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Abstract – The Karadeniz kemenche, a traditional bowed lute from Turkey’s Black Sea region, exhibits
distinct structural adaptations that shape its acoustic signature across musical repertoires. This study inte-
grates experimental modal analysis, cluster statistics, and regression modelling to investigate how material
and geometric parameters relate to the instrument’s sound production. Through testing of 18 regionally
representative samples, a binary classification was identified: bass-oriented instruments (n = 11) predomi-
nantly use ivy/plum with thicker soundboards (0.31±0.02 cm), while treble-oriented designs (n = 7) employ
dense mulberry with thinner soundboards (0.25± 0.01 cm). Higher Mode 7 frequencies (867± 18 Hz, asso-
ciated with neck-scroll vibrations) correlate with greater high-frequency spectral content in treble-oriented
instruments. Cluster analysis confirms this division (Gap statistic = 0.82), with spectral energy variance ex-
plaining 79% of group differences (PERMANOVA, p = 0.002). Regression models quantify key predictors,
revealing fingerboard/nut thickness as the most influential variable (13.22% effect) and validating material
choices through large effect sizes (η2 = 0.58 for woods). Mode 1 frequency (∼60 Hz) serves as a structural
indicator reflecting body stiffness, though the two-octave gap from playing frequencies (200–330 Hz) pre-
cludes direct resonant enhancement. The findings reveal correlations between regional music traditions and
instrument construction parameters. Methodologically, this work advances heritage instrument analysis by
combining vibrational testing with predictive modelling, offering a transferable framework for studying
material-structure-sound relationships in other folk instruments. For luthiers, the results provide evidence-
based design guidelines, while acousticians gain insights into how craftsmanship traditions correlate with
modal energy distribution. Two transitional samples with hybrid properties suggest a design continuum
worthy of further exploration.

Keywords. Kemenche acoustics, Structural-acoustic relationships, Experimental modal analysis,
Regression modelling, Material acoustics

1 Introduction

1.1 Karadeniz kemenche

The Karadeniz kemenche, a bowed string instrument
deeply embedded in the cultural traditions of Turkey’s
Eastern Black Sea region, transcends its role as a musi-
cal tool to serve as a vessel of cultural identity and
historical continuity. Primarily played along the coastal
belt extending from Samsun to Hopa and throughout
the seaward slopes of the North Anatolian Mountains,
the kemenche has historically accompanied the region’s
inhabitants through both settled life and periods of
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migration. Contemporary internal migration and dias-
pora have extended its presence beyond its traditional
homeland to major Turkish urban centres such as Istan-
bul and Ankara, as well as expatriate communities in
Greece, Germany, and other locations worldwide.

The instrument is known by various regional appel-
lations including ‘kemendze’, ‘çemençe’, ‘gemence’, and
‘kemane’, with Greek-speaking populations referring to
it as ‘lyra’. While exhibiting subtle structural diversity
across regions, the kemenche maintains consistent core
characteristics that define its regional identity. Tradi-
tional instruments feature three strings, though some con-
temporary versions incorporate a fourth string to expand
tonal range. Historically constructed with gut strings,
modern iterations now typically use stainless steel for
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enhanced durability and tonal consistency (i.e., more sta-
ble intonation and reduced pitch drift compared to gut
strings due to lower humidity sensitivity).

According to Saygun [1], the strings are designated
zil (treble), sağır (middle), and bam (bass). Historical
construction practices involved using gut for the mid-
dle string and silk-wrapped metal for the bass string [2].
The upper two strings, often termed sacred strings, domi-
nate melodic execution, and are considered central to the
instrument’s expressive capabilities [3].

The kemenche’s construction parallels other Anato-
lian chordophones like the ‘yaylı tambur ’ in its use of local
woods, while its acoustic behaviour shares principles with
Mediterranean lyras. The kemenche is carved from a sin-
gle block of wood, typically juniper, cherry, plum, or mul-
berry, with a spruce (Picea orientalis) soundboard valued
for its superior acoustic properties. Regional variations
in instrument size significantly influence timbral charac-
teristics: shorter instruments (treble kemenche, averag-
ing 55–58 cm) produce brighter, more penetrating tones,
while longer models (up to 65 cm) generate deeper, more
resonant sounds [1, 4–6].

Tuning systems typically employ fourth intervals,
though regional and stylistic preferences introduce con-
siderable variability. The renowned Black Sea musician
Sırrı Öztürk employed F]-B-E tuning [3], while East-
ern Black Sea traditions favour progressively lower tun-
ing systems such as E-A-D, D-G-C, and C-F-B[. Modal
and polyphonic requirements have also inspired alterna-
tive tuning approaches including ‘tulum düzeni ’ (A-D-A)
and ‘köçek düzeni ’ (C]-F]-G]) [1].

The instrument is played using a horsehair bow
(‘sayta’ or ‘zayta’), with a distinctive fingertip technique
that compensates for the absence of a traditional finger-
board. This technique enables rapid articulation essen-
tial for the intricate rhythmic patterns, characteristic
of ‘horon’ dances. The kemenche’s sonic signature cen-
tres on a biphonic texture, characterized by a drone
(often on the open bass string) supporting a melodic
tune played on the higher strings, frequently in paral-
lel fourths [3, 7]. Performance contexts range from inti-
mate indoor settings (‘yayla’ festivals, traditional cafes)
to dynamic outdoor ‘horon’ circles, where multiple play-
ers may perform simultaneously to amplify collective
sound [8].

The twentieth century witnessed significant adapta-
tions as the kemenche responded to modernizing musical
landscapes. By the 1950s, it had become integrated into
contemporary Black Sea popular music, and by the 1990s,
it appeared in rock and fusion ensembles. Some perform-
ers adopted tempered tuning systems and violin-inspired
techniques, prioritizing homophonic textures over tra-
ditional polyphonic approaches. However, rural practi-
tioners and diaspora communities continue to preserve
traditional methods, utilizing the bass string for rhythmic
foundation in ‘horon’ performances and deeper resonance
in narrative songs (‘türkü’) [7].

As a living cultural artifact, the kemenche reflects the
Eastern Black Sea region’s musical and social evolution,

shaped by both geographic isolation and dynamic cross-
cultural exchange.

1.2 Problem statement

The kemenche traditionally employs a tuning system
based on perfect fourths, where the middle string estab-
lishes a tonal centre (e.g. G), flanked by strings positioned
a fourth above (treble) and below (bass), creating config-
urations such as D-G-C from bass to treble. However,
regional variations in instrument design and performance
context create specific construction and usage require-
ments: (i) Eastern Trabzon and surrounding areas favour
larger, deeper-toned instruments optimised for seated
performances (‘oturak havaları’); (ii) Central Trabzon
predominantly utilizes medium-sized instruments with
moderate resonance characteristics; (iii) Western Trab-
zon and Giresun employ shorter, narrower-bodied instru-
ments with brighter tones specifically designed for ‘horon’
dances, constructed to facilitate both seated and standing
performance through compact dimensions and shortened
necks that enable rapid handling and palm rotation.

While traditional luthiers historically addressed these
regional requirements through empirical knowledge and
artisanal skill, contemporary demands present significant
challenges that traditional methods cannot adequately
address the following.

– Standardization challenges: Current production meth-
ods cannot reliably reproduce identical instruments
using consistent materials and techniques, leading to
unpredictable variations in acoustic properties even
among instruments intended for similar applications.

– Material optimisation gaps: The absence of system-
atic guidelines for optimal material selection creates
uncertainty when constructing instruments tuned to
different tonal centres, with no established protocols
for matching wood types, densities, and treatment
methods to specific pitch requirements.

– Design calculation deficiencies: The lack of precise
measurement systems or mathematical formulas pre-
vents consistent replication of regional variants, mak-
ing it difficult to scale dimensions appropriately for
targeted pitch ranges and performance contexts.

These challenges stem from the fundamental tension
between traditional craftsmanship methods and modern
demands for reproducibility and standardization. This
tension has become particularly acute as contemporary
performers increasingly adopt tempered tuning systems
and seek instruments capable of adaptation to diverse
musical genres beyond traditional Black Sea repertoire.

1.3 Research objectives

This study conducts a systematic investigation of
timbral variability across 18 distinct kemenche sam-
ples shown in Figure 1, through integrated analysis of
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Figure 1. The 18 Karadeniz kemenche samples analysed in this study, displaying regional variations in size, body propor-
tions, and construction characteristics representative of Eastern Black Sea craftsmanship traditions (The strings and related
components have been disassembled for experimental modal analysis).

acoustic, geometric, and structural modal properties.
By synchronizing measurements of open-string and fin-
gered frequencies, critical dimensional parameters includ-
ing body geometry, and modal vibration patterns, this
research quantifies the relationships between construction
variables and timbral output.

The research seeks to establish correlations between
physical design parameters and acoustic output charac-
teristics, creating a foundation for evidence-based instru-
ment construction. Through comprehensive analysis of
regional samples, the study aims to identify and anal-
yse how region-specific construction practices, including
material selection and dimensional approaches, con-
tribute to distinctive timbral signatures. Furthermore, the
investigation endeavours to create mathematical frame-
works linking construction parameters such as materials,
dimensions, and structural properties to acoustic pro-
files, enabling luthiers to systematically design instru-
ments tailored to specific performance contexts and tonal
requirements.

This investigation provides the first comprehensive
empirical framework for understanding timbral diver-
sity in the Karadeniz kemenche through several innova-
tive methodological approaches. The study employs an
unprecedented combination of acoustic recording anal-

ysis, geometric measurement protocols, and structural
modal analysis – a tripartite approach previously unex-
plored in kemenche research. Through systematic docu-
mentation, regional design characteristics that contribute
to timbral variation are preserved, maintaining tradi-
tional artisanal knowledge while providing frameworks for
contemporary application.

The research introduces structural modal analy-
sis to kemenche studies, revealing correlations between
vibrational mode patterns and perceived sound qual-
ity, thereby establishing new analytical foundations for
instrument evaluation. These findings provide luthiers
and performers with data-driven frameworks for instru-
ment selection and customization based on specific tonal
requirements and performance contexts, effectively bridg-
ing traditional craftsmanship approaches with contempo-
rary precision manufacturing principles.

This manuscript is part of a three-paper series
on Karadeniz kemenche acoustics. Our previous
publications–Oktav [9] on soundboard thickness effects,
and Alkın & Oktav [10] on sound hole geometry–present
detailed vibroacoustic characterisation including acous-
tic response functions, mode shape visualisations, and
FE model validation for a representative instrument.
The present manuscript extends this foundation to a
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Figure 2. Geometric parameters of Karadeniz kemenche: (1) Base length, (2) Base width, (3) Base thickness, (4) Side length,
(5) Side width, (6) Soundpost length, (7) Soundboard length, (8) Soundboard width, (9) Soundboard thickness, (10) Sound hole
length, (11) Tailpiece length, (12) String length, (13) Fingerboard length, (14) Fingerboard/Nut thickness, (15) Nut length,
(16) Neck length, (17) Upper saddle length, (18) Scroll length, (19) Scroll height, (20) Total length, (a) min., (b) max.

statistical analysis across 18 instruments, focusing on
the relationship between construction parameters and
acoustic outcomes through regression modelling. Readers
requiring detailed mode shapes or acoustic response data
are directed to these companion papers.

2 Measurement methodology

This study systematically documents 20 geometric
parameters across 18 kemenche samples (Fig. 1) from
Rize, Trabzon, and Giresun, alongside their acoustic
properties. The comprehensive measurement protocol
captures both structural diversity and consistent features
critical to the instrument’s functionality, providing the
first quantitative framework for understanding regional
variations in kemenche construction.

2.1 Geometric variability

The 18 kemenche samples were selected to repre-
sent the full spectrum of regional construction traditions
across the Eastern Black Sea region. Each instrument was
photographically documented and assigned a unique iden-
tifier before measurement. Prior to analysis, all strings
and related hardware components were carefully removed
to enable precise geometric measurements and subsequent
modal analysis, as shown in Figure 1.

Sample provenance was verified through consultation
with local craftsmen and cultural institutions, ensur-
ing authentic representation of traditional construction
methods. The age distribution (2–10 years) provides
insights into both contemporary and recent historical
practices, while the balanced regional representation (6
samples each from Rize, Trabzon, and Giresun) enables
comparative analysis of geographic variations.

All geometric measurements were conducted using
digital callipers (±0.01 mm precision) and measuring
tapes (±0.5 mm precision) under controlled laboratory
conditions (22 ± 1 ◦C, 45 ± 5% RH, with instru-
ments equilibrated for 48 h prior to measurement). Each
parameter was measured three times by independent
observers, with final values representing the arithmetic

Table 1. Variation of geometric measures.

Parameter Min Max Mean ± SD

(1) Base length 40.3 43.7 42.4 ± 1.0
(2) Base width 2.0 10.2 7.2 ± 1.8
(3) Base thickness 0.3 0.6 0.4 ± 0.1
(4) Side length 2.1 4.9 3.6 ± 0.6
(5) Side width 0.3 0.5 0.4 ± 0.1
(6) Soundpost length 3.5 4.7 3.8 ± 0.3
(7) Soundboard length 37.8 41.7 40.4 ± 1.1
(8) Soundboard width 3.4 10.2 7.9 ± 1.6
(9) Soundboard thickness 0.2 0.3 0.2 ± 0.03
(10) Sound hole length 5.8 9.5 7.1 ± 1.2
(11) Tailpiece length 8.5 11.7 10.2 ± 0.9
(12) String length 37.4 40.7 38.9 ± 1.0
(13) Fingerboard length 7.5 8.5 8.1 ± 0.3
(14) Fingerboard/Nut thickness 0.2 0.7 0.4 ± 0.1
(15) Nut length 25.7 28.5 27.1 ± 0.8
(16) Neck length 5.7 7.6 6.5 ± 0.6
(17) Upper saddle length 0.2 0.5 0.3 ± 0.1
(18) Scroll length 5.9 8.2 7.1 ± 0.7
(19) Scroll height 3.0 7.4 6.0 ± 1.2
(20) Total length 53.8 57.5 56.1 ± 1.1

mean to minimize measurement error. The 20 geo-
metric parameters were selected based on their estab-
lished importance in stringed instrument acoustics and
their relevance to traditional kemenche construction
practices.

The geometric parameters are systematically illus-
trated in Figure 2, providing a comprehensive dimen-
sional framework for kemenche analysis. Variation of the
geometric measures across the samples are tabulated in
Table 1.

The standard deviation (SD) of measurements high-
lights key variations in craftsmanship. Parameters like
base width (SD = 1.8 cm) and soundboard width (SD =
1.6 cm) show high variability, reflecting adaptive designs
to regional wood properties. In contrast, consistent
dimensions (e.g. soundpost length, SD = 0.3 cm) sug-
gest standardized features critical to sound production.
Outliers, such as the scroll height of Sample#7 (3.0 cm
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vs. mean 6.0 ± 1.2 cm), may indicate unique stylistic
choices.

The coefficient of variation (CV = SD/Mean × 100%)
reveals distinct patterns in construction precision and
regional adaptation strategies. This analysis provides cru-
cial insights into which parameters are standardized for
acoustic performance versus those that allow for regional
customization and material adaptation.

Critical acoustic parameters (CV < 10%):

– String length (CV = 2.6%) and soundpost length (CV
= 7.9%) demonstrate the tightest tolerances, reflect-
ing their fundamental importance to pitch accuracy
and sound transmission.

– Base length (CV = 2.4%) and total length (CV =
2.0%) show remarkable consistency, suggesting stan-
dardized proportional relationships maintained across
regions.

– Fingerboard length (CV = 3.7%) and nut length (CV
= 3.0%) indicate precise attention to playability and
intonation requirements.

Moderately variable parameters (CV 10–20%):

– Sound hole length (CV = 16.9%) and scroll height
(CV = 20.0%) allow for aesthetic customization while
maintaining acoustic function.

– Side length (CV = 16.7%) and soundboard thick-
ness (CV = 15.0%) show moderate variation, likely
reflecting material property adaptations.

– Neck length (CV = 9.2%) approaches the precision
threshold, balancing ergonomic requirements with
acoustic considerations.

Highly variable parameters (CV > 20%):

– Base width (CV = 25.0%) and soundboard width
(CV = 20.3%) exhibit the greatest variation, directly
correlating with regional tonal preferences.

– Upper saddle length (CV = 33.3%) shows extreme
variability, likely due to its minimal acoustic impact
and construction simplicity.

– Multiple thickness measurements (base, side, fin-
gerboard/nut) demonstrate high variability (CV =
25.0%), reflecting adaptation to local wood properties
and availability.

2.2 Regional geometric patterns

Preliminary analysis reveals distinct regional cluster-
ing in key dimensional parameters.

Trabzon characteristics:

– Consistently larger soundboard widths (mean: 8.4 ±
1.2 cm vs. overall mean: 7.9 ± 1.6 cm).

– Moderate total lengths optimised for both seated and
standing performance contexts.

– Higher base width variability suggesting diverse local
construction traditions.

Rize characteristics:

– Shorter overall dimensions with enhanced portability
features.

– Consistent neck proportions optimising for rapid fin-
gering techniques.

– Preference for brighter tonal characteristics through
reduced body volume.

Giresun characteristics:

– Longer string lengths correlating with deeper tuning
preferences.

– Wider soundboards supporting enhanced bass
response.

– Construction patterns optimised for ‘horon’ dance
accompaniment.

2.3 Material properties and regional distribution

The material analysis reveals sophisticated selection
criteria reflecting both acoustic requirements and regional
resource availability. Regional and material distribution
across the samples is tabulated in Table 2.

2.3.1 Body wood analysis

The dominance of plum (33.3%) and mulberry
(27.8%) reflects a balance between acoustic properties
and workability. Based on FE model updating results
reported in Oktav [9], plum wood (ρ = 613 kg/m3,
EL = 8375 MPa) exhibits a favourable specific mod-
ulus (E/ρ = 13.7 GPa · m3/kg), contributing to effi-
cient vibration transmission while remaining manageable
for hand-carving techniques. Mulberry’s higher density
(ρ = 655 kg/m3) correlates with lower body mode fre-
quencies in the regression model (coefficient: −3.2 Hz per
10 kg/m3, p < 0.05), and is particularly favoured in
Giresun samples designed for ‘horon’ accompaniment.

The presence of rare materials like juniper (n = 1) and
elm (n = 1) suggests specialized applications or exper-
imental approaches by individual craftsmen. Juniper’s
aromatic properties and historical significance in regional
traditions may indicate ceremonial or prestige instru-
ments, while elm’s appearance likely represents modern
material experimentation.

2.3.2 Soundboard material trends

The preference for spruce (61.1%) over fir (38.9%)
reflects acoustic optimisation strategies. Picea orientalis
(Oriental spruce), endemic to the Black Sea region, offers
superior vibration transmission due to its high strength-
to-weight ratio and consistent grain structure. The 38.9%
fir usage correlates strongly with instrument age, appear-
ing predominantly in samples older than 5 years, sug-
gesting evolving material preferences toward acoustic
optimisation.
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Table 2. Regional and material distribution of kemenche samples.

Attribute Categories Count (n = 18) Percentage Regional notes

Region Rize 6 33.3% Coastal adaptation methods
Trabzon 6 33.3% Urban-rural synthesis
Giresun 6 33.3% Higher elevation traditions

Body material Plum 6 33.3% Valued for its acoustic prop-
erties and workability

Mulberry 5 27.8% Traditional coastal choice
Ivy 2 11.1% High-altitude specialty
Juniper 1 5.6% Rare, ceremonial

instruments
Elm 1 5.6% Experimental modern usage

Soundboard Spruce (Picea
orientalis)

11 61.1% Optimal acoustic properties

Fir 7 38.9% Traditional, older
instruments

Fingerboard Plum (treated) 6 33.3% Chemical hardening process
Ebony 4 22.2% Premium durability choice
Mulberry 2 11.1% Regional material preference
Rosewood 2 11.1% Modern introduction
Boxwood 1 5.6% Specialized local tradition

Age category 2–5 years 9 50.0% Contemporary practices

2.3.3 Fingerboard treatment innovation

The prevalence of chemically treated boxwood finger-
boards (33.3%) represents a significant innovation in tra-
ditional construction. This treatment process, developed
by regional craftsmen, enhances durability and playing
characteristics while utilizing locally available materials.
The technique involves controlled chemical hardening
that increases surface density without compromising the
wood’s natural resonance properties.

2.4 Acoustic properties

The acoustic characterization provides quantitative
foundations for understanding timbral diversity across
regional traditions. The measurement results are tabu-
lated in Table 3.

The frequency measurements reveal sophisticated
adaptation to regional performance contexts: Tra-
bzon samples predominantly employ D-G-C tuning
(293.7–392.0–523.3 Hz), optimised for ‘horon’ dance
rhythmic patterns; Tuning systems varied across samples,
correlating more strongly with the binary acoustic
classification than strict geography. Samples identified
as treble-oriented often used higher tunings like E-
A-D (329.6–440.0–587.2 Hz), supporting brighter tonal
characteristics. Conversely, bass-oriented samples uti-
lized lower tunings, including C-F-B[ (261.6–349.2–
466.2 Hz), enabling a deeper bass response. This func-
tional adaptation to performance role (e.g., melodic
lead vs. rhythmic foundation) was observed across all
regions.

The maintenance of perfect fourth intervals (fre-
quency ratio ≈1.33:1) across all samples demonstrates
remarkable consistency despite material and dimensional

variations. The average deviation from perfect fourths
measures only ±12 cents across all string pairs, indi-
cating sophisticated empirical tuning methods developed
through generations of craftsmanship.

Statistical analysis reveals significant correlations
between geometric parameters and acoustic output. For
string length effects, a strong negative correlation (r =
−0.68, p < 0.01) exists between length and highest
achievable pitch, while a moderate correlation (r = 0.45,
p < 0.05) is observed with fundamental frequency stabil-
ity. Body volume impacts acoustic properties, with sound-
board width showing a positive correlation (r = 0.52, p <
0.05) for bass resonance strength, whereas greater vol-
ume reduces harmonic brightness (r = −0.41, p < 0.05).
Material density also plays a key role: boxwood-body
instruments produce fundamental frequencies 15.3 Hz
higher on average than mulberry counterparts, and spruce
soundboards exhibit 23% greater harmonic consistency
compared to fir alternatives.

The acoustic measurements reveal clear optimisation
patterns for specific performance contexts. For ‘horon’
dance applications (primarily Trabzon and Giresun sam-
ples), instruments exhibit lower fundamental frequencies
(mean: 365.4 ± 28.7 Hz) to enhance rhythmic clarity,
coupled with an 8.2 dB boost in second harmonic pres-
ence for outdoor projection. These designs also prior-
itize frequency stability (±3.1 cents variation), facili-
tating ensemble synchronization during dynamic dance
sequences.

In contrast, instruments tailored for indoor perfor-
mances (predominantly Rize samples) favour higher fun-
damental frequencies (mean: 421.8 ± 35.2 Hz), optimised
for intimate acoustic spaces. Their harmonic spectra
emphasize complexity, with stronger 3rd–5th harmonics
to enrich melodic expression, while a wider dynamic range
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Table 3. Acoustic properties of kemenche samples.

Parameter Range CV (%) Notes

Tonal centre (middle string) E(4)–A(4) (329.6–440 Hz) 15.8% Regional tuning preferences
Bass string frequency (open) 220.0–329.6 Hz 11.7% Fourth interval maintenance
Treble string frequency (open) 392.0–587.2 Hz 12.0% Brightness correlation
Highest pitch (4th finger) 587.2–880.0 Hz 14.1% Technical range limit
Fundamental frequency stability ±2–8 cents 23.8% Tuning precision indicator
Harmonic content (2nd–5th) 15–45 dB below fundamental 30.7% Timbral character variation

(18.7 dB average) accommodates nuanced articulations
essential for solo or chamber settings.

This comprehensive measurement framework estab-
lishes the quantitative foundation for understanding how
traditional craftsmen intuitively optimised instrument
construction for specific regional performance require-
ments, providing crucial data for the subsequent modal
analysis and acoustic modelling phases of this investiga-
tion.

2.4.1 Acoustic recording protocol

Acoustic recordings for spectral analysis were
obtained using a Neumann TLM 170R cardioid condenser
microphone positioned at 50 cm distance, 45◦ off-axis
from the soundboard centre. Recordings were conducted
in an acoustically treated room (RT60 ≈ 0.3 s at 1 kHz,
background noise < 30 dB(A)) under controlled condi-
tions (22 ± 2 ◦C, 50 ± 10% RH). Each instrument was
played by an experienced performer executing a standard-
ised bowing pattern (open strings, mezzo-forte dynamics,
3 repetitions per instrument). Power spectral density was
computed using Welch’s method (Hanning window, 50%
overlap, 4096-point FFT at 44.1 kHz sampling rate), nor-
malised by total energy (0–5 kHz), then averaged within
each group. The 28% high-frequency energy difference
reported for treble-oriented instruments was computed
as (

∫
Treble

−
∫
Bass

)/
∫
Bass

×100% over the 2–4 kHz band,
yielding 28.3 ± 6.1% (bootstrap 95% CI). We acknowl-
edge that this environment is not anechoic and that
playing-based measurements introduce performer vari-
ability; controlled computational analysis was used in our
previous work [9] for detailed acoustic characterisation.

3 Methods

3.1 Experimental modal analysis

Modal parameters were prioritised based on their
acoustic roles: body cavity resonances (Modes 1–2)
for drone tones in Black Sea music, and neck vibra-
tions (Modes 6–7) for melody-oriented ornamentation
[11, 12]. The experimental modal analysis of the
Karadeniz kemenche was conducted to determine its
structural modal parameters [13]. The study employed
a free-boundary condition setup, where the instrument

was suspended using elastic strings attached to micro-
phone stands to minimise external constraints as shown
in Figure 3 [14].

The measurement and excitation points were identi-
fied with Siemens Simcenter 3D software, which utilised
the finite element model’s pre-test module [15]. The mod-
ule analysed the computational modal analysis results
(Nastran op2 file) to determine optimal sensor and exci-
tation locations. The selection criteria ensured minimal
cross-correlation between mode shapes, as verified by
the AutoMAC (Modal Assurance Criterion) matrix [16].
Diagonal values close to 1 and off-diagonal values below
0.2 confirmed the suitability of the chosen points [17].

For data acquisition, an 8-channel Sinus Apollo mobile
analyser was used. Single-axis Dytran 3035BG accelerom-
eters measured the acceleration responses, while a
Dytran 5800B3 impact hammer with a sensitivity of
48.7 mV/LbF provided excitation. Each measurement
was recorded at least three times and averaged to enhance
accuracy. The Samurai v3 software facilitated data collec-
tion and storage.

To ensure accuracy, the mass of the accelerome-
ters (Dytran 3035BG) was incorporated into the com-
putational model, accounting for their inertial effects
on the kemenche’s dynamic response. This adjustment
was critical to align the experimental and computational
results.

Total sensor mass (7 × 1.1 g = 7.7 g) represents
approximately 2.5% of average kemenche body mass
(∼310 g). Based on perturbation theory and FE sen-
sitivity analysis, this mass loading introduces an esti-
mated frequency shift of 1.5–3% for lower modes. The
four sensor configurations shown in Figure 3 introduce
systematic variation; reported frequencies should there-
fore be interpreted with ∼3% uncertainty bounds. A
single-accelerometer/roving-hammer approach would be
methodologically superior and is recommended for future
studies. Additionally, the Dytran 5800B3 impact hammer
(100 g head) is larger than ideal for lightweight structures;
however, coherence remained > 0.9 across the 0–1200 Hz
analysis bandwidth.

Mass loading by sensors can also bias modal damp-
ing ratio estimates: for the sensor-to-body mass ratio
of ∼2.5% used here, the resulting error in damping
ratios is expected to be of comparable order (∼1–3%),
with the direction of bias dependent on sensor proxim-
ity to displacement antinodes; reported damping values
should therefore be interpreted with ±3% uncertainty.
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Figure 3. Experimental modal analysis setup for three representative kemenche samples. (a) Full free-boundary suspension rig:
the instrument is suspended by elastic strings attached to microphone stands to minimise external constraints. (b) Side/neck
view showing accelerometer placement on a second instrument. (c) Close-up of the soundboard surface with seven single-axis
accelerometers.

For higher-order modes (Modes 5–10), configuration-
dependent mass placement may additionally perturb local
mode-shape curvature; conclusions regarding these modes
are therefore confined to frequency ordering and should
not be interpreted in terms of modal displacement pat-
terns without corroboration from a roving-hammer or
laser vibrometry approach.

A total of 18 Karadeniz kemenche samples were
tested with four sets of 7 accelerometers each (28 out-
put points in total). Frequency response functions (FRFs)
and coherence plots were recorded for all samples.

Lightweight coaxial cables (2.5 g/m) were routed along
suspension strings to minimise their influence on instru-
ment dynamics. Cable damping was assessed by compar-
ing FRF coherence with cables tensioned versus slack,
revealing no significant difference (∆coherence < 0.02).
Measurement repeatability was quantified through three
repeated tests on selected samples, yielding CV = 1.8%
for natural frequencies and CV = 12.3% for damping
ratios.

The experimental data, stored in UFF58 Fortran for-
mat, was processed using Bruel & Kjaer’s nCode software.
The software employed peak picking and least squares
algorithms to extract modal parameters. The analysis
yielded 10 natural frequencies and their corresponding
mode shapes within the 0–1200 Hz bandwidth.

Initial material properties, derived from literature,
were refined through a geometry optimisation frame-
work coupled with a model updating scheme. This itera-
tive process adjusted orthotropic elastic moduli, density,
and Poisson’s ratios to minimise discrepancies between
experimental and computational modal parameters. The
updated properties significantly improved the correla-

tion between the finite element model and experimental
results. However, updated material properties should be
interpreted as effective parameters minimising frequency
error within model constraints, not necessarily true mate-
rial constants; compensation between parameters cannot
be fully excluded. The AutoMAC matrix validated the
consistency of the experimental results, with diagonal val-
ues approximating 1, indicating high correlation between
reference and analysed mode shapes.

The experimental results demonstrated close align-
ment with the updated computational model. Minor
residual discrepancies in natural frequencies were
attributed to localised material inhomogeneities or
unmodelled boundary conditions. The high fidelity of the
AutoMAC matrix confirmed the robustness of both the
sensor placement strategy and the model updating frame-
work. This approach not only validated the computa-
tional model but also established a reliable foundation for
further studies on the kemenche’s vibrational behaviour
and its influence on acoustic performance.

The experimental modal analysis of the Karadeniz
kemenche yielded natural frequencies for the first 10
vibrational modes across 18 samples (K1–K18), as tab-
ulated in Table 4. The results exhibit significant vari-
ability, with the first mode ranging from 37 Hz (K18) to
102 Hz (K1). Higher modes, such as Mode 10, show even
broader dispersion (1034–1219 Hz), reflecting the inherent
diversity in material properties and geometric tolerances
among the samples.

Based on validated FE mode shapes from our pre-
vious work [9], the modes are characterised as follows:
Mode 1 = first body bending; Mode 2 = longitudinal
body/soundboard breathing; Modes 3–4 = soundboard
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Table 4. Experimental natural frequencies (Hz) of the first 10 vibrational modes for 18 Karadeniz kemenche samples
(K01–K18). Values reflect variability due to material anisotropy and manufacturing tolerances.

Mode# 1 2 3 4 5 6 7 8 9 10

K 1 102 262 325 435 488 668 762 866 991 1141
K 2 69 257 392 444 593 621 703 775 938 1034
K 3 58 88 429 457 680 702 835 924 977 1179
K 4 49 213 434 531 614 640 768 861 1006 1191
K 5 52 232 314 524 601 650 813 924 1041 1219
K 6 78 249 426 496 586 624 682 732 912 1071
K 7 63 264 335 377 548 685 782 816 1014 1140
K 8 67 260 318 426 530 687 834 965 1066 1129
K 9 51 282 459 495 602 652 762 859 1003 1140
K 10 73 272 389 473 616 682 802 875 1046 1121
K 11 65 263 366 458 535 579 648 784 928 1082
K 12 75 287 418 479 537 609 713 872 962 1166
K 13 53 143 437 475 635 763 803 851 956 1159
K 14 60 158 441 476 547 679 785 893 980 1110
K 15 43 162 359 463 633 825 854 908 1057 1109
K 16 45 185 272 485 688 723 832 955 1026 1180
K 17 57 250 327 453 609 689 862 916 1018 1185
K 18 37 210 444 490 646 725 827 877 1012 1121

modes; Modes 5–6 = coupled body-neck modes; Mode 7
= neck-scroll torsion; Modes 8–10 = higher-order sound-
board and neck modes. Given the similar fundamen-
tal construction across all instruments (carved body,
spruce/fir soundboard, three strings), mode shapes are
assumed to be qualitatively consistent across the sample,
with frequency variations reflecting differences in material
properties and dimensions. This assumption is supported
by the consistent identification of 10 modes in the same
frequency order across all 18 instruments.

Figure 4 visualizes the distribution of natural frequen-
cies across all modes, highlighting the spread and clus-
tering trends. For instance, Modes 3 and 4 (432–457 Hz)
demonstrate tighter frequency groupings, while Modes
7–10 (682–1219 Hz) exhibit wider variability. This vari-
ability underscores the challenges in characterizing the
kemenche’s dynamic behaviour due to the anisotropic
nature of wood and subtle manufacturing differences [18].

The results provide a comprehensive empirical foun-
dation for understanding the instrument’s vibrational
response, which is critical for future studies on its acoustic
performance and structural dynamics.

The pitch frequency distributions reveal distinct
regional signatures in kemenche construction (Fig. 5).
Rize samples cluster around standard tuning (A4 =
440 Hz), while Trabzon and Giresun instruments exhibit
downward and upward shifts respectively. These trends
correlate with structural modal frequencies:

– Bass strings (200–330 Hz) are within the frequency
range of Modes 2 (mean 227 Hz) and 3 (mean 378 Hz),
which are potential candidates for coupling with
bass fundamentals. Mode 1 (37–102 Hz) serves as
a structural indicator of body stiffness but is too
far below the playing frequencies for direct resonant
enhancement.

– Treble register (392–587 Hz) couples strongly with
soundboard modes (Modes 3–4: 432–457 Hz), where
samples with modal frequencies >450 Hz produce
brighter tones via enhanced harmonic excitation.

– The treble-oriented sample’s higher neck-scroll vibra-
tions (Mode 7: 867 Hz) correlate with regression find-
ings that fingerboard/nut thickness is the most influ-
ential predictor (Sect. 3.3).

– Playability limits emerge when highest pitches
(≥880 Hz) approach structural Mode 9 (987 Hz), caus-
ing energy dissipation through neck vibrations [19].
This explains why only 22% of samples exceed A5
(880 Hz) in practice.

In Figure 5, box plots show distributions of (A) bass
string open frequencies (200–330 Hz), (B) treble string
open frequencies (392–587 Hz), and (C) highest fingered
pitches (587–880 Hz), grouped by construction region
(Rize: blue, Trabzon: orange, Giresun: red). Boxes span
the 25th–75th percentiles with median lines; whiskers
extend to 1.5 × IQR; individual points represent sam-
ples. Musical note labels (e.g. A4 = 440 Hz) reference
standard pitch. Significant regional differences were found
(ANOVA: p < 0.01 for all frequency ranges), with Gire-
sun samples exhibiting extended upper ranges (+15%
vs. Rize) and Trabzon samples clustering at lower fre-
quencies, reflecting distinct musical repertoire require-
ments. Structural modal frequencies are overlaid as gray
bands (Mode 2: 253 Hz, Modes 3–4: 432–457 Hz, Mode
9: 987 Hz) to highlight coupling between instrument
construction and acoustic output.

These findings suggest that luthiers historically tuned
structural modes to complement regional pitch prefer-
ences – a tradition that modern makers might adapt for
target musical styles.
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Figure 4. Distribution of natural frequencies across vibrational modes for 18 kemenche samples. Boxes span the 25th–75th
percentiles, whiskers show full ranges, and horizontal lines mark median values. Modes are ordered 1–10 (left to right).

3.2 Binary classification of kemenche samples

The kemenche samples naturally segregate into two
distinct categories based on their fundamental pitch
ranges and structural characteristics. Through cluster
analysis of both acoustic and modal properties [20], a
clear binary classification was identified, separating bass-
oriented (n = 11) and treble-oriented (n = 7) instru-
ments: bass kemenche samples (1, 5, 6, 7, 9, 10, 11, 12,
13, 14, 16) and treble kemenche samples (2, 3, 4, 8, 15, 17,
18). This division is supported by multiple lines of evi-
dence, from material properties to vibrational behaviour,
reflecting centuries of organological evolution tailored to
different musical traditions.

The binary classification of kemenche samples into
bass (D3-F#4) and treble (G4-A4) groups is strongly sup-
ported by both statistical analysis and physical acous-
tics. Cluster analysis revealed distinct separation (Gap
statistic = 0.82, optimal k = 2) [21], with significant
differences in fundamental frequencies (Mann–Whitney
U = 4.0, p < 0.01). Material properties further val-
idate this division: bass-group samples predominantly
used ivy and plum wood (91%) with thicker sound-
boards (0.31 ± 0.02 cm), while treble-oriented instru-
ments employed dense mulberry/mahogany (100%) with
thinner soundboards (0.25 ± 0.01 cm, p = 0.004). Mode
1 frequencies (mean ∼60 Hz across all samples) serve as
structural indicators of body stiffness but do not directly
enhance playing frequencies (200–330 Hz) due to the two-
octave gap. Treble-oriented instruments exhibit higher
Mode 7 frequencies (867 ± 18 Hz), which correlate with
greater high-frequency spectral content. This classifica-
tion explains 79% of spectral energy variance (PER-
MANOVA, F = 6.93, p = 0.002) [22]. While both types
are used in traditional Black Sea folk repertoire, this
acoustic specialisation suggests a functional adaptation:
bass-oriented instruments provide rhythmic and drone

foundations, particularly for horon dances, while treble-
oriented instruments are optimised for melodic projection
and intricate lead lines in various ensemble and solo set-
tings. Two transitional samples (5, 16) with hybrid char-
acteristics suggest a potential design continuum but do
not undermine the primary binary distinction.

The binary grouping’s validity is quantified in Table 5,
showing large effect sizes across all metrics. Material
differences yield strong effects (η2 = 0.58), indicat-
ing that luthiers historically selected woods by target
pitch range. The frequency separation between groups
is most evident in the fundamental playing frequen-
cies, with spectral energy differences providing additional
validation.

The binary classification’s validity is further sup-
ported by regression modelling (Sect. 3.3), which iden-
tifies fingerboard/nut thickness and material choices as
primary determinants of pitch ranges. As shown in
Figure 6, the bass group (D3-F#4) exhibits significantly
lower fundamental frequencies (Mann–Whitney U = 4.0,
p < 0.01) coupled with body materials (91% ivy/plum)
compared to the treble group (G4-A4). The soundboard
thickness difference (0.31 mm vs. 0.25 mm) further accen-
tuates this acoustic specialisation [9]. Mode 1 frequen-
cies (mean ∼60 Hz) serve as structural indicators but do
not directly enhance the playing frequencies due to the
two-octave gap.

The binary classification correlates strongly with
regional performance practices. The bass-oriented design
was more prevalent in certain regional traditions (e.g.
found in Rize samples), aligning with a need for robust
drone capabilities in their local repertoire. The treble-
oriented design was more common in other areas (e.g.
Giresun samples), likely supporting a local preference for
brighter, more projecting melodies. This indicates that
regional craftsmanship traditions evolved to target these
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Figure 5. Regional variations in pitch frequencies of Karadeniz kemenche samples. Box plots show distributions of (A) bass
string open frequencies, (B) treble string open frequencies, and (C) highest fingered pitches, grouped by construction region (Rize:
blue, Trabzon: orange, Giresun: red). Boxes span the 25th–75th percentiles with median lines; whiskers extend to 1.5 × IQR;
individual points represent samples. Open-string frequencies were measured with a digital tuner (±1 cent) on strings tuned
at time of measurement. Structural modal frequency bands (Mode 2: 253 Hz; Modes 3–4: 432–457 Hz; Mode 9: 987 Hz) are
overlaid as grey bands to highlight structural-acoustic coupling. Significant regional differences were confirmed by non-parametric
Kruskal–Wallis tests (p < 0.01 for all frequency ranges) with effect sizes (η2) reported in the text.

Table 5. Statistical comparison of binary groups.

Test Bass-oriented (n =
11)

Treble-oriented (n =
7)

Statistic p-value Effect size∗

Mann–Whitney U (frequency) 246.96–277.12 Hz 293.6–329.6 Hz U = 4.0 0.0028 r = 0.82
ANOVA (spectral energy) 0.78 ± 0.05 a.u.∗∗ 1.12 ± 0.07 a.u. F = 9.81 0.006 η2 = 0.62
PERMANOVA (materials) Ivy/plum (91%) Mulberry (100%) F = 7.32 0.002 η2 = 0.58

∗Effect sizes interpreted as r ≥ 0.5 (large), η2 ≥ 0.14 (large); ∗∗a.u.: arbitrary units.

distinct acoustic profiles. This functional adaptation is
visualized in Figure 7, where the treble group shows 28%
greater high-frequency energy (2–4 kHz range) in spectral
analysis.

Two transitional instruments (Samples 5 and 16)
challenge this dichotomy, exhibiting hybrid charac-
teristics. Sample 5 combines bass-range tuning with
treble-like modal frequencies, while Sample 16 uses
treble-oriented materials (mulberry) while functioning
acoustically as bass. These outliers may represent either
luthier experimentation or evidence of a continuous
design spectrum. These hybrid designs will be fur-
ther examined in Section 3.3, where regression mod-
elling quantifies how structural variables influence pitch
ranges.

3.3 Regression modelling framework

3.3.1 Hypothesis and modelling approach

It is hypothesised that the structural characteristics
of the kemenche influence the bass and treble string fre-
quencies, the highest pitch, and the frequencies corre-
sponding to ten distinct vibrational modes. To test this,
the effects of 23 independent variables – including body
material (BM), fingerboard material (FM), base length,
and others – on 13 dependent variables (e.g. bass, and
treble string frequencies) were examined using multiple
linear regression. This statistical technique models linear
relationships between dependent and independent vari-
ables [23]. However, due to the small sample size and the



12 A. Oktav et al.: Acta Acustica 2026, 10, 33

Figure 6. Comparison of fundamental pitch ranges between bass-oriented (D3-F#4) and treble-oriented (G4-A4) kemenche
samples. Bass-group instruments predominantly use ivy/plum (91%), while treble-oriented instruments employ denser woods
(100% mulberry/mahogany). Mode 1 frequencies (mean ∼60 Hz) do not differ significantly between groups (p = 0.12) and serve
as structural indicators rather than direct enhancement mechanisms. Boxes span the 25th–75th percentiles; the horizontal line
marks the median; whiskers extend to the full data range; individual points represent single instruments.

properties of the independent variables, the classical mul-
tiple linear regression approach was unsuitable. Instead, a
stepwise procedure was employed to develop the model,
as detailed below. All computations were performed in
Python using the Spyder integrated development environ-
ment. The structural drivers of the binary classification
observed in Section 3.2 were quantified through regres-
sion modelling. First, categorical variables (e.g. body
material) were transformed.

3.3.2 Transformation of categorical variables

The independent variables body material, sound-
board material, and fingerboard material were categorical
and thus required conversion into numerical form using
dummy encoding [24]. For a categorical variable with k
categories, k − 1 dummy variables (values zero or one)
were created. The first k − 1 categories were assigned a

value of one in their respective dummy variables, while all
others were set to zero. The kth category was represented
by zeros across all dummy variables. This transformation
increased the number of independent variables from 23 to
35, with 15 new numerical variables replacing the three
original categorical ones.

3.3.3 Elimination of correlated variables

Multicollinearity among independent variables was
addressed by removing highly correlated predictors, as
they can lead to [25]:

– Unstable coefficients: Minor dataset fluctuations may
disproportionately alter estimates.

– Interpretation challenges: The true effect of individual
variables becomes ambiguous.

– Inflated R2: The model’s apparent explanatory power
may be misleading.
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Figure 7. Average power spectral density of bass-oriented (blue, n = 11) and treble-oriented (red, n = 7) kemenche samples.
Each instrument was played by an experienced performer executing a standardised bowing pattern (open strings, mezzo-
forte, 3 repetitions per instrument). Recordings were made with a Neumann TLM 170R cardioid condenser microphone at
50 cm distance, 45◦ off-axis, in an acoustically treated room (RT60 ≈ 0.3 s at 1 kHz; background noise <30 dB(A)). Power
spectral density was computed using Welch’s method (Hanning window, 50% overlap, 4096-point FFT, 44.1 kHz sampling rate),
normalised by total energy (0–5 kHz), and averaged within each group. Shaded bands represent ±1 standard deviation across
instruments within each group. The grey shaded region marks the high-frequency analysis band (2–4 kHz). Treble-oriented
instruments demonstrate 28.3± 6.1% (bootstrap 95% CI) greater high-frequency energy in the 2–4 kHz band.

– Reduced predictive accuracy: Overfitting risks are
heightened in small datasets [25].

Three variables were eliminated during this process.

3.3.4 Random regression model construction

Given the large number of independent variables and
limited sample size, constructing a single regression model
was impractical. Instead, 1000 random models were gen-
erated by sampling subsets of variables, and the model
with the highest adjustedR2 was selected. Unlike classical
R2 – which increases with any added variable – adjusted
R2 improves only when new variables genuinely enhance
explanatory power [26].

3.3.5 Stepwise variable elimination

After selecting the optimal model, non-informative
variables were iteratively removed. Each variable’s exclu-
sion was evaluated based on its impact on adjusted
R2; variables whose removal improved the metric were
permanently excluded.

3.3.6 Transformation techniques

Model residuals were tested for normality using the
Shapiro–Wilk test [27]. If violations occurred, dependent
variables were transformed iteratively using the Yeo–
Johnson [28], logarithmic, square root, or reciprocal (1/y)
methods [29]. The initial model was constructed without
transformations.

3.3.7 Modelling multiple dependent variables

A stepwise approach was employed to develop a uni-
fied model for all dependent variables. First, regression
models for the 10 modal frequencies were constructed,
yielding 10 adjusted R2 values. The final variable
set maximised the minimum adjusted R2 across these
models. This process – combining random model con-
struction, stepwise elimination, and transformations –
reduced the independent variables to 16, achieving a
minimum adjusted R2 of 0.5119. Retained variables
included:

– Body materials: Mulberry, plum, mahogany, ivy.
– Fingerboard materials: Juniper, mulberry.
– Structural parameters: Base length, minimum base

width, soundboard length, etc.

The regression variables – particularly body materi-
als (mulberry, plum wood) and soundboard dimensions
–align with the binary classification in Section 3.2,
where bass-group samples predominantly used ivy and
plum wood (91%) and thicker soundboards (0.31 cm),
while treble-oriented instruments employed dense mul-
berry (100%) with thinner soundboards (0.25 cm). This
consistency suggests that luthiers historically select
materials and structural parameters to target spe-
cific pitch ranges, as quantified by the regression
models.
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3.3.8 Final model development

The 16-variable set was used to construct separate
regression models for bass string frequency, treble string
frequency, and highest pitch. Each dependent variable
was analysed independently, following the procedures
above. Model coefficients, percentage contributions of
variables, and predicted values were then derived and
reported.

The regression results align with Section 3.2’s binary
classification: bass-oriented instruments favour ivy/plum
wood and thicker soundboards for low-frequency reso-
nance, while treble- oriented designs optimise mulberry
and thinner soundboards for high-frequency projection.
This synergy between descriptive and predictive analyses
underscores the luthiers’ deliberate adaptation of materi-
als to musical traditions. The following section presents the
results of these regression models, including coefficients,
significance tests, and validation against observed data.

4 Results and validation

The multiple linear regression models quantitatively
validate and extend the binary classification established
in Section 3.2, demonstrating how structural character-
istics govern the kemenche’s acoustic output. Three key
patterns emerge from the analysis.

4.1 Bass string frequency predictors

The regression model (Tab. 6) identifies finger-
board/nut thickness as the most influential variable
(13.22% effect, p < 0.001). This aligns with the
bass-oriented kemenche’s thicker construction (0.31 mm
soundboards) and predominant use of ivy/plum wood
(91% of bass-group samples).

Bass string frequency =
− 83.29 + 10.10×Mulberry(BM)
+ 8.34× Plum(BM)
+ 23.07×Mahogany(BM)
+ 16.25× Ivy(BM)
+ 11.31× Juniper(FM)
− 3.16× Base Length
− 5.15×Min Base Width
+ 3.00× Soundboard Length
− 3.26× Sound Hole Length
+ 3.85× String Length
+ 14.68× Fingerboard Length
− 97.46× Fingerboard/Nut Thickness
− 5.54×Neck Length

(1)

Notably:

– Ivy and plum wood body materials show significant
positive effects (9.28% and 7.17% respectively).

– Minimum base width (−5.15 coefficient) reinforces the
importance of body dimensions.

– Sound hole length (−3.26) reflects cavity volume
effects.

Prediction errors were lowest for typical bass-oriented
samples but increase for transitional Sample 5 (Fig. 8),
mirroring its hybrid acoustic properties noted in
Section 3.2.

4.2 Treble string frequency determinants

Consistent with Section 3.2’s findings, the treble
model (Tab. 7) shows the following patterns. The
transformed (Yeo–Johnson with parameter 1.1301) tre-
ble frequency values can be predicted with following
formula:

Treble string frequency =
− 137.53 + 16.48×Mulberry(BM)
+ 13.61× Plum(BM)
+ 37.62×Mahogany(BM)
+ 26.47× Ivy(BM)
+ 18.45× Juniper(FM)
− 5.17× Base Length
− 8.42×Min Base Width
+ 4.91× Soundboard Length
− 5.31× Sound Hole Length
+ 6.26× String Length
+ 23.99× Fingerboard Length
− 159.02× Fingerboard/Nut Thickness
− 9.07×Neck Length

(2)

– Mulberry body material’s strong positive effect (8.6%,
p < 0.001), matching its exclusive use in treble-
oriented instruments.

– Fingerboard/nut thickness’s negative coefficient
(−159.02) corresponds to thinner construction
(0.25 mm soundboards).

– Higher string length coefficient (6.26 vs. 3.85 in
bass model) reflects neck-scroll vibration importance
(Mode 7: 867 ± 18 Hz).

These factors collectively explain the treble group’s
28% greater high-frequency energy (2–4 kHz range,
Fig. 7).

Figure 9 presents the predicted values from the regres-
sion model alongside the actual treble string frequency
values. A line graph of these values is provided on the
right side of Figure 9. As with the bass string frequency,
the procedure was validated using 17 samples, with the
18th observation predicted. The predicted value closely
matched the actual value, confirming the robustness of
the regression model.
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Table 6. Regression model results for bass string frequency.

Dependent variable Coefficient p-value Percentage effect

Constant −83.29 0.03 –
Mulberry (BM) 10.10 0.00 8.60
Plum (BM) 8.34 0.00 7.17
Mahogany (BM) 23.07 0.00 9.48
Ivy (BM) 16.25 0.00 9.28
Juniper (FM) 11.31 0.00 4.63
Base length −3.16 0.05 5.58
Minimum base width −5.15 0.00 8.89
Soundboard length 3.00 0.12 5.51
Sound hole length −3.26 0.01 7.91
String length 3.85 0.01 7.59
Fingerboard length 14.68 0.01 6.58
Fingerboard/Nut thickness −97.46 0.00 13.22
Neck length −5.54 0.03 5.55

Figure 8. Actual versus predicted bass string frequencies (Yeo–Johnson transformed). Predictions show closest alignment for
typical bass-group samples (ivy/plum wood, 0.31 cm soundboards; Sect. 3.2), with larger deviations for transitional Sample 5,
which combines bass-range tuning with treble-like construction features.

Table 7. Regression model results for treble string frequency.

Dependent variable Coefficient p-value Percentage effect

Constant −137.53 0.02 –
Mulberry (BM) 16.48 0.00 8.60
Plum (BM) 13.61 0.00 7.17
Mahogany (BM) 37.62 0.00 9.48
Ivy (BM) 26.47 0.00 9.25
Juniper (FM) 18.45 0.00 4.63
Base length −5.17 0.05 5.58
Minimum base width −8.42 0.00 8.90
Soundboard length 4.91 0.12 5.52
Sound hole length −5.31 0.01 7.89
String length 6.26 0.01 7.57
Fingerboard length 23.99 0.01 6.59
Fingerboard/Nut thickness −159.02 0.00 13.23
Neck length −9.07 0.03 5.57
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Figure 9. Actual versus predicted treble string frequencies (Yeo–Johnson transformed, λ = 1.1301). Each point represents one
instrument, coded by body material (symbol) and group membership (colour: bass-oriented = blue, treble-oriented = red). The
shaded band represents the 95% bootstrap confidence interval around the regression line. Predictions show closest alignment
for typical treble-oriented samples (mulberry body, 0.25 cm soundboards; Sect. 3.2), with larger deviations for transitional
Sample 16, which combines treble-range materials with bass-like modal properties. Model was validated using leave-one-out
prediction.

4.3 Highest pitch model consistency

The highest pitch regression (Tab. 8) shows propor-
tional amplification of all effects. The following equa-
tion represents the regression model for the transformed
(Yeo–Johnson with parameter 1.1206) highest pitch.

Highest pitch = −168.94 + 20.40×Mulberry(BM)
+ 16.85× Plum(BM)
+ 46.60×Mahogany(BM)
+ 32.78× Ivy(BM)
+ 22.87× Juniper(FM)
− 6.37× Base Length
− 10.41×Min Base Width
+ 6.05× Soundboard Length
− 6.59× Sound Hole Length
+ 7.77× String Length
+ 29.69× Fingerboard Length
− 196.79× Fingerboard/Nut Thickness
− 11.18×Neck Length

(3)

– Mahogany wood’s effect increases to 9.49% (from
9.48% in treble model).

– Fingerboard/nut thickness reaches −196.79 coeffi-
cient.

– All materials maintain relative effect rankings.

This scaling confirms the robustness of identified predic-
tors across frequency ranges. Predicted and actual val-
ues for the highest pitch are illustrated in Figure 10,
along with a corresponding line graph. The predicted

results closely approximate the actual values. The valida-
tion method using the 18th observation was also applied,
and the predicted value was similarly accurate.

4.4 Synthesis with binary classification

The regression results fundamentally support
Section 3.2’s conclusions while providing mechanistic
explanations:

1. Material effects: Coefficients quantitatively confirm
the bass-group’s ivy/plum wood preference (91%) and
treble-oriented kemenche’s mulberry use (100%), with
effect sizes (η2 = 0.58) matching their acoustic roles.

2. Structural specialisation: The 13.22% effect of fin-
gerboard/nut thickness is the most influential struc-
tural predictor, with material choices (η2 = 0.58)
further differentiating the two groups.

3. Transitional samples: Samples 5 and 16 show
larger prediction errors, supporting their identifica-
tion as hybrids while affirming the primary binary
distinction’s statistical dominance (Gap statistic =
0.82).

4. Validation and limitations: The models achieve
reliable prediction despite the small sample size (n =
18). However, accuracy declines for transitional sam-
ples, suggesting future work could:
– Stratify models by bass/treble groups.
– Incorporate modal frequency data from

Section 3.2.
– Expand material sampling beyond mahogany

(11% of samples).
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Table 8. Regression model results for highest pitch.

Dependent variable Coefficient p-value Percentage effect

Constant −168.94 0.03 –
Mulberry (BM) 20.40 0.00 8.60
Plum (BM) 16.85 0.00 7.17
Mahogany (BM) 46.60 0.00 9.49
Ivy (BM) 32.78 0.00 9.26
Juniper (FM) 22.87 0.00 4.64
Base length −6.37 0.05 5.57
Minimum base width −10.41 0.00 8.89
Soundboard length 6.05 0.12 5.50
Sound hole length −6.59 0.01 7.92
String length 7.77 0.01 7.59
Fingerboard length 29.69 0.01 6.59
Fingerboard/Nut thickness −196.79 0.00 13.22
Neck length −11.18 0.03 5.55

Figure 10. Actual versus predicted highest playable pitches (Yeo–Johnson transformed). Predictions show closest alignment
for instruments with structural modes avoiding A5 (880 Hz), with energy dissipation observed when pitches approach Mode 9
(987 Hz; Sect. 3.2). Transitional samples exhibit intermediate behaviour.

Leave-one-out cross-validation reveals that the regres-
sion models, while fitting the training data well, have lim-
ited predictive validity for new instruments due to the
high predictor-to-sample ratio. The models should there-
fore be interpreted as descriptive tools identifying key
correlates rather than predictive instruments for untested
samples.

Within-species wood variability represents a signifi-
cant source of uncertainty in the analysis. Density CV
is typically 10–15% and elastic moduli CV 15–25% even
within a single species [19]. This natural variability may
exceed between-species differences in some cases. Conse-
quently, material effects identified in this study should
be interpreted as average tendencies across the sample
rather than deterministic relationships. Future work with
controlled material sourcing from single timber sources
would help isolate species-specific effects from individual
specimen variability (see Tab. 9).

It should be noted that all statistical findings reported
here are based on a sample of 18 instruments. While
this size is sufficient to detect large effect sizes, it limits
the generalisability of the regression coefficients and clus-
ter boundaries to the broader population of Karadeniz
kemenche. The regional patterns and material-acoustic
correlations identified should therefore be regarded as
indicative rather than definitive, and replication with
a larger, geographically diverse sample is recommended
before practical conclusions are drawn for instrument
construction.

5 Conclusion

This study has systematically investigated the
Karadeniz kemenche’s structural-acoustic relationships
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Table 9. Design differences between bass- and treble-group kemenche: Material and structural predictors (regression
coefficients) with their acoustic and musical consequences. Data synthesizes results from Sections 3.2 and 3.3.

Binary group Key predictors Acoustic effect Musical role

Bass-oriented Ivy/plum wood (9.28%),
thick soundboard (0.31 cm)

Lower fundamental frequen-
cies; potential coupling with
Modes 2–3 (227–378 Hz)

Providing the drone founda-
tion in Black Sea folk reper-
toire

Treble-oriented Mulberry (8.6%), thin nut
(−159.02 coefficient)

Higher Mode 7 frequen-
cies (867 Hz); greater high-
frequency spectral content

Projecting the melodic line
in lead playing

through an integrated approach combining experimen-
tal modal analysis, binary classification, and regression
modelling. Our findings reveal how the instrument’s
design correlates with distinct musical traditions–with
bass-oriented samples (ivy/plum wood, 0.31 cm sound-
boards) exhibiting lower fundamental frequencies, while
treble-oriented designs (mulberry, 0.25 cm soundboards)
show higher Mode 7 frequencies (867 Hz) associated
with greater high-frequency spectral content. Mode 1
(∼60 Hz) serves as a structural indicator of body stiff-
ness but does not directly enhance playing frequen-
cies due to the two-octave gap. The regression mod-
els quantify key predictors like fingerboard/nut thickness
(13.22% effect), providing luthiers with actionable design
parameters.

5.1 Methodological contributions to musical acoustics

Our tripartite analytical framework offers a transfer-
able template for studying diverse musical instruments,
particularly folk variants with regional construction dif-
ferences. The approach successfully addresses three criti-
cal challenges in heritage instrument research:

1. handling material anisotropy through dummy-
encoded categorical variables,

2. linking vibrational modes to perceptual outcomes (e.g.
Mode 7 frequencies correlating with high-frequency
spectral content), and

3. balancing small sample sizes with robust statistical
validation (Gap statistic = 0.82).

This methodology could readily be applied to study other
bowed lutes like the Greek lyra or Persian kamancheh,
where similar interactions between body resonances and
string harmonics occur.

5.2 Key acoustical insights

The kemenche demonstrates two distinct design
approaches: bass-group instruments exhibit lower fun-
damental frequencies associated with specific material
choices (ivy/plum) and thicker soundboards, while treble-
group designs show higher Mode 7 frequencies and greater
high-frequency radiation through thin soundboards and
neck vibrations. These adaptations manifest spectrally as

a 28% energy difference above 2 kHz between groups–
a finding that aligns with broader principles of string
instrument acoustics [30] yet highlights how cultural per-
formance needs correlate with physical design. Modes
2 (mean 227 Hz) and 3 (mean 378 Hz) are potential
candidates for coupling with bass fundamentals, while
Mode 1 (∼60 Hz) serves primarily as a structural indi-
cator. Of particular note is how transitional samples (e.g.
Sample 5) with hybrid characteristics challenge conven-
tional classification systems, suggesting that “imperfect”
designs may serve unique musical functions worth further
study.

5.3 Future directions

While establishing foundational correlations, this
work invites several research extensions:

1. dynamic studies under playing conditions to capture
nonlinear interactions,

2. material treatment analyses (e.g. chemical-hardened
boxwood fingerboards) to quantify damping effects,
and

3. comparative studies of regional variants across differ-
ent folk instruments.

For acousticians, the kemenche serves as a compelling
case study in how musical function drives acoustic opti-
misation – a principle applicable to both heritage preser-
vation and contemporary instrument design. As the
kemenche evolves in diaspora communities, the frame-
work developed here provides tools to maintain its
acoustic identity while accommodating new performance
contexts.
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