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In recent literature on the modelling of musical instruments, the use of computed tomography (CT) scans
has been increasingly explored. Compared to other 3D imaging techniques, CT offers the crucial advantage
of enabling full volumetric reconstruction of an artefact, allowing the identification of internal features and
structural details without disassembling the instrument. However, less research has been aimed at establishing
a standardized reverse-engineering workflow translating CT data into a geometry suitable for finite element
vibroacoustic analysis, and it remains unclear whether CT-derived geometries provide sufficient added value
compared to simpler models built from direct measurements. In this paper, a pilot study is presented on
a small kantele. Three geometric representations are considered: a Detailed model derived from CT data,
a Reduced version obtained through mesh decimation, and a Simplified model constructed from direct
measurements. A FEM-based eigenfrequency analysis is performed on all three models. The Reduced model
shows good modal agreement with the reference, while the Simplified model exhibits substantially larger
discrepancies, highlighting the significant impact of geometric fidelity on modal predictions.

1. INTRODUCTION

When dealing with historical musical instruments, computed tomography (CT) represents a valuable
diagnostic non-invasive technique to inspect these fragile artifacts. Among other non-invasive imaging
approaches, solely CT scans allows for a full volumetric reconstruction.8 Consequently, recent literature has
been investigating the use of CT data to inform and support the analysis of historical musical instruments.
For example, Sirr and Waddle9 took advantage of CT to assess the internal defects as well as inspect
specific wood grain patterns of 17 different historical violins and cellos. On a larger scale, the MUSICES
project developed practical methodologies covering transport, data acquisition, post-processing, and scan
optimization, culminating in a standardized set of guidelines for cultural heritage applications concerning
musical instruments.3 Apart from analysis of the instrument, CT scan also lends itself to extracting the
geometry of the instrument for structure-acoustic modelling. Potential workflows aimed at integrating CT
and FEM analysis to investigate historical musical instruments via open-source and freeware software have
also been discussed to establish more accessible analysis frameworks.6 One validation of a FEM based
model obtained from CT scans data was presented by Coaldrake4 with a Japanese koto as a case study. The
good agreement between experimental modal analysis (EMA) results and the computed FEM-based analysis
confirmed the reliability and accuracy of CT-driven FEM models. Other works describe these pipelines for
the violin.1, 7, 10

Despite advances and ongoing studies, several research questions remain open. First, there is still a need
to establish a standardized pipeline to translate CT data into efficient CAD models to be used for further
FEM-based analysis. Moreover, given the increased computational cost associated with CT-based models, a
key issue is assessing whether the use of geometries derived from CT scans provides sufficient added value



compared to simpler CAD models generated from direct measurements of the instrument. The goal of this
pilot study is therefore twofold. First, it aims to establish a consistent framework for converting CT data into
finite element (FEM) models, building on existing methodologies and considering a small kantele as a case
study. Second, it seeks to evaluate the impact of variations in geometric detail within the underlying CAD
models on the predicted modal behavior via FEM-based analysis.

To this end, three geometrical representations of the same kantele are considered: (i) a Detailed model
obtained directly from the segmented CT data and subsequent mesh generation; (ii) a reduced version of this
model obtained after decimating the mesh of the Detailed model; and (iii) a simplified CAD model developed
in a dedicated CAD modeling software based on direct geometric measurements taken directly from the
instrument. Thus, it is important to stress how the goal of this study is not to validate the accuracy of FEM
models, but rather to quantify the deviations arising solely from differences in geometrical reconstruction.

First, a description of the small kantele together with a description of the proposed reverse engineering
framework will be laid out. Finally, a comparison in the modal domain among the three different FEM
models will be reported and discussed.

2. THE KANTELE INSTRUMENT

The five-string kantele is an instrument of the psaltery family, and it can be found around the Northeastern
Baltic area. Originally, the instrument was carved from one piece of wood, until the glueing by parts became
more popular during early decades of the 20th century. However, the five-string kantele used in this study,
shown in Figure 1, has most likely been made in a wood-working class at a school setting, as it does not
bear much resemblance to the models currently being sold by makers. The body of the instrument has a
moderate fan shape to enable easy finger plucking of the strings, and also strumming chords with the right
hand while damping some strings with the left hand. The body is made by glueing spruce blanks together.
The steel strings are attached to tuning pins on one end, and wrapped around the smaller pins with a knot on
the narrow end. The string diameter is constant, hence, to allow for same tension, the string lengths vary. The
instrument is tuned diatonically starting with D4. Erkut et al.5 have analysed and modelled the acoustics of
the five-string kantele in detail.

Figure 1: Kantele under study, top view.

3. REVERSE ENGINEERING FRAMEWORK: FROM CT TO FEM BASED ANALYSIS

An illustration of the pipeline used to obtain the three different FEM models is provided in Figure 2. Four
different commercially available software were used:

• Imalytics: for handling TIFF images and segmentation.



• Geomagic Design X: for mesh processing steps (e.g. decimation and smoothing).

• Autodesk Fusion: for mesh conversion into solid models.

• COMSOL Multiphysics: for FEM-based analysis.

To ensure comparability across the three models, a physics-controlled mesh was adopted for all FEM
simulations, with mesh parameters determined automatically by COMSOL based on the given geometry. Free
BCs were applied on all boundaries for the three models and the same elastic properties were used among the
different models (see Table 1). While commercial software were used in this study, further investigations are
encouraged to exploit the potential of open source software packages, as suggested in previous literature.6

Ex Ey Ez Gxy Gyz Gxz νxy νyz νxz ρ

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) – – – (kg/m3)

10700 710 430 500 23 620 0.38 0.51 0.51 390

Table 1: Elastic properties adopted for the orthotropic material model. Values are taken from the table in2 (page 96).

A. DETAILED MODEL

The CT data was first processed in Imalytics. To reduce the computational cost while preserving the main
geometric features of the instrument, the original image stack was downsampled to a voxel size of 0.42 mm.
A denoising step was then applied with regularization parameter λ = 0.1, after which the instrument was
segmented via voxel intensity thresholding in the range 15–255. The full instrument was extracted as a single
segmentation and exported as an STL surface mesh for further processing.

The exported mesh was then refined in Geomagic Design X. The main operations included the Healing
Wizard to repair defects in the triangulated surface, a global remesh to improve mesh uniformity, shape
enhancement to recover salient geometric features, and smoothing to remove residual irregularities from the
segmentation stage. The resulting surface was then exported and converted into a step model in Autodesk
Fusion, providing a solid geometry suitable for finite element analysis. Finally, the step geometry was
imported into COMSOL Multiphysics, where the FEM models used in this study were generated. An
illustration of the different processing steps performed in Imalytics, Geomagic X and COMSOL is shown in
Figure 3.

B. REDUCED MODEL

To obtain a solid geometry suitable for CAD conversion, the Detailed mesh was decimated in two
successive steps in Geomagic Design X, each with a 30% reduction ratio. The resulting surface was then
exported and converted into a .step model in Autodesk Fusion, providing a solid geometry suitable for the
FEM-based analysis in COMSOL. To assess the geometric fidelity of the decimated mesh with respect to the
reference Detailed model, a cloud-to-cloud (C2C) distance analysis was performed in CloudCompare. For
each point in the decimated model, the absolute distance to the nearest point on the reference surface was
computed. As shown in Figure 4, the spatial deviations were minimal across most of the surface, with larger
discrepancies localized at regions of high curvature such as the scroll end and the aperture boundary, where
decimation has the greatest geometric impact.

C. SIMPLIFIED MODEL

The simplified geometric model of the instrument was constructed by hand in Autodesk Fusion. The
model was built from direct length and thickness measurements taken on the instrument. The open back of



Figure 2: Flow diagram of the reverse engineering framework used to generate the three assessed FEM models.

Figure 3: From left to right: segmented surface mesh exported from Imalytics for the Detailed model, processed
mesh in Geomagic Design X, and physics-controlled FEM mesh generated in COMSOL Multiphysics.



Figure 4: Spatial distance plot from the reduced model cloud of points and the reference Detailed one.

the instrument allows for a relatively straightforward access to the plate geometry. A uniform thickness was
assumed throughout, which represents a reasonable approximation for an instrument glued from parts; this
assumption would however be less appropriate for hand-carved instruments, where thickness profiles can vary
substantially across the plates. However, more detailed thickness mapping can be made with dedicated tools
such as the magic probe. Ornamental features, such as the thin decorative border running along the plate edge
near the tuning pins, was omitted from the simplified model due to its geometric complexity and expected
negligible contribution to the eigenfrequency response. It is worth noting that the purpose of this geometry
was to provide a simplified geometrical reconstruction of the instrument. The geometric deviation between
the simplified model and the CT-derived reference was assessed through a further C2C distance analysis in
CloudCompare, following the same procedure described above. As shown in Figure 5, the simplified model
exhibits good agreement with the reference geometry over the flat plate regions, while larger deviations are
observed along the edges and at the scroll, reflecting the inherent limitations of a manually constructed model
in capturing fine geometric details.

Figure 5: Spatial distance plot from the simplified model cloud of points and the reference Detailed one.



4. RESULTS AND DISCUSSION

From the FEM-based eigenfrequency analysis, a total of 70 eigenfrequencies were computed for each
model, of which the first six, corresponding to rigid body modes associated with the free boundary conditions,
were discarded, leaving 64 modes for comparison. All the considered FEM-based eigenfrequency analysis
were performed on a workstation equipped with an Intel Xeon w5-3423 processor (12 cores, 2.11 GHz) and
64 GB of RAM. The computational times for the eigenfrequency analysis are reported in Table 2.

Model Computational time (s)

Simplified 40
Reduced 244
Detailed 1438

Table 2: Computational time required for the eigenfrequency analysis of each FEM model.

To compare the modal properties of the three FEM models, namely the Detailed CT-based model, the
Reduced (decimated) model, and the Simplified hand-drawn model, a Modal Assurance Criterion (MAC)
analysis was performed. Since the three models are discretized on different meshes, direct node-to-node
comparison of mode shapes is not possible, as each model has a different number of nodes located at different
spatial positions. To overcome this, the mode shape displacement magnitudes of the Reduced and Simplified
models were interpolated onto the nodal coordinates of the Detailed reference model using a scattered
interpolant function in MATLAB. Once all mode shapes are expressed as displacement vectors defined at
the same set of spatial points, the MAC value between mode i of the reference model and mode j of the
compared model was computed as:

MAC(i, j) =
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where ϕref
i is the i-th mode shape vector of the reference model and ϕcomp

j is the j-th mode shape vector of
the compared model, evaluated at the reference nodal coordinates. Values close to one indicate that a high
correlation between the modal shapes. For each reference mode, the best matching mode in the compared
model (i.e. Reduced or Simplified models) was identified as the one yielding the highest MAC value. The
results of the MAC analysis are shown in Figure 6, and the corresponding eigenfrequency comparison is
presented in Figure 7 and summarized in Table 3. For the Reduced model, the MAC matrix exhibits a
well-defined diagonal with consistently high values, indicating a strong correlation between the mode shapes
of the decimated and reference meshes. This is further confirmed by the eigenfrequency comparison, with a
mean deviation of 9.7 cents and a maximum of 17.5 cents across the 64 considered modes, corresponding
to relative frequency deviations of 0.56% and 1.02% respectively. These results demonstrate that the two
successive decimation steps have a negligible effect on the modal properties of the instrument, validating
the use of the reduced mesh as a computationally efficient surrogate for the full CT-derived geometry. On
the other hand, the MAC analysis for the Simplified model demonstrates a considerable lower correlation
with the reference Detailed model. Accordingly, the eigenfrequency deviations are substantially larger with
discrepancies increasing with frequency, up to a maximum deviation of 4753.3 cents, corresponding to a
frequency deviation of 93.5%. The more significant discrepancies visible in Figure 7 for the Simplified model
demonstrate the poor modal correlation between the hand-drawn and reference CT models. Specifically,
even when the best modal shape correspondence is identified through the MAC analysis, the associated
eigenfrequencies can differ substantially between the Simplified and reference models. These findings



suggest that there can be considerable differences between the hand-drawn and scanned models even with
seemingly simple geometries. This will naturally vary based on the accuracy of the measurements by hand
and the strategy chosen to implement the geometry on the CAD software. Of course, with more complicated
geometries, where the internal geometry cannot be visually accessed, present even a bigger problem for the
hand drawing. In that case, a hybrid approach could be adopted where the measurements are done inside the
scanned model, but the model is drawn in a CAD software.

Figure 6: On the left: MAC analysis between decimated mesh model and reference Detailed mesh model. On the
right: MAC analysis between simplified model and reference Detailed mesh model.

It should be noted that the present study does not allow us to determine which model is closest to the
actual dynamic behaviour of the instrument, as no experimental modal analysis or other measurements such
as mobility or frequency response functions are available for direct validation. Furthermore, the CT-derived
geometry is itself subject to limitations inherent to the segmentation pipeline. In particular, denoising and
smoothing operations, while necessary to produce a clean surface, may introduce unwanted removal of
material or rounding of sharp geometric features, and residual noise in the reconstructed geometry may
locally alter the plate thickness, with potential consequences for the predicted modal properties.

More broadly, the results highlight the sensitivity of modal predictions to CAD modeling choices,
particularly for the Simplified model where outcomes depend heavily on the operator’s skill and interpretation.
A round-robin study involving multiple independently constructed models would be desirable to quantify
the variability attributable to user-dependent decisions and establish more robust benchmarks. Finally, an
important open question concerns the perceptual relevance of the observed differences. It remains unclear how
large a deviation in eigenfrequency or mode shape must be to produce a just noticeable difference (JND) in
the listener’s perception of the instrument’s sound. Comparisons in the frequency domain, through simulated
or measured mobility functions, would also be valuable in future work, although they are considerably more
demanding from a computational standpoint.

5. CONCLUSION AND FUTURE WORK

The present study investigated the influence of geometric model complexity on the predicted modal
properties of the instrument through a comparison of three FEM models with different degrees of simpli-
fication. The Reduced (decimated) model demonstrated an almost equivalent predicted modal behaviour
to the Detailed CT-based reference, carried out at a fraction of the computational cost. This confirms that



Figure 7: Eigenfrequencies of the three FEM models plotted against mode index. For the Reduced and Simplified
models, modes are reordered according to their best MAC-based correspondence with the reference Detailed model.

Reduced vs Detailed (cents) Simplified vs Detailed (cents)

Mean 9.7 802.3
Median 9.2 491.6
Max 17.5 4753.3

Table 3: Summary statistics of the relative cents deviation (|∆centf |1200 log2(fcomp/fref)) of the Reduced and
Simplified models with respect to the Detailed reference model.



mesh decimation can be used as a viable and efficient strategy when simulating the vibrational response of a
given musical instrument. The Simplified hand-drawn model, despite being the fastest to solve, produced
substantially different eigenfrequencies and mode shapes, highlighting that computational efficiency alone is
not a sufficient criterion for model selection and that geometric fidelity has a significant impact on modal
predictions.

These results also point to the broader question of reproducibility in instrument modeling. Since the
construction of a simplified geometric model depends heavily on the operator’s skill and interpretation,
different users may produce models yielding considerably different results. A round-robin study requiring
multiple operators to independently reconstruct and simulate the same instrument would be useful to quantify
this variability and establish confidence bounds on model predictions. Finally, establishing JND values in the
modal domain when comparing the vibroacoustics signature of two or more instruments and their respective
numerical models remains an open question which should be addressed in future research.
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