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Abstract

Considering variety of values and communication aspects of musical instrument, a major difference between
them and other cultural and historical objects is expected. Despite the commonalities that exist in the
discussions of technology and pathology in the field of conservation and restoration of instruments with
other cultural-historical objects, Due to the connection of these works with the production of musical sound,
awareness of the acoustic properties of materials in order to create sound output should also be considered.
The mechanical changes of each part of the instrument during playing cause the production and release of
physical vibrations as the tangible aspect of the sound output, and further, the intangible aspect of the sound
output evolves by being influenced by the aesthetic conditions of the music in the mind of the musician and
the audience. The purpose of this research is the role of laboratory methods in studying the structure and
acoustic behavior of the components of historical stringed instruments, in order to better understand the
sound output of these works. Now, it should be noted that to what extent these results can be considered
generalizable in order to know the concrete aspect of sound output? For this purpose, taking into account
the concepts related to sound output in musical instruments, experimental and laboratory methods are
introduced and investigated. Sources in the field of technology and laboratory studies of musical instruments
have been collected and then analyzed and interpreted in a qualitative manner. It should be considered that
knowledge of the structure of materials used in instruments and studying the acoustical behavior of each of
them in the direction of sound output, while recognizing and understanding the conditions and variables in
the field of conservation and restoration, will strengthen the data in the field of archacometrical
investigations.
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Introduction

Historical musical instruments are among the most complex categories of cultural heritage objects, as they
embody both tangible and intangible dimensions of value. While their material composition, craftsmanship,
and historical context represent their physical heritage, their sound output—the functional and emotional
voice of the object—constitutes an essential part of their intangible identity. In this regard, instruments
cannot be treated solely as static artefacts; they are dynamic tools of cultural expression that mediate between
past and present through their unique acoustic signatures.

Traditional restoration methods often prioritize visual and structural conservation while underestimating the
role of sound. However, recent interdisciplinary research has shown that the acoustic behavior of an
instrument is deeply intertwined with its structural properties. Changes to wood density, varnish layers, or
internal geometry can significantly alter the tonal character and performance quality. Thus, the need to
address sonic authenticity has emerged as a central concern in conservation science, particularly in the
restoration of stringed instruments like violins, setars, and ouds.

This study seeks to bridge the gap between material conservation and acoustic preservation by investigating
how scientific methodologies can inform decisions about conservation treatments and material replacements.
Specifically, it focuses on stringed instruments with historical significance in Iranian musical traditions,
exploring how their sound output can be preserved and interpreted through scientific analysis.

Materials and Methods

The research methodology combines qualitative and quantitative analyses, integrating:

Scientific imaging and diagnostic techniques (radiography, X-ray imaging, and digital microscopy), Acoustic
modeling and vibrational analysis (using laser vibrometry, spectral analysis, and modal testing), Material
science procedures (evaluation of wood species, varnish, and glue composition through visual and
microstructural analysis).

The study was conducted in several phases:

Selection of historical instrument specimens from museum collections and private archives, primarily
focusing on traditional Iranian stringed instruments. Structural documentation and visual analysis, using high-
resolution photography and digital microscopy to record surface wear, construction details, and micro-
damage. X-ray radiography and CT imaging to examine internal structures, bracing patterns, and joinery
methods without dismantling the instruments. Laser vibrometry and modal testing to analyze vibration
patterns and resonance modes under simulated playing conditions. Acoustic signal capture and spectral
analysis to measure frequency response, decay time, and harmonic structure. The results were cross-
compared with modern replicas to assess the effects of age, material degradation, and prior restoration
interventions on the instruments’ acoustic behavior.

Results

The analysis produced several noteworthy findings:

Microscopy revealed layered construction techniques and the use of composite materials in historical
instruments, especially in the top plates. Certain wear patterns were associated with specific playing
techniques. X-ray radiography exposed previously undocumented internal reinforcements and structural
modifications in older instruments, many of which affected soundboard tension and bridge placement. Modal
analysis showed a strong correlation between wood type (e.g., mulberry, spruce) and vibrational efficiency.
Instruments with aged but intact soundboards preserved complex resonance patterns across multiple
frequencies. Spectral measurements revealed that prior restorations with inappropriate adhesives or wood
fillers had a detrimental impact on acoustic performance, particularly in the high-mid frequency ranges (1-3
kHz), which are crucial for musical clarity. Comparative vibrometry between historical specimens and
modern replicas showed distinct differences in modal damping and transient response, pointing to the
irreplaceable role of aged material properties in defining the sonic signature of a historical instrument.
Opverall, these results demonstrate that material interventions—no matter how visually discreet—can have
profound effects on sound quality, and therefore must be approached with both technical precision and
cultural sensitivity.

Discussion

The findings support a conceptual framework in which historical musical instruments are understood as
sound-producing heritage entities, not merely as collectible objects. This perspective shifts the conservation
paradigm from material-centered to function-centered, acknowledging the instrument’s role in musical
performance as part of its core identity.

Key implications include:

The need for non-invasive testing before any intervention to assess the potential impact on acoustic
properties.

Importance of material compatibility in selecting replacement woods, glues, and finishes, with consideration
for their acoustic impedance and resonance behavior. Recognition of sonic value as a heritage dimension,
which must be preserved alongside visual and structural authenticity. These insights align with international
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charters and recommendations (e.g., the Cremona Charter 1967, ICOMOS 2003, and UNESCO’s 2004
Convention on Intangible Cultural Heritage) that advocate for the holistic preservation of objects with
intangible dimensions. In practice, this means that conservation strategies must go beyond stabilizing physical
components and actively seek to retain or recover the acoustic integrity of the instrument.

Moreover, this research underscores the importance of interdisciplinary collaboration among conservators,
acousticians, musicians, and heritage scientists. While conservators may focus on stability and durability,
musicians prioritize playability and tonal quality. This divergence can only be reconciled through shared
frameworks and communicative decision-making protocols.

Conclusion

This study demonstrates the scientific and cultural necessity of integrating acoustic analysis into the
conservation and restoration of historical musical instruments. By employing non-destructive diagnostics and
sound modeling, conservation professionals can better understand the implications of their interventions and
make informed choices that uphold both the material and sonic authenticity of these objects.

The research confirms that: Sonic authenticity is inseparable from the instrument's heritage value. Matetial
composition, age, and prior restorations significantly affect acoustic behavior. Standard conservation
protocols must be expanded to include acoustic considerations. Interdisciplinary frameworks and training
are essential for informed and sustainable conservation of musical instruments.

Future work should focus on developing national and international standards for acoustic preservation,
especially in regions like Iran, where traditional musical instruments play a vital role in cultural identity. In
particular, the creation of digital acoustic archives, training programs for instrument conservators, and public
awareness campaigns are necessary steps toward safeguarding this unique dimension of intangible heritage.
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Figure 1. Overview diagram of laboratory methods used to investigate the structure and behavior of wood
in historic string instruments.
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Figure 2. Section of a 6-inch soundboard from a historic harpsichord. Quercus sp. — distinct growth ring
boundaries, ring-porous wood, vessels in a dendritic pattern, ray height exceeding 1 mm. Section of the
harpsichord soundboard. (Vandervellen, 2017, p. 103)
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Figure 3. Examination of a historic guitar using a digital microscope image analysis system (Cell"F®,
Olympus and KEYENCE® VHX-5000). (Haag et al., 2017, p. 1006)
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Figure 4. X-ray radiograph of a section of a citole; the image clearly reveals the varying densities of different
parts of the instrument. (Kevin et al., 2008, p. 17)
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Figure 5. Cross-section of the Hummel violin showing the f-holes and corner blocks. The upper right inset
displays a magnified interior view. Voxels have an edge length of 44 um. The scan was performed at 150 kV,
with an exposure time of 500 ms per layer, across 2000 layers over 360 degrees, using a geometric
magnification of 2.9. (Fuchs et al., 2019, p. 7)

(Ultrasonic) &gl 8 o SwiargST i lo 3l ¥-€

(9925 525 35 3l > a5l gl 5 o (o gy 5 JSE > ol & e il o o S5
TR pore 4 dag he ol ) cully aalgs el edlael (goy90 b )3 Sgo Mgy CudS > (godiS s B
el 5 JSb > s ol Camtl B g s e (5 et (g Joo 5 el 258 IS5 )
s i i (sl Cou ) (KD s g 1l )3 Cal (100 par S Sl (o 9 (P8 (g0 4 sl Sl (S
Cal g il (Kodl (S 505 whe (4SS (Bucur, 2016, p. 760) 39 Jialgs ssalie b8 <l s loj cusdS L Lol
Wl S awge (sl )3 g Sy Db 0 013 3 e g ol oy i T olge clacdl plo )3 (o390 b &S
A g s oy s Sl ot oo (SIS el s g 55 1 5 o5 ol o o
D58 Sl i Sl 2 9 ALl 5 p)g8 B2b I O pde (Sl

3ol C)‘ﬁ,’}'l} 9 e dhba.xb"\/i i Zlael (o35 Jyz 2 Glro ohows d‘}?‘ b g jlinle ohowd d‘}?l

lojl Caliseo loys 1 ol = Jsho (co)ld 5,1 Jalss 0y g LayeundlS g So ¢ 5853l Cawd b yoled g o0l
ST A o (L STy (g Jelse b ilise (gla by 4 0S5 sty (Jsbo gon lols W) (Lo
Ol 2 e slajlo & (Ll 4 di md o i |) O (Sl 9 (N33 e bond Sl SR 5 5pesk ! e
b ggiie mge (sl d Lo Lo (gl Wy o b 1Sy cpl b o cdilis Yol hus cite y3 b g 0 o3l
2 05 o515 e b 4 e ) gion o w30 & S prlineS] U & Bles o (s b o )
Sy o9 gl S eus 5 ¢ g Mgy 9 SiiwsST cudS” I3l . Bucur, 2016, p. 293)Canidly puiine bLS))

VAY[ VEY (pg3 oylosd o 0)93 ¢ i bl dg}



b o & Olgie qouS 35 1) Vb cudS coley b gy uto gl ol STl Sl el (g o> lajls
Cuoyo g el L;l).g Condl ‘_)SM (SGuan yuro g Lgb)lyo M audl bl Cund L;);Wf u)’lo)‘ (86394 4 " S G C)“’"
3 Sguol ol g SitwgST gla g 5l Sy gl (Vandervellen, 2017, pp. 74-188) sib dubo 55 o0 29> (slajlo
—dohio CohS dge 9 Blasl o) jl (e § (SNl 5l gl 2285k gz (35 g (SlSe Cluogad (s

2 lon T g (ol Rogyome L Sg5g)) g duw o il ] )18 e (Rl oo S g 4] 4 g9 L
el (gl > oolil 3)90 (slaogz 1> e Yoo (LSl (gilwdnd (o) ol o 9 oalio Vs (sl o
Sl oS Sealins glaytlejl b SVl clacub g o JEo p b sy sl (Bucur, 2016, p. 96) 3,5 e
plSotal 5 Sl (slaJgte (,Soial (gl (St (slotilof] § b SBlacl 5 by g Sy (sloJgdo 4y g yiand
Pl 3l Sl o (oS delx dlgo (425,57 4y LG s 4y Sl oo b S3b o D9 g0 4B QoS oS
Ay o bl ) S yild Jos g bl gloel pl Ca 4 d0g5 b (il B lgel JIal g il e )3 290 0 AU b
o 2 85 g0 slagiy 90 (oo banye L o )3 00l (6550l b sy 4 B 5 S5 (g p0e (2ol
JWil sy domis ) ALY Dy (gl Tgo (olloy il T cga g bol s oY sy (gl (o350 b Wilad 57 18R
SWaclsbwl cel 3 ogr 8l 3 B belse ho cul 13 35 (6508 i ;%05 slocae b dualio > i ool
g o glyel CS - e 3

P ) spp il o o g pgho s il dgal 9 5y 2 (Bucur, 2016) js2g: bz gz bawsg o Slilojl
olo g3 g3 (gl 3 uibinl Sibiasl piod sl yislo] (clyp 09,5 dws 1> _oladiges (3,5 o 51,8 odlitnl 3y90 yhg sl bl
e by S ey sl 23 olej (il (sl ole 93 900 (S5l a5 bl ) 005 (IS jS e g s
Ol b 6 SNl T R L (slacer 13 Sogul ol (ale 9 ooy adiges (al (59 g (5 48,5 )15 )3 ogllae 2o &
4838 o)l &S5 pl @ s el g Sl )3 48y 54 g > (Bly o I 9390x0 Sl gl o (Gl
e e sl 35 & Loy o o8 ot ene ) g & (lyicee 5 90 o ) 2 o B (SlSe (o
Ny 355 3)Slos 0 S (gl yiall e 4 U5yl 50 e

(Optical Methods for Vibration Measurements) (599 (g gy b colilei )l (5 8 03l01 £~ £

o9y Syl ookl b 1y s yo3)) &S Dy oS gl (Einest florens Friedrich Chladni (1756 - 1824)) oM
ity o sl Jlisl Lol sadlan ey ul e (sl Sizg ) {(Chladi Ee, 1787) 558 omino (5355 5 03k sl
Jlail ol g5 I3 g5 o (aigS ey o s oo (19 ¢S Mg Ui g W5 oy S ol bojles
Ol Jgone s34 (13)) (unds )b &0 Sl 0 393 o Sl )3 35 Sl s cplliy 295l s & Sglite
h il samio 2900 @bl ciliste sajls jl & Cusl Sgo (wdbe (iloil 9 e oS g 435 4 bgyye o4y,
B g 3 350 o 555 8 i 39 o o5 5 e 0 IS5 o5 15,5 g 0 K1 b i
3590 Sl o > e S & 4l b o Lawsgi s 508 Lagi b SilSlog iUl (SolSlo pg0 4 g
& 9 b g b 3l alasioe 3l ) slimgas (30l 381 saiabs b) o (sl o Cald 13 g 095 0 Sl
POV Lo 2 bgsyo ooy s somho (il ) Syl (8S05) 55 iges (sie 42 -l o 29298 g 5 5991 (go0lo
) egiie bl clacdls wiliso (cla Wil )3 Hhg (cdoxis 39 oo oaalie (IMS ilel bawgs asuie LuilS b
Oplie €A1y o3dy g ol Wl B > Cle poddy g Cul jlo oyl BNl do g D90y bla) do & e oyl 5l &S
Lot b 5o, 50993 & byyo (slinjlar 45 (clogng oudlS 5 (slote ) LT L _bbo 1 58 oo )5 oolil 3,50 lonir
Ay Jarome (sbdigel (rmous 4 g o )b dg3g (ol (s083le

VAL VFLY (g 0)lo comd )93 ¢ ot il dngy



o ol ol gaule | by o g9y ol 3 WA+ Jlos 3900 1> 0id didlio by (gdomiuo (o) p o Sl wdlS B de STUKWS
(Molin, N. E et al, 1988)cul 45 alool Wl sl J cdl olXiily ;3 R Carpentier 5 E Bossy bawgs clialoj] oyl il

Figure 6. Frequency mode pattern generated on the soundboard of a violin made around 1870 in Germany.
Black sand was used on the violin plates. These experiments were conducted by E. Bossy and R. Carpentier
at the University of South Wales, Australia. (Molin, N. E. et al., 1988).
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Figure 7. Medium coherence holographic interferometry showing vibration of the guitar soundboard at
frequencies above 1100 Hz (a). This method was used to demonstrate the effect of bracing design on the
guitar’s back plate (b) for evaluating guitar sound quality. (Richardson, 2010, p. 127)
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Figure 8. Combination of vibration modes of violin plates obtained through laser vibrometry scanning and
modal analysis. Photo from the book by Viochita Bucur, cited by the School of Engineering and Information
Technology Photography, University of New South Wales, Canberra, Australia. (Bucur, 2016, p. 141)
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Figure 9. Front and back deformation of the violin after tuning compared to the unstringed state
(Fioravanti et al, 2012, p. 149)
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Figure 10. Electronic hammer and 0.5 g accelerometer used to measure the frequency response function of
the violin. Photo from the book by Viochita Bucur, cited from the violin makers’ website (Martin Schleske).
(Bucur, 2016, p. 331)
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Figure 11. Modal analysis of natural vibrations at specific frequencies in the body of a Guarneri violin. A.
Strong vibration at 509 Hz, the mode generated by the B1 note. B. Helmholtz fundamental vibration at 268

Hz, the mode generated by the A0 note. Photo from the book by Viochita Bucur, cited from the violin
makers’ website (Andrew Finnigam and Pia Klaembt). (Bucur, 2016, p. 330)
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Table 1. Overview of the application of tests to identify materials and investigate the acoustic behavior of

components in historical stringed instruments
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3 TAWA Committee, IAWA list of microscopic features for hardwood identification. IAWA Bulletin n.s.,
vol. 10 (3), 1989. & IAWA Committee. IAWA List of Microscopic Features for softwood identification.

TAWA Journal, vol. 25 (1), 2004.

4 Richter, H.G., M. Oclker & G. Krimer (2002): macroHOLZdata — Computer-gestiitzte makroskopische

Holzartenbestimmung sowie Informationen zu Eigenschaften und Verwendung von Nutzhélzern. CD-
ROM, Holzfachschule Bad Wildungen, Selbstverlag.

3> Richter, H.G., Gembruch, K. & G. Koch 2005: CITESwoodID — Innovative medium for education,
information and identification of CITES protected trade timbers. CD-ROM. Federal Agency for Nature
Conservation (BfN) and Federal Research Centre for Forestry and Forest Products (BFH), self-published
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