solid mesh models were created from each segment. After this, we made the model
in two pieces, which were finished manually and then joined. This would not have been necessary with
the professional machine that supported the creation of support material removable by ultra-sonic
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cleaner. The differences in geometry therefore placed some restrictions on the way in which the model
was manufactured when using the ELRP machine. As the geometry of the fagade segment model was
different, and permitted the manufacturing without support structures, it was possible to manufacture
the model with the ELRP machine without segmentation. With the facade segment model manufactured
with the professional machine, we decided to paint the model to achieve a better definition of shape via
light and shadow in the final model.

4.5. Analyzing the Completed Models

When looking at the machine-induced artifacts, the models are quite similar. Layers, a step pattern,
and over extrusion, and holes can be seen in all models (Table 3). These perhaps characterize the FDM
as a technique. The lack of supporting material and the less controllable extrusion of the ELRP
machine are visible as gaps in the layers, and some hanging layers are visible in the statue model
(Figure 11). The gluing seam is clearly visible in the statue model because of slight warping of the
models. In terms of accuracy and surface quality, the differences were not significant. A modern ELRP
machine based on FDM could, in our experiments, reach the same degree of visually evaluated surface
quality as an older, professional-quality machine. The smaller layer height used in the ELRP machine
in these tests rendered the ELRP machines’ layers less visible.

Figure 10. Comparison of rapid prototyping processes at different stages: (a) TLS stage;
(b) Modeling stage; (c) Rapid prototyping stage; and (d) Finishing stage.
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Table 3. Visible artifacts caused by rapid prototyping (RP) machines found in the models.

Fagde Segment Model Fagde Segment Model

Type of Artifact (Stratasys Prodigy Plus) (Ultimaker BETA) Statue Model
Visible layers X X X
Step pattern X X X
Hanging layers X
Gaps in layers X X
Over/under extrusion X X X
Seam X
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Figure 11. Different artifacts caused by RP machines: (a) Seam; (b) Hanging layers;
(c) Visible layers; (d) Gaps in layers; () Over/under extrusion; (f) Step pattern.

To verify the dimensional accuracy of the manufactured models, we 3D digitized all models using
the specified Konica-Minolta Vivid i9, non-contact digitizer. In all cases, we digitized the models
in 12 segments, with the object rotated 30 degrees between scan positions around the Z-axis (height).
All models were digitized using the f = 14 mm lens. The scanning was performed using the
Konica Minolta Polygon Editing Tools software, which triangulates the scans directly after scanning.
The individual scanned mesh surfaces were then exported in stl format. The scans were registered in
Geomagic Qualify 11 software using the “Global Registration” tool. The average distances between
scans were 0.11 mm with the standard deviation of 0.17 mm in the fagade model case manufactured
with the Stratasys Prodigy machine, 0.08 mm and 0.14 mm for the same model manufactured with the
Ultimaker, and 0.12 mm and 0.25 mm for the statue model. The scans were combined with the
“Merge” tool, after which the resulting mesh models were used in the deviation analysis.

The models were co-registered with the original mesh model that was used in toolpath calculation
using the “Global Registration” tool. In the fagade segment model manufactured with the Prodigy Plus
machine, the average distance was 0.43 mm and standard deviation 0.31 mm. In the facde segment
model manufactured with the Ultimaker the corresponding values were 0.25 mm and 0.26 mm.
In the Statue model case, the average distance was 0.33 mm and the standard deviation 0.28 mm.
The calculated 3D deviations are in Table 4.

Table 4. 3D Deviations.

Fagde Segment Fagde Segment
(Prodigy Plus) (Ultimaker BETA)
Standard deviation 0.35 mm 0.42 mm 0.36 mm
Average deviation (+/-)  +0.19/~0.36 mm +0.51/-0.28 mm +0.25/-0.23 mm

Model Statue
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Figure 12. Deviation analysis and scatter of the Facgde segment model (Stratasys Prodigy Plus).
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Looking at the results of deviation analysis (Table 4), the standard deviation was largest in the
Fagde segment model manufactured with the older, professional FDM machine. The visualized
results (Figure 12), and the high positive average deviation confirm this. The model is too large.
This is most likely caused by the manufacturer’s toolpath calculation software scaling the model
slightly to make it possible to sand the FDM layer steps away without causing a considerable error in
the final measurement. We did not perform this sanding, and it is visible in the results. The scattering
of deviations is less even, and observed deviations are larger in the fagde segment model
manufactured with the ELRP machine (Figure 13). This indicates more variation in model details,
caused by FDM surface errors, such as over- and under extrusion. Looking at the positive and negative
average deviations, and the scattering of deviations, the scale of the model is more correct in this
model, than in the one manufactured with the older professional machine.

Figure 13. Deviation analysis and scatter of the Fagade segment model (Ultimaker).

Location of observed point on Y-axis (heigth)

Deviation (mm)
10

The deviation scatter of the statue reveals, first, a slight misalignment of the two glued components.
In Figure 14, we can see how the top part of the pedestal is just a bit too much on the left. The seam is
also visible. The higher deviations in the left-most figure in the statue were caused by the model being
damaged during storage and transport. The figure is not completely attached to the pedestal. This can
also be observed in the deviation scatter, the deviations of the figure increasing with height.
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The average deviations may indicate the model being slightly too small, this can also be observed in
the deviation scatter.

Figure 14. Deviation analysis and scatter of the Statue model.

Location of observed point on Y-axis (heigth)

Deviation (mm)
-8 -6 4 -2 0 2 4 6

5. Discussion and Conclusions

Recent developments in terms of the affordability of FDM machines have changed the field of RP.
With the emergence of ELRP machines, RP has become more available to users than ever before.
In this paper, we looked at how RP technology is currently being used, namely FDM, to manufacture
physical models from three-dimensional data sets obtained with TLS.

We tested RP with two different laser-scanned data sets and two different RP machines, both based
on FDM technology. A traditional, professional-quality RP machine was used in the first case. In the
second case, the model was manufactured with an ELRP machine.

The data sets were different in terms of their algorithmic and perceived complexity. The complexity
of the statue data set was significantly greater with all of the estimation methods used: It had a 68%
higher triangle count and its complexity indexes were only 15% and 64% of the complexity indexes
for the fagade segment data set, indicating a higher degree of complexity.

It was possible to manufacture the models in both cases, but in the statue model case the model had
to be made in two parts. This was because the ELRP machine was unable to create removable support
structures for the object during the manufacturing process, and unsupported shapes could therefore
not be made. The process of splitting the model of the statue before manufacturing illustrated the
trade-offs that become necessary when utilizing ELRP machines. The other alternative method would
have involved making manually removable support structures from the same material as the model.
In this case, the professional-quality RP machine offered a higher degree of geometric freedom during
manufacturing. Evaluating the manufacturability of solid mesh models is clearly dependent on the
chosen RP technology and its characteristics as well as the model’s geometry. The complexity of the
model does not necessarily affect the ability to manufacture it with an RP machine. More attention had
to be paid to the orientation and geometric properties of the model when manufacturing it with the
ELRP machine. This highlights the need for obtaining more experience in using ELRP machines.
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Because it was possible to remove the support material with an ultra-sonic cleaner used in the
professional-quality machine, there was less manual work in finishing the model manufactured with it.
All models have visible artifacts caused by the RP manufacturing technology. More of these artifacts
can be found in the models made with the ELRP machine. However, the results that we obtained with
a single ELRP machine cannot be generalized to all ELRP machines, since there are several different
models available. Some of them, for example, have a dual extrusion system, enabling the extrusion of
removable support structures.

Looking at the accuracy of models, the data acquisition can be performed by TLS with the accuracy
of a few mm. With the Leica HDS6100 the ranging accuracy is reported by manufacture to be 2 mm.
In addition to the instruments accuracy, the co-registering of point clouds affects the accuracy of the
data set obtained. In our cases, the largest co-registration average overlap error of two scans was found to
be 12.46 mm. In a model made to scale of 1:40, this creates an error of roughly 14 mm/40 = 0.35 mm
in the final model. The deviations caused to the models by the manufacturing were similar or larger,
ranging from 0.35 mm to 0.42 mm. The accuracy of the 3D digitizing instrument used in measuring
models was #0.05 mm, as reported by the manufacturer. In the 1:40 scale used, the errors caused by
the TLS are comparable or smaller than the observed errors of FDM manufacturing, making TLS a
well-suited method for acquiring virtual models that can be used to manufacture physical
representations. The FDM machines could be used to create illustrative models, with a few centimeters
accuracy in targets’ real world size.

Since a single material RP machine was used in both cases, the physical models produced were
mono-colored. Colored physical models could have been made by using a different RP technique [34],
such as powder-based devices (e.g., [41]). However, it would have been necessary to acquire texture
images from the digitized targets to obtain color information. In our case, only the laser intensities
were recorded.

One alternative to buying and operating ELRP machines is to subcontract. There are service
providers offering RP over the Internet that use different additive manufacturing technologies [18,19].
The choice between using subcontractors versus owning and operating the machines is a difficult one.
When using a service provider, all of the setup work and machine maintenance work are also
subcontracted. Neither, does the client have to spend time manufacturing the model. On the other hand,
the delivery times need to be taken into the account and price of the models is higher. In “one-off”
models, using service providers is an interesting option. If RP becomes more commonly used as an
illustration tool in the projects, the decision will be more difficult. In both of our cases, the file size of
the models was too large to be easily ordered from these services.

Successfully using RP technologies to visualize complex, three-dimensional models have been
studied by many authors. The technologies have been used to visualize geometrically complicated
objects [4,34]. In some cases, the original targets have been documented using TLS [4]. Clearly,
RP machines can be used to visualize three-dimensional models produced with TLS. However, the
process of using RP machines is often not documented, making it impossible to estimate how easy it
actually is to use the techniques [4,34]. In addition, there is very little research on using ELRP
machines in this manner; in most reported cases, professional-quality machines have been used. It was
fascinating to see that a modern, affordable RP machine could achieve the same surface quality
and level of detail as a traditional professional machine. New 3D-digitizing methods, such as
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backpack-based MLS [42], make it possible to efficiently survey large and geometrically complicated
outdoor and indoor environments. New presentation methods are needed to communicate the measured
results in a simple manner. ELRP machines offer an interesting possibility for doing so in this
particular field. With the price of machinery such as this being quite low already, we expect to see an
increase in the use of RP-made models in a variety of purposes, including the visualization of 3D
models obtained via 3D-digitizing methods.
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