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Abstract

This study aims to evaluate the advantages and criticalities of applying additive manufacturing to produce climbing holds
replicating real rocky surfaces. A sample of a rocky surface has been reproduced with a budget-friendly 3D scanner exploit-
ing structured light and made in additive manufacturing. The methodology is designed to build a high-fidelity replica of
the rocky surface using only minor geometry modifications to convert a 2D triangulated surface into a 3D watertight model
optimised for additive manufacturing. In addition, the research uses a novel design and uncertainty estimation approach. The
proposed methodology proved capable of replicating a rocky sample with sub-millimetre accuracy, which is more realistic
than conventional screw-on plastic holds currently used in climbing gyms. The advantages can be addressed in terms of
customisation, manufacturing cost and time reduction that could lead to real outdoor climbing experiences in indoor envi-
ronments by coupling additive manufacturing techniques and reverse engineering (RE). However, operating the scanner in
a rocky environment and the considerable size of the climbing routes suggest that further research is needed to extend the
proposed methodology to real case studies. Further analysis should focus on selecting the best material and additive manu-

facturing technology to produce structural components for climbing environments.

Keywords Additive manufacturing - Reverse engineering - 3D scanning - Fused deposition modelling - Uncertainty

quantification - Climbing holds

1 Introduction

Opportunities for additive manufacturing (AM) have been
expanding rapidly in recent decades. AM is considered a
group of technologies that enable the rapid manufacture of
parts from 3D digital models by layering on new material
[1, 2]. AM is, therefore, developing into an effective alter-
native to conventional techniques. Indeed, AM has many
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benefits in literature, and its applications in aerospace [3],
automotive [4] and biomedical engineering [5] are growing.
The advantages of designs based on AM include a shorter
design-to-manufacturing time, customisation, the capacity to
manufacture complicated shapes in one piece and the ability
to mimic lightweight, bio-inspired structures [6]. Further-
more, due to the high degree of personalisation offered, AM
can also be leveraged to realise dedicated solutions to embed
Optical Fibre Sensors (OFS) into 3D printed structures for
Structural Health Monitoring (SHM) applications [7].
However, AM can also be utilised as the primary produc-
tion method in specific markets, such as jewellery, clothes
and sporting goods. In the latter case, sport is a field that
can significantly gain from the opportunities offered by
AM because it enables product customisation that precisely
matches the individual anatomy and performance needs of
individual athletes, potentially improving comfort, perfor-
mance and injury prevention [8]. A study published in the
scientific literature gathered vital data on the most popu-
lar sports in various parts of the world, emphasising those
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involving AM-related items [9]. These items have been bro-
ken down into three groups:

e Jtems that are necessary for the sport being played (such
as balls, bicycles and shoes);

e [Items that enhance comfort (such as soles);

e [tems that protect the participant (such as helmets and
shin guards).

One of the key findings from this study is that 38% of
the additively manufactured sports equipment examined
performs better than their conventional counterparts. The
report also emphasises the current good trend of choosing
AM as the primary manufacturing process. However, AM
technology needs significant financing to be promoted for
big batches of production; as a result, sports items made
using additive production are now highly personalised and
are primarily used by professional sportsmen.

Reverse engineering (RE), a group of approaches for
obtaining the 3D digital geometry of a physical item, is
frequently integrated with AM [10]. RE is usually used to
acquire, revise or improve the topology of the target item
using digital reconstruction. Helle and Lemu report the aver-
age accuracy of several RE technologies available in the
market [11]. 3D scanning is the most used amongst the RE
techniques due to its straightforwardness [12]. For example,
Xu et al. report on scanning a historical building and 3D
printing to restore stonework using the concrete deposition
technique [13].

AM enables the creation of new products tailored to ath-
letes’ needs through RE techniques, nearly endless design
iterations using computer-aided design (CAD) software, and
the design of complex geometries that are impossible using
subtractive methods. Whilst the AM-RE duo is well estab-
lished in industrial engineering applications, in niche appli-
cations, such as technical sports equipment production, the
scientific literature lacks fit-for-purpose examples. Amongst
sports included in (Novak and Novak 2021) that use addi-
tively manufactured items, climbing is gaining popularity.
This sport discipline is divided into two categories based on
environmental conditions: indoor and outdoor climbing. The
latter is characterised by locations not evenly distributed in
the territory and sometimes challenging to reach. Moreover,
the weather conditions to which they are exposed restrict
their use.

However, with the technological evolution of AM and
RE, it could be possible to reproduce a rocky outdoor
route, combining these two technologies and installing the
replicated model in indoor climbing gyms. In particular,
a rocky surface can be acquired through RE approaches
and manufactured with AM. The possibility of living the
same sensorimotor experience, such as in outdoor rock
climbing, but in a safe, regulated environment, such as a
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climbing gym, can be achieved. Indeed, artificial climbing
routes are available in indoor gyms, although they are not
as realistic as the existing rock climbs outside.

AM for climbing has already been partially discussed in
the literature. In particular, a study was conducted to rep-
licate, through photogrammetry [14], the more challeng-
ing section of an outdoor route in a climbing gym using
traditional holds [15]. The authors converted the regions
used by the climber on the actual rocky route into climb-
ing holds, much like those found in indoor climbing gyms.
Thus, only the position of the holds used by the climber is
reproduced. In the Whiting research, AM has been used to
create a mock-up male model in Acrylonitrile Butadiene
Styrene (ABS) material to create the actual mould in liquid
silicone rubber.

On the other hand, Jiang et al. report on the 3D scanning
and 3D printing of rock surfaces for geological studies [16].
Also in this case, 3D printing is used to manufacture the
mould rather than the final product. Thus, the AM potentials
of customisation and design flexibility are not extensively
used in both cases [15, 16].

Another potential limitation of Whiting’s research is the
choice of the RE technique. Indeed, 3D scanning can gather
millions of points briefly, whereas photogrammetry requires
a significant number of photos to gather a dense cloud of
points compared to 3D scanning [12]. In addition, it takes a
very long time to acquire and digitally process the enormous
number of pictures needed to create a 3D model. 3D scan-
ning uses direct measurement techniques, such as lasers or
structured light, to capture geometric data; conversely, pho-
togrammetry reconstructs 3D data by analysing multiple 2D
images taken from different viewpoints, which can introduce
some errors. Last but not least, the resolution of the images
used in photogrammetry strongly influences the quality of
the findings; a high camera level is needed to produce a 3D
model of acceptable quality.

On the one hand, the accuracy of 3D scanners can vary
significantly based on the type of scanner and its specifi-
cations. High-end 3D scanners can achieve sub-millimetre
or even sub-micron accuracy using laser or structured light
technology. These scanners are often used in industrial
metrology and engineering applications where precise meas-
urements are required [17]. Lower cost or handheld scanners
may have slightly lower accuracy but are still suitable for
many applications [18]. On the other hand, the accuracy of
photogrammetry can vary depending on several factors. The
number and quality of images captured, camera specifica-
tions, lens quality and camera calibration accuracy all play
a role. In optimal conditions, photogrammetry can achieve
accuracy in the range of a few millimetres to a few centi-
metres [19]. However, it is important to note that photo-
grammetry accuracy is generally lower than in high-end 3D
scanners [20].
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Thus, to the authors’ knowledge, applying 3D scan-
ning, coupled with AM, to reproduce climbing holds is a
never-explored application and example of fit-for-purpose
combined use of AM and RE. Indeed, nowadays, climbing
holds are manufactured using machined moulds where a
polyurethane mixture is poured into it; after pouring, the
climbing hold is left in the mould to cure, allowing for
polyurethane solidification and hardening. As the last step,
the hold is de-moulded and finished by sanding or buffing
to smooth any rough edges and a quartz sand texture is
added to enhance grip [21].

Therefore, this research aims to provide a simple,
repeatable process that can faithfully recreate an entire or
a section of a climbing route for indoor gyms. In contrast
to [15], where a casting method was employed to create a
rock wall replica, the current research proposes a feasibil-
ity study to determine whether using AM technology in
climbing is practicable. This research focuses on the tech-
niques and methods utilised for 3D scanning and AM of a
rock replica to reproduce a rock face, particularly empha-
sising the uncertainty quantification of an AM machine
and a 3D scanner. Indeed, to ensure a satisfying climb-
ing experience, it is important to capture the geometrical
details at both macro and micro scales. The importance of
reproducing accurately the geometrical details at a mac-
roscopic level is obvious.

On the other hand, the smallest geometrical details pro-
vide a certain feeling in the holding gesture and ensure the
climber’s proper grip. Therefore, estimating the process
accuracy and the associated uncertainty is crucial. In this
regard, it is important that both the RE and AM processes
have comparable levels of accuracy.

Moreover, such uncertainty quantification methodology
can also be extended to other fields where high replication
accuracy is required. For example, in the medical field,
reproducing organs for models or implant replication needs
accurate details [22, 23]. Nevertheless, there are some fields
of application where this concept does not strictly apply,
such as civil engineering [13]. Usually, the reproduction
fidelity is estimated by comparing the 3D printed model and
the benchmark scanned model [19]. For example, Jiang et al.
include an error analysis of natural rock joints comparing
the 2D profiles at a given section of the original model, the
3D printed PLA model and the casted object [16]. However,
the authors provide a qualitative estimate of the accuracy
through a visual comparison rather than a quantitative and
reproducible analysis.

In this article, the proposed methodology offers the pos-
sibility to decouple the uncertainty contributions of the AM
technology and the RE approach, even in the presence of
free-form shapes, thus without a reference CAD model. This
is a unique feature since the standard practise focuses only
on RE or AM accuracy estimations [11].

Such a study can be considered the first step toward man-
ufacturing a climbing route replica for indoor installation
that resembles a real one, enabling the same sensorimotor
experience in an indoor gym.

The article is structured as follows. First, Sect. 2 describes
the approach used to obtain the 3D-printed replica of a rocky
surface. Then, Sect. 3 details the uncertainty quantification
of the tools used to replicate the climbing holds and dis-
cusses the results obtained to validate the innovative meth-
odology. In the end, Sect. 4 summarises the contribution,
listing possible developments of the proposed approach.

2 Methodology

This research aims to establish a strategy that might be used
to replicate a rocky surface using Additive Manufacturing,
such as for indoor climbing. RE is used to acquire the mor-
phology of the original rock to construct a replica, with a
particular emphasis on the 3D scanning method based on the
emission of white light. This technology enables the gen-
eration of a digital model that perfectly replicates the real
component by capturing all the details and characteristics
of the object.

AM technology, also called Rapid Prototyping (RP),
might be used to manufacture an exact rock replica of the
initial object.

The combined use of RE and AM, usually called digital
manufacturing, has been explored since the emergence of
AM, with a particular emphasis on mass customisation or
custom-fit designs [24]. Replicating real-world things has
become an important application of this relationship, along
with the possibility of producing spare parts when CAD data
or original tooling are unavailable [25]. A replica resembles
the original item’s geometry and appearance [19].

The generation of appropriate 3D models links RE and
AM: whereas the former tries to create a digital descrip-
tion of a target object, the latter aims to fabricate shapes
as specified by a 3D digital model (Fig. 1). In other words,
digital fabrication, which includes AM, can be considered
the inverse digitalisation process [26].

The RP approach makes it possible to produce accurate
replicas compared to other manufacturing techniques with-
out being limited by geometrical constraints. However, for
the reproduction process to be supported, high-resolution 3D
models are necessary. The following paragraph will describe
how digital models can be gathered using image-based pas-
sive or range-based active sensors.

2.1 Reverse engineering techniques

The RE techniques are commonly used for the repair of
a product, the production of spare parts or for making
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Fig. 1 General digital manufacturing workflow

modifications and improvements to an existing product.
All RE techniques are based on creating a 3D point cloud
to compose the digital 3D model.

The RE techniques can be divided into two main cate-
gories: the touching and optical methods. Contact methods
work by direct contact between objects and instruments,
such as Coordinate Measurement Machines (CMMs).
Thus, no surface treatments are required to make the
object’s surface non-reflective; however, touching meth-
ods cannot analyse materials deformable under the contact
pressure of the instrument. Optical methods are divided
into active and passive approaches. In active optical meth-
ods, a light source projects the light on the object’s exter-
nal surface, which is reflected and captured by a sensor.
The signals acquired by this sensor are then processed
to obtain the 3D model (e.g. 3D scanner). Passive opti-
cal methods (i.e. photogrammetry) exploit ambient light.
Images are captured from different points of view, and
then the complete shape of the object is reconstructed from
these [27].

Amongst active optical systems, 3D scanners are the
most often used tools for mechanical engineering appli-
cations [28]. 3D scanner devices enable the acquisition
of point clouds with millions of points, regardless of the
object’s texture, to be detected. They also allow rapid
acquisition at a reduced cost. However, even though they
can acquire high-resolution point clouds, they are less
expensive than contact-based technologies, but they are
typically less accurate and more prone to errors.

Laser, white, or other structured light sources are the
basis of 3D scanners. The scanner’s sensors identify the
reflection of the source light after the object has received
it. In particular, most surface scanning techniques leverage
the principle of image triangulation of the light reflection.
The x, y and z coordinates of a cloud of points are evalu-
ated according to the known angle and distance between
the light sources [29]. More and more x, y and z coordi-
nates of sampling points are acquired as this recording is
done progressively and from various angles, leading to a
geometric representation of the target object.
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3D scanning is widely used in entertainment, such as cre-
ating films and computer video games and conserving and
exhibiting archaeological reliquaries [17].

2.2 Digital reproduction of a rocky surface

To obtain a physical replica of a rocky surface, the method-
ology described in this research uses the low-budget Cr-Scan
01 by Creality [30], available from the University laborato-
ries. To the best of the authors’ knowledge, no uncertainty
investigation is present in the literature for the specific model
used in this research, whose characteristics are summarised
in Table 1. Thus, the following section will describe a repro-
ducible approach to estimate the replication error using a
benchmark 3D model.

First, once the rocky surface under investigation has
been selected, the 3D scanner is placed on its pod at a
distance of 0.6 m in a dark environment. This way, the
brightness of the structured light can be decreased, and
the scanning procedure can be carried out easily (Fig. 2).
As a first attempt, a simplified rocky surface belonging to
a domestic building has been selected for this research.
The wall will simulate the rocky nature of climbing routes
without the logistical challenges associated with testing
in an outdoor environment, such as the need for a power
supply. Furthermore, the approach and case study used
in this research are intentionally simplified because they

Table 1 Cr-Scan 01 characteristics by Creality [30]

Parameter Value

Flame rate 10 fps

Single frame scan range 536 * 378 mm
Spatial resolution 0.5 mm
Scanning distance 400-900 mm
Scanning range (handheld) 0.3-2m
Scanning range (turnable) 0.3-0.5m
Output format Obj/stl

Data interface USB 3.0
Operating temperature 0-40 °C
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Fig.2 Experimental setup to scan a sample of a rocky surface

have never been used before, and this is an initial attempt
to test the procedure. The obtained surface mesh is then
post-processed by the proprietary software CRStudio, and
the final 2D triangulated surface mesh can be exported as a
Standard Triangle Language (STL) file. Then the designer
is asked to manipulate the digital model and convert the
bi-dimensional surface into a manufacturable 3D model
through easy and reproducible steps in a CAD software
package through geometrical operations (i.e. surface off-
set, Boolean operations, etc.). Figure 3 represents a visual
flowchart highlighting the main steps to convert a 2D
rocky surface digital model into a manufacturable 3D one.

Next, using a slicing software, the STL model is con-
verted into a.gcode file for manufacturing purposes. This
phase is required to translate a geometrical representa-
tion into a language that can be understood by automated
machines (i.e. AM machines) based on a series of tasks that
need to be completed. The.gcode describes the path and the
machine’s necessary settings (such as how rapidly it should
travel, where it should move, and several others). Finally,
the.gcode file can be automatically compiled, knowing the
manufacturing settings; the parameters used for this specific
research are collected in Table 2.

As the last step, the generated.gcode is uploaded into an
FDM machine and the rocky surface sample is manufac-
tured in PLA (PolyLactic Acid) material for prototyping and
non-structural purposes (Fig. 4). Qidi X-max is the FDM
machine used to manufacture all the models of this research.

A 210x250 x50 mm sample of the selected rocky sur-
face is obtained through the FDM process. Figure 5 visually
compares the 2D raw surface extracted by the 3D scanner
and the manufactured object.

The choice of raw material to manufacture climbing
holds and the entire replica of a climbing route is crucial:
the typical material portfolio of AM technologies is particu-
larly broad. Focussing on the FDM technique being the most
common and cheaper, there are new exotic and professional
materials for structural applications, such as Nylon up to
reinforced polymers like Acrylonitrile Butadiene Styrene
(ABS), PolyEther Ether Ketone (PEEK) and PolyPropylene
(PP) with carbon or glass fibres.

As a first attempt, PLA material, which is the most user-
friendly, low-budget and reproducible raw material, has been
selected for the innovative application of RE and AM in
manufacturing a rocky surface. Thus, the proposed meth-
odology should be easily tested and reproducible. In any
case, the choice of the most suitable material for the final
structural and operative product should be supported by
numerical simulations and experimental tests to evaluate
the material’s behaviour with a load scenario that simulates
the athlete’s presence on the climbing route.

Cutting planes for Z offset and cutting
2D raw STL File a rectangular 2D | plane to obtain 3D
surface model with flat base

Repair cracks and

fill holes Final 3D STL file

» Mesh shelling

Fig. 3 CAD methodology to convert a 2D surface STL file into a watertight 3D STL model
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Table 2 Slicing printing settings used for PLA filament

Parameter Unit Value
Layer height mm 0.2
Initial layer height mm 0.22
Line width mm 0.43
N° of bottom and top layers - 3
Wall line count - 3
Infill density % 15
Infill topology - Lines
Printing temperature °C 215
Initial printing temperature °C 220
Build plate temperature °C 65
Initial build plate temperature °C 70
Flow % 105
Print speed mm/s 35
Initial layer print speed mm/s 25
Travel speed mm/s 100
Retraction distance mm 4
Fan speed % 100
Regular fan speed at height mm 0.2
Support structure - None

2

]
i
%
2

Fig.4 The rocky sample is manufactured with an FDM machine

Fig.5 Visual comparison of the
2D rocky surface obtained in
CRStudio (on the left) and the
additively manufactured sample
(on the right)
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Another crucial factor in adequately selecting raw materi-
als is the surface finishing of the climbing wall replica. The
climbing wall must guarantee a solid grip; therefore, the
material used to manufacture the rocky surface must have a
specific surface roughness to ensure a good level of friction
between the climber’s hand and the wall itself and to simu-
late the rock surface at its best. This evaluation can be car-
ried out through practical tests by expert climbers, proposing
various prototypes of holds made with different materials to
evaluate which guarantees a higher level of grip.

Subsequently, by analysing the results obtained, the
material with the highest performance can be identified. A
TOPSIS (Technique for Order of Preference by Similarity to
Ideal Solution) analysis could help the assessment; through
some calculations and matrices, it allows for obtaining the
best solution amongst the different options.

These crucial evaluations will be the subject of future
research and are beyond the scope of this manuscript, which
is focussed on the description of a novel fit-for-purpose
application of AM and RE in the reproduction of rocky
surfaces.

In the following section, the uncertainty sources related
to the low-budget 3D scanner and FDM machine used in this
research are analysed, leveraging an ad-hoc strategy that can
be easily extended to other case studies.

3 3D scanning: uncertainty analysis
3.1 Proposed strategy

The replication process introduces uncertainty in the final
hold replica (see Fig. 6). First, the scanner operation is
affected by uncertainty. Second, applying Design for Addi-
tive Manufacturing rules implies that the geometry is modi-
fied to satisfy specific requirements. For example, the hold
might need to be modified to host the bolt required for the
final installation. Third, FDM printing also introduces an
additional uncertainty source.

Therefore, the replication accuracy is the sum of all
these different contributions. In this section, the objective
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scanner
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Benchmark 3D scanner

Point cloud
geometry

Fig.6 Uncertainty propagation flowchart

is to assess the accuracy of the scanning and 3D printing
phases. The error estimation process is shown in Fig. 7 as
a flowchart.

First, a benchmark geometry containing various topo-
logical features is selected (see Fig. 8). Specifically, the
selected benchmark geometry contains various holes, fil-
lets, edges at different orientations, stair-shaped features,
and possible shaded areas (where the scanning procedure
is challenging). Figure 8 illustrates the abovementioned
geometry providing the corresponding dimensions for
different views. The reader may counter-argue about the
shape of the selected benchmark object, which has all

Fig. 7 Error estimation flow-
chart

3D Printer
uncertainty

<_______

Design for ]
Additive FDMhF(;?(?ted
Manufactring

definite geometries. On the contrary, typical rocky struc-
tures have free-form surfaces. However, those free-form
topologies have random features that are hardly measur-
able; thus, the “ground truth” that represents the “true”
or correct values that serve as a reference for evaluating
the accuracy or validity of other data or models may not
be available. This way, the proposed uncertainty estima-
tion methodology may hardly apply if using free-form
geometries.

Then two parts are realised with two different technolo-
gies. The first part was produced using a computer numerical
control (CNC) milling machine (see Fig. 9), whereas the
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Fig.8 CAD model of the
benchmark geometry (the
dimensions reported are in mil-
limetres [mm])

N
9

S
o
e o]
l ©
! P C e ®)
o
" N 10 NN
O 18,00
NS e
/932
I fdﬁﬁ
iy
N/
S5 B
O’J_
<t
™ R
o <
i
| 1
94,90 69,57

Fig.9 CNC manufacturing of
the benchmark geometry: lateral
view (a) and front view (b)
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Fig. 10 FDM manufacturing of
the benchmark geometry: lateral
view (a) and front view (b)

second was built using the FDM Additive Manufacturing
technique (see Fig. 10).

After conditioning the surfaces of both parts with white
painting to reduce reflectivity [31], several point markers
were employed in the scanning process to improve accuracy.
The optimal configuration, identified after a trial and error
procedure, was adopted for both manufactured parts (see
Figs. 9 and 10).

The experimental setup used to obtain the point clouds of
the two manufactured objects is shown in Fig. 11.

Finally, the point clouds are compared with the original
mesh of the benchmark geometry through the open-source
CloudCompare software [32], which has already been used
in similar applications [19].

Previous experimental activities showed that the CNC mill-
ing machine has an accuracy of at least one order of magni-
tude higher than the uncertainty sources under investigation.

Fig. 11 Experimental setups
with labels

Therefore, the uncertainty estimation can be associated
entirely with the scanning operation in the first case. On the
other hand, in the second case, the uncertainty is made of both
the printing and scanning contributions. Then the accuracy of
the FDM process can be obtained by subtracting the uncer-
tainty estimated in the two cases.

Four scanning operations were carried out for both sce-
narios. In each scanning, the CloudCompare software returns
xand S,, the average distance and the standard deviation of the
point pairs in the point clouds.

Then it is possible to compute the pooled mean as described

by Eq. (1):

1 M
@ =1, JZ;E (1)

Rotating table
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where M symbolises the number of replications, corre-
sponding with the number of scanning operations. Similarly,
Eq. (2) provides the formula to compute the pooled standard
deviation:

() = @

3.2 Uncertainty analysis: results and discussion

Figure 12 reports an illustrative example of the dimensional
analysis carried out within CloudCompare. In the colour
bar on the right-hand side, units are in millimetres, and the
acronym C2M stands for Clod-to-Mesh distance taken with
its sign [32]. Positive values (red colour in Fig. 12) iden-
tify regions where the point cloud estimated by scanning
the object is outside the region enclosed by the benchmark
point cloud. Analogously, negative values (blue colour in
Fig. 12) symbolise areas where the benchmark point cloud
encloses the estimated point cloud. From a qualitative per-
spective, it is already possible to notice how critical are the
fillet regions.

As anticipated in the previous section, the analysis com-
pared the benchmark point clouds with the point clouds
obtained by scanning the CNC-machined object and the

Fig. 12 Example of point cloud
analysis with CloudCompare
(the dimensions reported are in
millimetres)
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Benchmark vs. CNC-machined object

U =-0.063
o=0.172
61 U =-0.014
o=0.176
5 4 u =-0.010
o=0.162
U =-0.044
4 1 o=0.175

Error [mm]

Fig. 13 Scanner error distribution obtained as the point clouds differ-
ences between the benchmark and the CNC object

FDM printed object. The results of this analysis are sum-
marised in Figs. 13 and 14. These two figures show the error
distributions for the four scanning operations, reporting the
mean and the standard deviation for each scan. The dashed
lines represent normal probability distributions using the
computed values as mean and standard deviations. Data are

C2M signed distances
3.153986

2.381955
1.609924

0.812989

-1.000000
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Benchmark vs. Printed object

Error [mm]

Fig. 14 Scanner error distribution obtained as the point clouds differ-
ences between the benchmark and the printed object

Table 3 Uncertainty analysis results of the benchmark geometry

Case 1 Case 2 A
Number of measurements 4 4 -
Average point cloud size 96,094 98,082 -
Pooled mean (mm) -0.03 —0.12 -0.09
Pooled standard deviation (mm) 0.17 0.20 0.03

not necessarily normally distributed, and the Gaussian dis-
tributions serve only as auxiliary visualisation tools.

The results are summarised in Table 3, where Case 1
denotes the benchmark vs CNC-machined object, whereas
Case 2 indicates the benchmark versus FDM printed object.
In addition, Table 3 reports the number of measurements
(four in both cases), the average number of points in the
respective point clouds and the pooled mean and standard
deviation (see Eqgs. 1 and 2).

The two clouds of points are of comparable sizes, which
is expected since the geometry is the same in both cases.
The main difference is in the pooled mean values, represent-
ing the average shrinkage or enlargement of the point cloud
compared to the benchmark geometry. In Case 1, the pooled
mean is close to zero, reflecting that the scanning opera-
tion does not alter the average object size in the absence
of manufacturing inaccuracies (CNC machine uncertainty
source is negligible). On the other hand, Case 2 shows a
pooled mean value of —0.12 mm. Computing the difference
between the two cases, one obtains the A value given in the
last column of Table 3, which represents the net shrinkage
effect only due to the FDM printing process. The A which is
related to the pooled mean is equal to —0.09 mm. The pooled
standard deviation can be interpreted as a metric for scanner

accuracy. The results show comparable values in both cases,
0.17 and 0.20 mm, respectively. The slightly higher value of
Case 2 can be attributed to the higher uncertainty associated
with the FDM manufacturing process compared to the CNC
milling technique.

This analysis provided a tool to decouple the scanning
and manufacturing uncertainty sources. Similar results are
expected for the rocky surface under investigation in this
study. It was impossible to perform the same procedure
directly on the rocky surface because the benchmark geom-
etry would not be available. However, the proposed strategy
provides the expected accuracy for geometry reconstruction.

4 Conclusion and future developments

Through the use of RE techniques, new products can be
created that are specifically suited to the requirements of
athletes because of the high design flexibility provided by
Additive Manufacturing.

In this study, a novel method for reproducing a rocky out-
door route is investigated, with the possibility—in the near
future—of installing the replicated model in indoor climbing
gyms. This approach might allow a similar sensorimotor
experience—like outdoor rock climbing—in a controlled
environment, like a climbing gym.

A sample of a rocky surface has been successfully rep-
licated using a budget-friendly 3D scanner with structured
light, a RE technique that has never been used in the scien-
tific literature previously for this specific application. Such a
choice is coherent with the needs of a niche sport application
such as climbing, where it is reasonable to assume that low
budget might be available for the RE equipment.

The proposed methodology is designed to produce a high-
fidelity replica of the rocky surface without the user needing
any special prior knowledge. However, only minor geometry
modification, described step-by-step, is necessary to convert
a 2D triangulated surface into a 3D watertight model opti-
mised for additive manufacturing. Moreover, the manuscript
includes a specific and deeply described methodology to
quantify the uncertainty sources of the 3D scanner and the
FDM machine. The analysis is fundamental to estimating
the replication process’s accuracy level at both macro and
micro scales.

The results showed that the value of the pooled mean,
which represents the uncertainty source associated with the
FDM machine, is A = —0.09 mm. The scanner accuracy is
represented by the pooled standard deviation of Case 1 and
is estimated to be 0.17 mm; indeed, the CNC manufacturing
process uncertainty can be neglected.

The uncertainty analysis revealed that the digital man-
ufacturing workflow has a submillimeter accuracy and,
therefore, is adequate for replicating climbing routes,
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Fig. 15 Possible setup to supply
power to the 3D scanner in
outdoor conditions

Qutdoor rock
climbing route

Digital replica of
climbing route

3D scanner (Creality
Cr-Scan 01)

Power and USB
[4—3.0 terminal cable
of the scanner

Tuning fork adapter
DC 5.5 x 2.5mm

Laptop

Tuning fork adapter
DC 5.5 x 2.5mm

12V-19V (8A)
voltage up-
converter

Car Battery 12V,
50Ah, 450 A

characterised by topological features whose dimensions are
usually of a higher order of magnitudes. Such a level of
accuracy is needed to reproduce the main surface features of
rocky cliffs even for small holds of roughly 50-100 mm in
diameter, which is common amongst the premier climbing
hold retailers [21], or to increase the sensorimotor experi-
ence of large hold panels, which is relevant also for recrea-
tional purposes.

The proposed uncertainty quantification methodology
proved effective for this specific application, but in princi-
ple, it can also be extended to different applications with an
equivalent production workflow. The scanning and realisa-
tion of an entire outdoor climbing wall are not trivial. First,
the 3D scanner should be portable and compatible with a
handheld configuration. This requirement is often difficult
to achieve when high levels of accuracy are required [16].
Moreover, the scanner power supply source is a critical issue
with 3D scanning in an outdoor environment. Typically, the
scanner is connected to the mains in indoor conditions via
the traditional power supply; such conditions should be rep-
licated externally. Therefore, the authors propose a simple
layout designed to solve the issue above, as shown in Fig. 15.

Moreover, since the rocky surface is of considerable size,
a simple scan performed by the operator at the foot of the
wall is insufficient due to a limited single-frame scan range.
Therefore, some solutions to overcome this problem could
be:

e Abseil down the wall using a special harness and ropes
whilst the operator scans the wall holding the scanner
with one hand;

e Place the scanner on a drone remotely controlled by the
operator to scan the entire wall.

The first solution is undoubtedly cheaper but less precise,
whilst the second offers higher stability. Once the complete
scan of the wall has been completed, it is possible to pro-
ceed with the manufacturing process with AM machines.
However, this stage, in the same way, is affected by the large

@ Springer

dimensions of the object to be manufactured. For this reason,
it is impossible to get the whole wall using a single large
model only, but a practical solution could be to split the
entire climbing wall into several small rectangular tiles that
are manufactured individually and subsequently assembled
to form the complete route to be installed in an indoor gym.

However, these activities are evidently beyond the scope
of this preliminary research, whose primary outcome is to
propose a step-by-step methodology to estimate the digital
manufacturing workflow accuracy, distinguishing between
the RE and AM levels of uncertainty. Compared to the dis-
cussed literature, the conceptualisation of a reproducible
methodology aims to provide a significant contribution to
the field.

Applying the methodology in relevant environments,
such as actual cliff faces, is the object of ongoing research
projects at our laboratories. In the near future, the authors
would like to apply this methodology to obtain a ready-to-
the-market product.

The authors believe that all the abovementioned chal-
lenges deserve further investigation and will be the subject
of future research.
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