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ABSTRACT

3D printing of missing parts of a cultural heritage artefact opens many possibilities and extends the challenges
in the processes of intervention on cultural heritage assets. However, restoring these objects may not only
mean the replacement of a shortage from its aesthetic point of view, but restoring the function for which they
were created. In these processes the replica of the object must be exact and of quality, but also specific.

In this sense, the presented work is a multidisciplinary attempt to reproduce the missing horn of a phonograph,
dated on the late 19" Century. This phonograph belongs to the collection of the 'Vicente Miralles Segarra’
Telecommunication Museum of the Universitat Politéecnica de Valencia. The objective was to recover its
aesthetic, didactic and functional levels, i.e restoring its ability to emit sound. To this end, several models were
printed with different materials, and the quality of the recorded sound with the different horns was evaluated,
assessing their similarity to that obtained from an original horn.

Keywords: 3D printing, acoustic assessment, cultural heritage restoration, non-destructive analysis, rapid

prototyping.

INTRODUCTION [heading]

The purpose of this paper is to describe the methodology
employed for the physical reconstruction of a missing part of a
19th Century phonograph. The methodology includes the
development and manufacture of the prototype using 3D
scanning, computer-aided design (CAD) and 3D printing. This
type of proof of concept, as explained by Fantini et al. (2008),
helps to understand the capacity, and limitations of technology.

3D printing is a non-invasive and reversible method for
improving the restoration process. Currently this manufacturing
technique and more recently, the appearance of low cost
printing devices make this technology redily available, and has
been presented as a solution for the production of small-scale
objects (Alemanno, 2014; 145).

However, the challenge posed in this research is more complex.
The traditional conservation and restoration approaches for the
intervention of cultural objects are reviewed under the criteria
raised by Brandi (1988; 16), those of respect, reversibility and
recognition. In addition, the adequacy of the material used to
print the prototype has been assessed, as well as whether the
addition of other materials can supplant the original part. The
work undertaken here was focussed on returning original
functionability rather than on simulating appearance alone.

When performing treatments on artifacts of an industrial nature,
comparing a quality replica copy against a specific accurate
copy should be much more extensive especially when

considering the artefact in question which has museographic
expectations that must not be ignored (Styliani et al, 2009).

This goal is not only reached with a more or less aesthetic
representation, but by encorporating all the values that the
object stores and presents (Riegl, 1999 [1903]). In this sense,
the notion of artistic value exposed by Riegl at the beginning of
the 20" Century is more complex and is closely related to his
concept of Kunstwollen (Brassi, 2007). In Kunstwollen theory,
the will of a cultural artifact resides on a notion of relative and
changing art, which is specific to each period of History
(Arrhenius, 2003; 54). Riegl, who had a multidisciplinary
background as curator of museums, professor and curator of
monuments, was linked to the arts and crafts production and has
become a reference for current preservation processes. (Pop,
2015)

The different values of a heritage object not only focus on its
value of antiquity, or its instrumental value, but also on how this
object is a reference for the historical understanding of that
objects’ place within a collection. Returning to the statement by
Alois Riegl, every object becomes a piece of interest for many
scholars, or researchers, attending to each one of the aspects that
it comprises. (Riegl, 1999: 30-31, 73)

The abovementioned idea is the theoretical framework for the
reconstruction of the horn of the phonograph (invented by
Thomas A. Edison in 1887) from the collection at the Museum
of Telecommunication 'Vicente Miralles Segarra', of the
Universidad Politécnica de Valéncia. The Museum has another
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similar phonograph that was used as a model to complete the
missing part and restore its functionality. (Figure 1)

The objective in reproducing a replacement part was to restore
all its values, including visual and functional. The paradox of
restoring or repairing is present in the current interventions of
objects considered as industrial, since the object must not only
look like the original but also perform like the original.
(Muioz, 2003; 37)

Therefore, the capacity to emit accurate sound again and to
evaluate the material used for the replacement of the missing
component (figure 2) are part of this functional content. In this
way, the material for the creation of the prototype can affect
both its aesthetic and sound reproduction.

Figure 1. The phonograph.

Figure 2. The horn.

Moreover, 3D prototyping appears as an alternative to
traditional industrial manufacturing techniques (such as casting,
injection molding or milling), which are affordable for medium-
or large-scale productions, but inefficient for a single object
(Scopigno, 2017; 6).

This paper focuses on the evaluation of the physical behavior of
a 3D printed prototype and its suitability to impersonate the
original. The achievement of this objective requires
multidisciplinary methodologies addressing the following
issues:

(i) the meaning and recognition of the cultural object as a
container of a multitude of values within its museum
scope,

(i1) the study of the part to be substituted, and

(iii) the analysis of its acoustics through the comparison
between an original sound record and those obtained in the
proof of concept. This last aspect is the main motivation
of this work, which combines a team of researchers in 3D
modelling and printing, sound processing and computer
science.

Currently, many proofs of this multidisciplinary approach can
be found in research dealing with physical models (Scopigno,
2017). Physical models focus on the approach to the
manufacturing of real model from its most external or synthetic
perspective (Matusik, 2009. Levin, 2013. Papas, 2013.
Weyrich, 2009). There are also studies on the performance of
current printing devices (Hadan, 2010. Lan, 2013. Rouiller,
2009) or new color application systems (Panozzo, 2015. Zhang,
2015).

Furthermore, some studies have undertaken projects that more
closly resemble what we propose and go beyond the physical
models of the archaeco-anthropological framework. One
example is the 3D reconstruction of fragile bone, allowing for
more detailed study without the risk of damaging the original
artifacts (D'Urso et al., 2000; Zhang et al., 2000; Péres et al.,
2004). There are also examples within the field of music, as with
the recovery of old or modern instruments, conserving their
performance (Zoran, 2011. Koumartzis, 2015), or research
addressing the possibilities of reversible and non-invasive
processes on cultural objects (Pitzalis, 2008).

The structure of the document is organized as follows. The first
section describes the case study, along with its characteristics
and particularities. In the second section, the process of
elaboration of the proof of concept is presented. This section
discuss the method of scanning and digitalizing the original
model, the 3D printing process and the selection of materials, as
well as the sound tests made to the replicas. The results of the
obtained sound tests are described in the last section, before
presenting the conclusions of the study.

CASE STUDY

The object for the case study belongs to the collection located
in the ‘Vicente Miralles Segarra’ Telecommunication Museum
of the Higher Technical School of Telecommunication
Engineers (ETSIT) at the Universitat Politecnica de Valeéncia.
This collection presents the History of Telecommunication
through more than 350 objects of telegraphy, telephony,
audiovisual equipment, radiocommunication and
instrumentation of the 19" and 20" Centuries (Bachiller, 2016).

Along with maintaining and preserving the collection, the
Museum aims to recover the aesthetic, physical and functional
aspects of the objects in the collection (Simon, 2010.
Levent, 2014). With this in mine, two two phonographs, one of
them complete and the other missing its horn were identified in
the collection. The invention of the phonograph constituted an
authentic technological revolution, since it was the first device
capable of recording and reproducing the human voice.
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The phonograph (figure 3) is composed of a box or base (1) in
which the reproduction and recording system is located. This
system has a manual crank (2) that turns the gears and lathes.
On the main winch (3) a wax roll is inserted, which is the
support that contains the audio. The diaphragm needle (4) rubs
the groves of the wax roll emitting vibrations through the
membrane that amplifies the sound towards the horn (5).
Without each of these parts, the phonograph is unable to
function.

Therefore, the aim of the horn, with its conical shape, is to
receive and propagate the sound waves that are collected or
emitted from the needle on the membrane, which fulfills the
function of diaphragm. The horn amplifies both the vibration
caused by the sound waves in recording, and the vibration
caused by the grooves on the wax cylinder in reproduction. All
this indicates that the horn is a characteristic and fundamental
part of the phonograph, in which not only the aesthetic value is
involved.

Figure 3. Sketch of the general parts that compose a phonograph; box
or base (1), manual crank (2), main winch (3), diaphragm (4), and horn

(5)-
MATERIALS AND METHODS

The creation of the prototype was subdivided into three stages:
the acquisition of data for the elaboration of the 3D model, the
manufacturing using 3D printing and finally the comparison of
the acoustic response of the prototype with the response of the
original device.

It is true that the prototype does not have much geometric
complexity; nevertheless, for the design of the model, it was
decided to scan one original with laser scanning techniques
instead of using traditional 3D computer-aided design (CAD)
modeling tools. This decision was taken because scanning
offers a more precise approach to the original model
(Fantini, 2008). In the developed conceptual model, there are
small details of the surface that can not be directly replicated by
a numerical solution.

Data acquisition by means of 3D laser scanner

In this first step of digital reconstruction, a Next Engine® 3D
laser scanner was used. This scanner uses a triangulation system
that does not require contact with the object. Since the original
horn was made of brass, the metal reflected light, not allowing
a proper scanning process. These metal parts generated reading

errors. This problem was solved by interposing a layer of
Japanese paper of 29 gr of thickness on these areas to decrease
its reflexion index, thus obtaining a surface with greater opacity.

The application of this paper was with a brush moist with water.
When the paper layer dries, it creates a homogeneous surface
with a negligible thickness on the model. The application of this
layer of paper is a method that ensures total reversibility in both
the application phase and the phase of elimination. This method
avoids the use of chemical products that reduce the reflection
effect of the shiny surface, since they are not suitable for
application on cultural heritage assests (Celani, 2009).
Likewise, the original material of the horn does not suffer any
type of alteration due to the contribution of humidity in this
method.

The solution adopted for the elaboration of the internal surface
was to measure the thickness of the original horn and to
extrapolate it to the symmetry of the internal contour line. In
this way, the triangular mesh of the whole form was completed.
The resulting model was exported to an OBJ format from the
AutoDesk 3DS Max® 2016. (Figure 4)

|

Figure 4. 3D mesh of the horn.

In the modeling stage, it was necessary to soften the vertices of
the triangular mesh to eliminate the noise of the image that was
produced during the capture of the real object (Scopigno, 2005).
Therefore, the file was imported into specific software for its
treatment, 3DS Max® 2016, maintaining the vectoring system
of the final mesh without altering the forms or measurements.

3D printing

For the elaboration of the prototype a system of Fused
Deposition Modeling (FDM) was used. This is one of the most
common printing systems and, as Scopigno indicates, the vast
majority of ‘low cost 3D printing devices’ in the last 10 years
are based on these additive techniques. This technique is not
only economic, but also easy of use, and it produces suitable
quality items with good precision compared to the other additive
techniques (Scopigno, 2017; 9-10). However, the main reason
that led to the choice of FDM, as a 3D printing system, was that
it enables the use of a wide range of printing materials, including
those with addtitives.
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The selected printer for this process was Hephestos2® model
2016, from BQ, due to its characteristics of self-calibration,
sufficient printing area and easiness of handling. Moreover, it
allows the use of a wide variety of materials compared to other
current low-cost solutions in the market.

With the use of the Hephestos2® printer, as a Cartesian 3D
printer, the problem was the limitation in terms of the
dimensions of the piece to be reproduced, compared to Delta 3D
printers that allow larger objects.

The maximum sizes of the horn are 180 x 180 x 401 mm. These
sizes exceeded the height dimension of the printing volume of
the printer, which only supports a volume of 210 x 297 x
220 mm. This height limitation meant that we had to fragment
the model into three bodies to get the size of the original horn.
In relation to the 'z' axis of the composition, the three bodies had
a height of 117 mm (a), 142 mm (b) and 142 mm (c)
respectively.

The last part of the process of reproduction of the piece was the
configuration of the printing parameters. The software
Ultimaker Cura® (V. 2.1.2.) was used for this. The software
allows customizing the 3D printing profile to obtain the desired
quality.

The printing time of the different models ranged between 9 and
12 h, depending on the material and quality used for printing.
This object was exported to GCODE format so that the 3D
printer could recognize both the final model and the printing
profile.

Printing materials [sub-heading]

At this point, the decision focused on the choice of the printing
material. This choice was important to evaluate the sound
recordings of the manufactured prototypes against the original
one. In this case, the materials for printing and testing were
reduced to the PLA (Poly Lactic Acid) compounds and ABS
(Acrylonitrile Butadiene Styrene), which is the other
benchmark in the market.

The prototype with ABS were expensive and complex, due to
the initial deformation that it presented due to the lack of
adhesion in the first layers, which required a headed bed for
printing to avoid the warping effect. Something very different
from what happened with the prototypes in PLA, which does
not need so much temperature to make the coil cable flow and
therefore hardens more quickly, increasing the junction in the
manufacture of layer on layer. Nevertheless, the characteristic
that underlies the choice of the PLA was not only that it does
not emit harmful gases, but that in its filament a secondary
material can be added to the main support, as we have already
mentioned. (Figure 5)

After the initial assessment, several definitive samples were
carried out with the original size of the horn, both in ABS and
in PLA. These samples were printed in the same way, already
exposed in the previous point, with filaments of 1.75 mm of
diameter from the company ColorFabb®. In each case, a scale

replica of the original horn was obtained; three bodies that were
adhered using glue built the replica.

E<
b

Figure 5. Printed proof of missing part.

For the acoustic evaluation, the results that most closely
approximate the original sound are presented, as:

- PLA + 00. The material of this first sample did not have
any type of additive. Black filament was used (Standard
black RAL 9005)

- PLA + Bronze. The filament used had a composition of
20% metal particles and 80% PLA. For this sample, the
colorFabb bronzeFill - PLA / PHA + fine bronze powder
filament (KTA2014 / 048) was used.

- PLA + Copper. As in the previous case, the filament had a
composition of 20% metal particles and 80% PLA. In this
case the filament was colorFabb copperFill - PLA / PHA +
fine copper powder (KTA2014 /207).

- ABS. This material is pure ABS, yellow filament (COL3D-
LFDO003Y) of the company COLIDO 3D.

Acoustic assessment

The final stage was to evaluate which horn was the most
suitable, based on the printed samples obtained, according to the
material used. All acoustic evaluations were made under the
same conditions and with the same devices: same microphones
and in the same position, same recording studio, same
gramophone and needle as well as same ambient soundscape. In
this way, in this proof of concept, it was assured that the possible
variables that might have influenced the recordings have been
the same.

According to the study conducted in (Moles, 2016), the
following characteristics are common to all phonograph
recordings and should be taken into account when performing
sound tests with a phonograph:

- Mono recording. Since it was not until 1930 when
recording in stereo was patented.

- Flutter. Because the speed of rotation of the cylinder of the
phonograph is not perfectly constant, causing a small
modulation in frequency that produces the Flutter. This
effect causes certain randomness and slight metallization of
the sound.
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- Amplitude distortion. In a phonograph record the amplitude
richness is randomly limited.

- Band pass filtering. The limitation on the main bandwidth
of the phonograph is given by the recording support, but
also by the response of the speakers that were used jointly
with the phonograph. In this way, the response used to be
good in the range of 400 to 2000 Hz.

- Periodic Noise. The phonograph mechanism to rotate the
cylinder and, consequently, to make the needle rub its
surface, is formed by gears and tapes. This mechanism
produces a periodic noise.

The tests were aimed to assess, in a comparative way, the audio
compiled by the use of an original horn against the audio
reproduced by the 3D printed horns.

For audio recording, a measurement microphone from
Earthworks® model M30 HDM was used. The microphone
assures flat frequency response in the range of 5 Hz to 30 kHz,
with omnidirectional polar pattern and handles up to 140 dB
SPL without distortion. In the ETSIT Recording Studio, a
Presonos audio card and two audio processing software
packages, Audacity® 2.2.1 and Sound Forge® Pro 11.0.299,
were used.

The digital files, in WAB format, obtained in each case, were
studied through the possibilities offered by the audio software
Audacity®. This program allows the comparison of the
different sound records, both in the time domain and in the
frequency spectrum. This comparison offers both the
fundamental frequencies of the sound and the harmonics that
accompany them. The study of the temporal domain enables the
comparison of amplitudes and waveforms of the acoustic signal.
While the study of the frequency spectrum can show the
frequencies that have disappeared in the printed tests against of
the frequencies of the original record. This comparative study
provides a clearer idea of how the bandwidth of the signals has
varied, as well as the characteristic harmonics that accompany
and complete the studied sound record. (Figure 6)
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Figure 6. Frequency analysis of the sample of the original sound.

For the audio processing, the same audio sample of 10 seconds
of duration was taken. This sample was used to analyze the
harmonics and the fundamental frequencies. In addition, the
selected fragment was remarkable for the study because it
contained all the significant variables. The audio fragment was
processed with one of the algorithms of the audio processing

software, which provides the conversion of the temporal domain
to the frequency domain. This algorithm applies the discrete
Fourier transform to the sound sample. This operation results in
a signal in which each frequency component has a weight or
amplitude and a phase, this signal is called the frequency
spectrum of the audio signal.

The bandwidth of a signal is defined by its maximum and
minimum frequency components, so if a signal has frequencies
from 0 Hz to 10 kHz, its bandwidth is 10 kHz, if the signal has
components between 2 kHz and 5 kHz, its bandwidth is 3 kHz.
The presented signals range from 0 kHz to 24 kHz.

RESULTS AND DISCUSSION

Of all the analysed samples, the most significant were those
performed in PLA and even more those that had metallic
additives to the main material. In relation to the sound recorded
with the ABS sample (Figure 7), we observed that both high and
low frequencies were lost, as well as the records presented less
harmonics than the prototypes in PLA + Bronze, or PLA +
Copper.

And within the graphs related to PLA + 00 (Figure 8), PLA +
Bronze (Figure 9), or PLA + Copper (Figure 10), it is the last
one that shows not only a greater spectral amplitude, with a
greater number of components in all ranges, but also a higher
resemblance to the original record. On the contrary, in the graph
of the horn made with plain PLA, the frequency spectrum
moves away from the spectrum of the original sound, thus
emitting another type of sound with a limited and attenuated
spectrum.

This result is expected, since the sonority of a musical
instrument: its main frequency, its range of harmonics or its
dynamics, is determined by many factors, including the material
from which it is manufactured. In the case of a phonograph,
which is not a musical instrument but a reproduction equipment,
the quality of that reproduction also depends on many factors,
one of which, and not the least important, is the structure and
material of its horn. Traditionally these horns were made of
brass, a metallic alloy of copper and zinc. The PLA + Copper
material has a higher copper percentage than the PLA + Bronze,
the results obtained with PLA+Copper were closer to those of
the original sound. The prototypes in PLA, or ABS, being softer
materials and plastics, absorb the acoustic waves, with the effect
of spectral limitation, loss of harmonics and low overall
sonority.

CONCLUSION

It is evident that the assets that make up our heritage and more
specifically our industrial heritage have a set of values that make
them unique pieces. These objects have a clear interest in both
their aesthetic part and in their technical innovation.
Neverthless, they are complex objects, since their Kunstwollen
capacity becomes a value to preserve. Therefore, in this type of
objects, from a museologic approach, both its aesthetic
appearance and its functionality must be preserved. In this case
study, the phonograph keeps that memory capacity in his
characteristic sound record. This feature has made it a reference
object in the history of technology.
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Through this theoretical foundation, we have been able to verify
that current technology, and in particular the reproduction of
missing materials by 3D printing, is a good possibility. We
think, as indicated by Zoran (1011), that the potential of 3D
printing is beyond a standard and can solve what traditional
manufacturing cannot.

Currently, and thanks to the versatility of the materials used in
3D printing, we have been able to propose a conceptual model
that becomes specific for the creation of the missing part of the
case study. The use of a filament with additives gives a
prototype that offers a sound record closer to the original sound.
The analysis made in this work proves that the results obtained
with PLA + Copper horn were the closest to the original sound
record. However, it did not generate the same frequency
spectrum as the original horn, which is composed of an alloy,
such as brass.

Likewise, the work opens a series of future lines of research.
These lines may observe the results obtained with new 3D
printing materials such as PolylJet, sintered nylon, or sintered
metal among others. As a main conclusion, this proof of concept
shows the integration of this technology with innovative
restoration processes, characterized by a reversible and non-
invasive approach.

94Hz  2000Hz 3000Hz 4000Hz 5000Hz B000Hz 7000Hz 8000HZ 9000Hz M0OOHz  13000Hz  15000Hz 17000z 190004z 210004z

Figure 7. Frequency analysis of the sound sample with the prototype
printed in ABS.

94Hz 2000z 3000Hz 4000Hz 5000Hz E000H: 7000H: B00DH S000H: M00OHz  13000Mz  15000Hz 170004z 190008z 21000Hz 23080z

Figure 8. Frequency analysis of the sound sample with the prototype
printed in PLA.

2000z 3000Hz 4000z S000Hz G000H2 7000Hz

Figure 9. Frequency analysis of the sound sample with the prototype
printed in PLA + Bronze.

O4Hz  2000Hz 3000Hz 4000Hz S000Hz 6000Hz 7000Hz B00OHZ S000H: T00OHz  13000Mz  15000Hz 17000Hz 19000Hz 21000z 23980z

Figure 10. Frequency analysis of the sound sample with the prototype
printed in PLA + Copper.
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