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Abstract: By combining additive manufacturing with
3D measurement techniques, tailored production work-
flows that include the digitizing of existing components,
computer-aided design, and tool-free manufacturing of
the customized parts can be envisioned, potentially reduc-
ing the costs of mass customization. The introduction of
affordable depth cameras has greatly increased the con-
sumer availability of 3D measuring. We present the ap-
plication of an affordable depth camera for the 3D digi-
tizing of existing components, the utilization of the pro-
duced data in the design process, and finally, the produc-
tion of the designed component with additive manufactur-
ing. The capabilities of the affordable depth camera system
are evaluated by comparing itwith photogrammetric 3D re-
construction, revealing issues in smaller geometric details
and sharp edges.

Keywords: 3D scanning,mass customization, reverse engi-
neering, additive manufacturing

1 Introduction
Mass production remains the dominant way of producing
consumer goods. The reason is the significant economies
of scale that arise when producing large quantities using

*Corresponding Author: Juho-Pekka Virtanen: Department of
Built Environment, Aalto University School of Engineering. Otakaari
4, 02150, Espoo, Finland; Finnish Geospatial Research Institute FGI,
National Land Survey of Finland. Geodeetinrinne 2, 02430, Masala,
Finland; Email: juho-pekka.virtanen@aalto.fi
Kim-Niklas Antin: Department of Mechanical Engineering, Aalto
University School of Engineering. Sähkömiehentie 3, 02150, Espoo,
Finland; Email: kim-niklas.antin@aalto.fi
Matti Kurkela: Department of Built Environment, Aalto University
School of Engineering. Otakaari 4, 02150, Espoo, Finland; Email:
matti.kurkela@aalto.fi
Hannu Hyyppä: Department of Built Environment, Aalto University
School of Engineering. Otakaari 4, 02150, Espoo, Finland; Email:
hannu.hyyppa@aalto.fi

dedicated tooling and machinery. Dedicated equipment
also implies that changes to the product become labori-
ous and expensive. Producers may resort to modular de-
signs where different interchangeable parts are used in
the final assembly to create product variants. If the assem-
blies are made to order, it is possible for the consumer to
choose from a list of options. Well-known examples of this
approach are cars and computers. This selection of ready-
made options is often called mass customization, but it
should be noted that the components of the assembly are
already produced and cannot be changed. Variations are
only possible in the assembly, and there they are limited
by the availability of components. Genuinely tailored pro-
duction is expensive as the design and tooling phases use
a lot of resources [1]. This has, to date, kept the volumes of
tailored production fairly low.

Additive manufacturing (AM) requires no tooling and
therefore design changes do not lead to additional costs in
the manufacturing process itself [2]. While there are costs
related to generating new toolpaths and tweaking process
parameters for new designs, they remain low compared
to the cost of tooling. Further, the emergence of afford-
able AM equipment, utilizing fused filament fabrication
(FFF), has made AM highly accessible [3]. Affordable sys-
tems have been found to produce results comparable with
those of professional-grade systems [4]. However, design-
ingnewparts for each customer is time-consuming.Hence,
customized products may be priced outside the reach of
the masses, even with affordable AM. Wider realization of
mass-customized manufacturing requires further automa-
tion of the design process. Parametric computer-aided de-
sign (CAD) is a good solution for stand-alone products,
but reverse engineering is needed if the part interfaces
with third-party products. Three-dimensional scanning al-
lows reverting existing shapes into digital form and sub-
sequently manipulating them to give the needed geome-
try data for production by AM [5]. Not only do AM and 3D
scanning potentially make mass customization faster, but
the required equipment and software have come down to a
price level that makes it possible for consumers and small
businesses to produce parts for themselves or for others in
small volumes [6].
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The 3D measuring of objects’ geometry has been ac-
complished with a variety of methods, including image-
based 3D reconstruction [7], time-of-flight ranging with
laser light, or triangulation using either laser or visible
light (see, e.g., [8–10]). Triangulating measurement with
a visible light-projected pattern is often called structured
light [10]. The use of 3D scanning has been studied over
a wide area of applications, including archaeology and
cultural heritage preservation [9–11], sports [12], foren-
sics [13], and healthcare [14].

A depth camera involves active 3D imaging sensor
technology, characteristically capable of high measure-
ment rates, producing several tens of imageswith depth in-
formation per second. Typically, depth cameras utilize ei-
ther the time-of-flight principlewith an imaging sensor [15]
or the structured light principle with a projected light pat-
tern [16]. Following the introduction of Microsoft Kinect,
depth cameras became available for consumers. This also
stimulated a large amount of research on their application
in robotics [17, 18], indoor mapping [19], and 3D object
scanning [20].

After Kinect, mobile depth cameras (such as Structure
Sensor [21]) and fully integrated systems (such as Google
Tango; see, e.g., [22]) have been released on the market.
These devices operate in conjunction with smartphones
or tablet computers, thus increasing their mobility. Often,
they are accompanied by dedicated software running on
the smart mobile device, creating a highly mobile, easy-
to-use system. To some extent they are already targeted
towards consumers, unlike most commercial 3D scanners,
which are more applied for specific professional purposes
due to their price (see, e.g., [20]). In the relevant literature,
experiments performed with these affordable systems [22–
24] have been presented, but actual case examples of ap-
plying these systems are yet to be reported.

Our aim is to combine affordable 3D scanning, mesh
modeling, and AM in order to facilitate efficient customiza-
tion. The process is tested in a presented example case,
customizing an adapter component. We present the use
of use of an affordable depth camera sensor, mounted on
a tablet computer for the 3D digitizing of existing compo-
nents. The results of the 3D scanning are applied in mesh
modeling, producing the geometry of the customized com-
ponent that is finally produced with AM. To further eval-
uate the quality of data obtained with the affordable 3D
scanning instrument, a comparison against a dense pho-
togrammetric point cloud is presented.

The presented example case concerns customization
of sea chat plotter mounting adapters for jet-skis. Jet-ski
riders frequently want to retrofit sea chart plotters on their
jet skis. The mounting is usually done by cutting an open-

ing in the fairing or glove compartment hatch, which are
typically high-gloss injection-molded polycarbonate parts.
The sea chart plotters have prismatic shapes with a flat
screen whereas the fairings on jet skis are typically com-
plex double-curvature shapes. Therefore, an adapter is
needed between the two. There are several jet-ski manu-
facturerswithmultiplemodels thatmay differ between the
model years as well. Similarly, there are multiple chart-
plotter manufacturers with various models and various
screen sizes. Consequently, the number of possible com-
binations is large while the required production volumes
are relatively low. Nowadays, the adapters aremademanu-
ally by craftsmen, but the labor costs lead to a high-priced
product. Investing in expensive tooling for mass produc-
tion, such as injection molding, is not economically feasi-
ble. In contrast, the manufacturing costs using AM are not
dependent on the number of product variants. However,
AM requires a 3D model of the product. The model needs
to take into account the shape of the chart plotter and the
shape of the jet-ski fairing. The chart plotter is easily mod-
elled by taking a few measurements of the mounting sur-
face but the complex curvature of the fairing requires a
technology like 3D scanning for accurate reverse engineer-
ing.

The adapters are niché products that do not interest
the jet-ski manufacturers or the chart-plotter manufactur-
ers. However, there is a demand in the market for such
a product and the approach described here is used by
RD Physics Ltd. to design, produce, and sell chart-plotter
adapters. It shows that the technology allows agile start-
ups to enter the market with a small investment in equip-
ment. Large production facilities are no longer needed to
start selling a product like the chart-plotter adapter. Only
a small investment is required to get started with AM [6].

2 Materials and methods

2.1 The Structure depth camera sensor

The 3D digitizing of the jet-ski fairing component for re-
verse engineering was performed with the Structure sen-
sor [21] attached to an iPad tablet computer (Figure 1). The
Structure Sensor is a compact depth camera with a range
of 0.4 to 3.5 meters and an accuracy ranging from 0.5 mm
(at 40 cm) to 30 mm (at 3 m) [21]. The manufacturer’s soft-
ware was used for the scanning (by applying the “Prod-
uct scanning mode”) and for limiting the scanned area as
tightly as possible to the component being digitized. The
component was mounted on a small pedestal to simplify
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Figure 1: The Structure Sensor mounted on an iPad (a) and the user interface of the scanning application, showing the camera view overlaid
with the obtained mesh (b).

Figure 2: The applied scan setup showing the lightly coated fairing component on the pedestal (a) and the 3D mesh obtained with Structure
Sensor (b).

separation from the floor surface. As the part itself con-
tained relatively few features, natural rocks were placed
surrounding to object to provide additional image and ge-
ometric match points.

The scanning was first attempted with the object left
as it was. As the Structure Sensor was unable to reliably
pickup the surface of the artifact, itwas lightly coatedwith
white chalk powder prior to scanning. The same coating
and scan setup (Figure 2) was also used for the photogram-
metric reconstruction described later. The scan was pro-
cessed in the mobile device with the the Structure sensor
software. The resulting 3D mesh surface contained a total
of 24,489 vertices and 46,763 faces.

2.2 The application of parametric CAD and
mesh modeling for design

To facilitate an efficient design process, a mesh-based
workflow was revised for customizing the adapter com-
ponent for mounting the chart-plotter unit using the 3D
scanned surface of the fairing.

First, a template mesh of the adapter component was
produced via manual CAD modeling, based on the dimen-
sions of the flange in a 7” Simrad chart plotter. The flange
geometry is simply extruded in three dimensions to gener-
ate a solid volume on which the plotter can be attached.
Secondly, the geometry of the fairing is obtained, as de-
scribed, via 3D scanning.
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Figure 3: An overview of the mass customization process that combines 3D scanning, mesh modeling, and AM.

After this, the design of the customized component is
performed by a fusion of the template mesh model and
the 3D scan of the fairing surface using mesh modeling
in AutodeskMeshMixer [24] (Figure 3). The intersecting ge-
ometry is generated using the Boolean difference function
and the resulting mesh is saved. Finally, the edited mesh
is utilized in Simplify3D [26] for toolpath generation, after
which the AM can be performed to produce the final com-
ponent.

2.3 Photogrammetric reconstruction

In addition to 3D scanning, photogrammetric reconstruc-
tion of the fairing component was performed by utilizing
a conventional digital single-lens reflex camera, a Nikon
D810 camera with an AF-S Micro NIKKOR 60 mm f/2.8G
ED lens. The Nikon D810 has a 36.3 megapixel sensor with
pixel size of 4.88 µm. An aperture of f/32 was selected
for a sufficient depth of field. For optimal image quality,
the ISO sensitivity value of 100 was chosen. A relatively
small aperture causes a long exposure time. We used 2.5
s shutter speed and a tripod to avoid motion blur. To cap-
ture the highest quality image, we captured 14-bit NEF
images, which needed to be converted into the JPG for-
mat for post-processing. The lateral chromatic aberration
and vignetting were corrected in the conversion process.
The camera was pre-calibrated in order to obtain a high-
accuracy reconstruction.

Agisoft Photoscan (version 1.3.4) was applied for the
point cloud reconstruction of the top surface of the fairing
component, using a total of 26 images. When the image
alignment accuracy was set at its highest, the root-mean-
square error in re-projection was 0.319 pixels, with a max-
imum error of 5.64 pixels. The scale was determined by
measuring a handle component of the part using calibers.
With the “ultra high” quality and “aggressive” depth filter-

Figure 4: The completed dense point cloud from the photogrammet-
ric reconstruction.

ing settings, the reconstructed dense point cloud (Figure 4)
contained 40,457,070 points.

3 Results
With the presented methods, the stated design case was
carried out successfully. In addition, dense reference data
was obtained for the fairing component, facilitating perfor-
mance evaluation of the affordable 3D scanning system in
the presented case.

3.1 Mass customization via 3D scanning,
mesh modeling, and AM

The affordable depth camera was applied for the 3D digi-
tizing of the plastic fairing component of the jet ski in or-
der to form amesh surfacemodel. The presentedmodeling

Brought to you by | Aalto University
Authenticated

Download Date | 10/7/19 1:39 PM



454 | J.-P. Virtanen et al.

Figure 5: The adapter component template mesh (a), the utilization of the fairing mesh surface to trim the template mesh (b), and the final
edited part prior to toolpath computation (c).

Figure 6: The underside of the chart-plotter unit that is to be mounted (a). The adapter component had to match the flat underside of the
plotter flange to the curved surface of the fairing (b). The completed assembly (c).

process allowed the direct use of the mesh produced with
the iPad software of the Structure Sensor system, applying
the mesh of the fairing surface to trim the pre-made tem-
plate model (Figure 5). The resulting mesh representation
of the adapter component’s geometry was utilized in tool-
path computation, after which the final component was
producedwith AM. The completed piece is shownwith the
original fairing and the chart-plotter unit (Figure 6). Man-
ufacturing was performed using FFF with an Ultimaker 2+
[27].

3.2 An evaluation of the geometric accuracy
of a consumer-grade 3D scanner

The geometric accuracy of the mesh model obtained with
the Structure Sensor was assessed by comparing it against
a photogrammetric 3D point cloud. CloudCompare (ver-
sion 2.8.1) was used in processing the data sets and
performing the analysis. The comparison was performed
by first segmenting both data sets to remove partially
scanned surrounding structures and then roughly register-
ing the data sets that were to be compared bymanually ori-
enting them. After this, iterative closest point (ICP) was ap-

Figure 7: A comparison of the photogrammetric point cloud and
Structure Sensor mesh model colored according to absolute devia-
tion (in mm).

plied for fine-scale registration. After registration, a mesh-
to-cloud functionwas applied for evaluating the distances
between the Structure Sensormesh and the point cloud. In
analysis (Figure 7), a mean distance of 0.92 mmwas found
between the data sets, with the standard deviation being
2.64 mm.

The results showhow the strongly simplified Structure
Sensor mesh tends to produce corner-rounding artifacts,
which are visible in both comparisons. The smoothing al-
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Figure 8: A close-up of a cross section (a) of a marked position (b),
showing the photogrammetric point cloud (in black) overlaid with
the Structure Sensor mesh (in green).

gorithm also appears to inflict deviations in smooth sur-
faces near corner regions. On flatter surfaces, the strongly
smoothedmesh is better able to represent the actual shape.
The strong corner rounding is also apparent when looking
at co-registered cross sections (Figure 8).

4 Discussion
The presented case displays the potential of the emerg-
ing affordable and easy-to-use 3D sensors for performing
3D digitizing for mass customization. Both the equipment
and software applied are, in terms of costs, available for
smaller engineering and design companies, or even enthu-
siastic consumers. However, some requirements still apply
when using them in real-life cases. Firstly, the material of
the component being scanned proved, as such, difficult
to 3D digitize. This was solved by applying a removable
coating, but this still presents an extra step in the process.
Secondly, the smooth, fairly flat top surface of the com-
ponent being scanned was geometrically simple to repre-
sent as a mesh surface model and did not require a high
level of detail from the scanning system. Had the compo-
nent contained intricate details, the requirements for the
detail level of the 3D scanner and the modeling workflow
would have been much greater. Most likely, this would
have prevented the use of the affordable 3D scanning sys-
tem due to limitations in the detail level obtained. In such
a case, the use of macro photogrammetry (for reference
data) or a more capable 3D scanning instrument would
be required. Thirdly, even though the technology is highly
available for both consumers and professional users, the
need of know-how regarding the requirements of 3D dig-
itizing has not completely disappeared. In the presented
case, this is visible in the coating that needed to be used
and the scanning setup that was constructed. It is difficult
to estimate whether a user with no previous 3D scanning
experience would have coped with the same issues. In the
presented case, the scanningwas performed by users with

considerable previous experience with 3D scanning and
photogrammetry.

Looking at the performance comparison, the Struc-
ture Sensor’s low resolutionmesh showed deviations from
the photogrammetric point cloud. The deviations were,
in most cases, below 1 mm, correlating with the accu-
racy stated by the manufacturer. A larger issue was en-
countered near the small details and sharp corners of the
scanned piece, where the low mesh resolution combined
with the smoothing of artifacts caused more extreme devi-
ations. These also explain the high standard deviation of
2.64 mm. This indicates that the sensor should ideally not
be applied for digitizing small artifacts with sharp details.

The utilization of mesh models was a central enabler
in the presented process. As the toolpath generation for
AM ismost commonly accomplished fromamesh, ahigher-
level CAD representation is not required for AM. This al-
lowed the design of the customized adapter component to
be carried out as a Boolean operation of two mesh mod-
els, in turn enabling the utilization of a mesh produced di-
rectly with the Structure Sensor software. This avoided the
more complex reverse engineering process that is associ-
ated with producing a CAD representation (see, e.g., [28])
from 3D digitized data, which requires dedicated software
tools (see, e.g., [29]).

Several applications can be envisioned for the pre-
sented combination of affordable 3D-scanning,meshmod-
eling and AM. Similar adapter components might be man-
ufactured for other marine vehicles, or for the automotive
sector for installing third-party devices on vehicles. The
combination of reverse-engineering and affordable one-
off manufacturing might also find use in the manufactur-
ing industry for producing assembly jigs and machining
supports. For example, the automotive industry has been
utilizing AM for producing assembly aids to enhance pro-
ductivity [30]. Individually tailored support structures that
have to conform to existing, complex geometries might
also be applicable in the medical sector. An example of
utilizing 3D scanning with additive manufacturing for pro-
ducing individual arm splits is presented in [31].

As mentioned, the currently known drawbacks for
the proposed solution include the limitations of geomet-
ric accuracy and surface material compatibility encoun-
tered with affordable 3D scanners based on depth camera
technology. These systems might not be applicable with
smaller components, pieces that contain a high amount of
small details, or objects with high gloss surfaces. In addi-
tion to system performance, the operator experience has
an influence on the quality and completeness of models
obtained with hand held 3D scanners [20].
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Further, as the pieces are manufactured with FFF, the
limitations of existing FFFmachines apply. While in many
cases their build accuracy exceeds that of affordable 3D-
scanning [5, 32], they are limited in the size of the build
envelope, minimum wall thickness, and their ability to
support overhanging geometry in pieces to be manufac-
tured [5]. It is also worth to acknowledge, that the orienta-
tion of manufactured piece is significant in FFF, as the di-
mensional accuracy [32], mechanical strength [33] and sur-
face roughness [34] have been found to vary by build ori-
entation. Clearly, there are also know-how requirements
associated with utilizing FFF. On a practical level, afford-
able machines have also been reported to suffer from low
reliability [35].

The presented work conforms with existing research
literature concerning the use of affordable 3D-sensing
techniques, where such systems have been found to be po-
tentially applicable for various purposes [19, 23]. The com-
bination of near consumer 3D measuring, simple model-
ing workflows, and AM has potential for mass customiza-
tion in distributed manufacturing [3] and for empower-
ing users and hobbyists to carry out tasks that have tra-
ditionally been associated with professional product de-
velopment, binding it to notions of open innovation [36],
the involvement of the user in product development [37],
and the maker movement [38]. If applied on a wider scale,
these developments may affect manufacturing [3] and e-
commerce [39] in the future. A typology for potential fu-
ture users of consumer 3D printing includes the designers
of completely new pieces and users producing pieces that
connect to existing products [40]. Especially the later one
represents a significant future prospect for integration of
3D scanning and AM, as 3D scanning has the potential to
reduce the amount of work in designing such pieces. Fur-
ther, the design of new pieces may also occur by mixing
geometries of existing artifacts [41], potentially benefiting
from 3D scanning.

As hobbyists have adopted AM as fabrication method,
the need for 3Dmodels has become apparent. Major indus-
trial players have clearly acknowledged this potential mar-
ket, with Autodesk having acquired the building instruc-
tions website, Instructables [42] and 3D printer manufac-
turer Stratasys the CAD community website GrabCAD [43].
The 3D models used for AM have to be designed with CAD
software or downloaded from a repository (like GrabCAD).
The development of consumer-grade 3D scanners enables
a third way of obtaining the 3D model, as shown. This op-
tion has not yet gained popularity compared to the other
two routes, but is a potential future development direction.
As existing consumer depth cameras have shownpotential
for digitizing indoor environments [44], the development

of AM and integration with 3D scanningmay open new op-
portunities for customization in other sectors, such as con-
struction [45], as well.

5 Conclusions
AMtechniques allow for cost-effectivemass customization,
through significantly reduced tooling costs. The combined
application of 3D reconstruction andAM is potentially ben-
eficial for mass customization scenarios where the geom-
etry of existing components has to be followed. We have
shown a case where this combination proved to be feasi-
ble in producing a customized component.

With affordable depth cameras, 3D sensing has be-
come available for consumers and hobbyists. The results
presented here describe the performance of an inexpen-
sive 3D scanner. This information can be used to evaluate
whether or not such devices are sufficient for a particular
application. In the presented case, a highly affordable (re-
tail value: approx. $400) 3D scannerwas applied for the 3D
digitizing of a geometrically complex plastic part. The re-
sultingmeshmodel of the component’s top side, featuring
a complex dual curvature shape, was used in designing an
adapter component, which was finally manufactured with
AM technology.

When comparing the geometric reconstruction results
against a photogrammetric point cloud, the performance
limitations of the affordable, integrated depth camera sys-
tem were found to be most prominent in regard to sharp
corners and small geometric details. For smooth surfaces
with limited detail, the deviations remained below 1 mm.

The presented combination of 3D scanning with an af-
fordable instrument, mesh modeling, and AM proved fea-
sible for the customization of components with affordable
tools.
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