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Abstract: The paper presents the experimental 

investigations regarding the viscoelastic behaviour of maple 

wood used in the construction of stringed musical 

instruments. The studied samples were classified according 

to the anatomical structure of the wood in the four classes of 

anatomical quality used by the manufacturers of musical 

instruments. Based on the mechanical analysis in dynamic 

regime, the viscoelastic parameters were determined - the 

preservation module E', the loss modulus E' and the 

damping tan 𝛿, in conditions of constant temperature, 

respectively variable temperature. It was found that the 

determined rheological quantities depend on the anatomical 

structure of the wood, the frequency of the excitation and 

the temperature. 
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1. INTRODUCTION 
 

The structure of the wood and its behaviour in time 

under different loads at a certain humidity and 

temperature, gives it the condition of elastic-viscous-

plastic material. For elastoplastic materials, the 

characteristic diagram does not express all aspects of 

deformation. Observations have shown that the 

process of deformation of wood and wood-based 

materials is not limited to an instantaneous change in 

shape, which occurs regardless of the application of 

loads, but there is a continuous process of deformation 

under loads, called latent flow. [1–5]. Under certain 

conditions of humidity and temperature, under the 

action of the loads, which are exercised for a long time, 

the deformations increase, reaching rupture point. 

After the loading period of the part with a certain load, 

the deformation - respectively the latent flow is 

characterized by three zones: the primary flow, the 

secondary flow and the tertiary flow. Experimental 

research has shown that wood and wood materials are 

highly sensitive to stress, temperature and humidity 

[4–7].   

Dynamic methods for mechanical analysis (DMA) are 

used to determine the viscoelastic behaviour of wood. 

The principle of the method is to cyclically apply an 

oscillating force at different values of temperature and 

/ or frequency of stress to the studied specimen. Based 

on the response of the specimen, the viscous behaviour 

of the material in the form of the loss modulus as well 

as the stiffness of the specimen in the form of the 

preservation modulus can be determined [3–6]. These 

properties are often described as the ability to lose 

energy in the form of heat (damping) and the ability to 

store energy to return to its original shape after 

deformation (elasticity). The paper aims to evaluate 

the viscoelastic behaviour of resonance wood. The 

maple wood samples were analysed by mechanical 

dynamic analysis (DMA), the viscoelastic response of 

the samples to the cyclic stresses applied with 

frequencies of 1, 5, 10, 50 Hz being investigated. It 

was found that the viscoelastic properties depend on 

the structure of the wood, the density of the annual 

rings, the degree of corrugation of the fibre, the 

frequency of loading. 

 

2. MATERIALS AND METHOD 

 

2.1 Materials 

During the dynamic mechanical analysis, the 

viscoelastic behaviour of the resonant maple wood was 

investigated. The samples were cut with the geometric 

shape shown in figure 1a, with length L = 50mm ± 0.5; 

width b = 10 mm ± 0.3; thickness h = 4.8 mm ± 0.5 

and the distance between the supports according to the 

calibrated size of the machine device, l = 40 mm. The 

tested specimens belong to the category of resonance 

wood, all classes of anatomical quality defined 

according to [8–10] being investigated. The force is 

applied perpendicular to the longitudinal axis of the 

samples (denoted L or x) producing a radial or 

semiradial bending moment (denoted by MiR and 

MiSR) as shown in figure 1, b, c. In table 1, the 

physical characteristics of wood samples tested at 

DMA are summarized. These samples were prepared 
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taking into account that, in the stringed musical 

instruments industry, there is a classification of 

musical instruments according to the anatomical 

quality of the wood in their construction, this aspect 

being revealed in the final price of the instrument. The 

classification of quality raw materials for the 

manufacture of stringed instruments has been 

presented and analysed in detail in the papers [8].

 

 
a)                                                              b)                                                        c) 

Fig. 1. Geometry of dynamically tested samples: a) geometry of sample for DMA; b) radial orientation of the wood fibre 

direction; b) semi-radial orientation 
 

Table 1. Physical characteristics of samples for DMA testing 

Code sample 
No of 

samples 

Moisture 

content (%) 

Density 

(g/cm3) 
Remarks 

PaR(AI) 1.1-1.4 4 7±1.5% 0.610 radial, quality class A, very dense fibre, 

PaR(AII) 2.1-2.4 4 7.2±1.5% 0.600 radial, quality class A, sparse fibre, 

PaSR(AI) 3.1-3.4 4 7±1.2% 0.616 semiradial, quality class A, very dense fibre, 

PaSR(AII) 4.1-4.4 4 7.3±1% 0.620 semiradial, quality class A, sparse fibre, 

PaR(BI) 5.1-5.4 4 7±1.5% 0.591 radial, quality class B, very dense fibre, 

PaR(BII) 6.1-6.4 4 7.2±1.5% 0.581 radial, quality class B, sparse fibre, 

PaSR(BI) 7.1-7.4 4 7±1.2% 0.612 semiradial, quality class B, very dense fibre, 

PaSR(BII) 8.1-8.4 4 7.3±1% 0.615 semiradial, quality class B, sparse fibre, 

PaR(CI) 9.1-9.4 4 7±1.5% 0.590 radial, quality class C, very dense fibre, 

PaR(CII) 10.1-10.4 4 7.2±1.5% 0.600 radial, quality class C, sparse fibre, 

PaSR(CI) 11.1-11.4 4 7±1.2% 0.616 semiradial, quality class C, very dense fibre, 

PaSR(CII) 12.1-12.4 4 7.3±1% 0.620 semiradial, quality class C, sparse fibre, 

PaR(DI) 13.1-13.4 4 7±1.5% 0.630 radial, quality class D, very dense fibre, 

PaR(DII) 14.1-14.4 4 7.2±1.5% 0.624 radial, quality class D, sparse fibre, 

PaSR(DI) 15.1-15.4 4 7±1.2% 0.628 semiradial, quality class D, very dense fibre, 

PaSR(DII) 16.1-16.4 4 7.3±1% 0.615 semiradial, quality class D, sparse fibre. 

 

2.2 Method 

Dynamic mechanical analysis was performed using 

the dynamic mechanical analyser Netzsch DMA 242 

C. This analyser allows the determination of 

viscoelastic properties as a function of time, 

temperature and frequency of stress (static or 

oscillating force), using a “bending in three points” 

procedure. The sample is subjected to a forced 

oscillation defined in the software of the test machine: 

a sinusoidal force (input signal) applied by a pushing 

rod, leads to a deformation of the sample (output 

signal). It also produces a sinusoidal but out-of-phase 

oscillation, which is then recorded using a 

displacement transducer (LVDT electronic sensor - 

Linear Variable Differential Transformer) [9–10]. 

These oscillations are reduced to an extremely low 

noise level signal in the DMA controller by Fourier 

analysis. A stainless-steel container facilitates 

measurements in various environments (immersion 

tests or variable temperature). By using a 

thermocouple, it is also possible to perform tests at 

higher temperatures. Some of the samples were tested 

in isothermal conditions (temperature T was kept 

constant at 30°C during the tests, due to the controlled 

environment in the oven of the test apparatus), 

applying a pulsating oscillating force with an intensity 

of 6 N, with different frequencies, applied successively 

(f = 1 Hz; 3.3 Hz; 5 Hz; 10 Hz; 50 Hz). Another set of 
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samples was tested under dynamic temperature 

conditions, ranging from 30 ÷ 120°C for 45 minutes, 

applying a pulsating oscillating force with an intensity 

of 6 N, with a frequency of 1 Hz. The temperature 

range used in the tests was established based on studies 

in the literature that have shown that the phenomenon 

of flow of wet wood is recorded in a temperature range 

of 50°C - 100°C, a phenomenon that is closely related 

changes in the chemical transition of lignin. 

Hemicelluloses and amorphous cellulose from wet 

wood have lower softening temperatures than lignins 

[11–14]. Moreover, this property depends on the 

species of wood. As a result, the machine software 

returned the following parameters: preservation 

modulus (E'); loss modulus (E''); depreciation tan δ 

calculated as the ratio between the loss modulus and 

the preservation modulus. 

 

3. RESULTS AND DISCUSSIONS 

 

3.1 The viscoelastic characteristics of resonant 

maple wood - isothermal conditions 

For samples with moderately wavy, straight and 

straight corrugated fibre, the preservation modulus 

tends to increase with increasing stress time by about 

1.5% in 30 minutes of application. Contrary to this 

trend, samples of maple wood with highly curly fibre 

(class A) show a slight tendency to decrease the 

deformation energy conservation capacity (by about 

1% in the 30 minutes of cyclic stress) (figure 2). In 

terms of frequency, it is found that the four types of 

samples from different classes respond differently to 

different frequencies. Thus, the highest values of the 

preservation modulus are recorded for the PaR (AI) 

samples at 1Hz and for the PaR (BI), PaR (CI) and PaR 

(DI) samples at 50Hz. Class B samples have the 

highest value for the preservation modulus (between 

10050 - 10300 MPa), and the lowest value is found for 

the class C samples. The values of the loss modulus 

decrease with the rise of the frequency of stress - the 

ability to dissipate deformation energy decreases, so 

that, regarding the use of maple wood in the 

construction of violins, this behaviour is favourable to 

the dynamic response to high string frequencies. Over 

time, the loss modulus decreases: for PaR (AI) and 

PaR (CI) samples, E” decreases by approximately 11% 

after 30 minutes of stress; for PaR (BI) samples, E” 

decreases by approximately 3%; and for PaR (DI) 

samples, the viscous modulus decreases by 

approximately 28.5% after 30 minutes of stress (figure 

3). From a musical point of view, it is important that 

the properties of the wood remain relatively constant 

over time so as not to alter the musical sounds. Thus, 

the class B tests show the best behaviour. Since the 

damping is the ratio between the sample response and 

the applied load, respectively the ratio between the loss 

modulus and the preservation modulus, the variation 

of this quantity is directly dependent on the variation 

of the loss modulus, which can be seen by the 

comparative analysis in figure 3. Also, for the samples 

PaR (AI), PaR (BI) and PaR (CI), at the frequency of 

50 Hz, there are sudden decreases in the values of 

damping, which indicates changes in the response of 

the sample over time, at the respective frequency.

 
Fig. 2. The variation in time of the preservation modulus E’: a) maple wood with very curly and dense fibre; b) maple wood 

with dense and curly fibre; c) maple wood with corrugated and dense fibre; d) maple wood with straight and dense fibre 
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Fig. 3. The variation in time of the loss modulus E’’: a) maple wood with very curly and dense fibre; b) maple wood with 

dense and curly fibre; c) maple wood with corrugated and dense fibre; d) maple wood with straight and dense fibre 

 

3.2 The viscoelastic characteristics of resonant 

maple wood with temperature variation 

The literature has shown that in wood, the energy 

storage module E' decreases with increasing 

temperature and there is a “softening” transition in the 

temperature range from 70 to 100°C, corresponding to 

the relaxation of lignin, and the maximum value of the 

loss factor increases with frequency, which attests to 

the fact that the transition temperature shifts to higher 

values as the frequency increases [10–13]. The 

anatomical and molecular features of the wood species 

have the greatest influence on the viscoelastic 

behaviour of the wood, respectively, the molecular 

structure of the essential components of the wood and 

their supramolecular architecture in the cell wall 

essentially influence the softening properties. This is 

presented in this paper, as well as in other publications 

on this subject [14–16]. The results obtained by [2; 13; 

18] show that softening of softwood actually takes 

place at higher temperatures than for hardwood.  

Another aspect is also important for interpretation: 

wood tissue is more regular in the radial direction 

compared to the tangential direction [16–17]. In 

bending tests (the load applied in the radial direction 

produces a bending moment in the tangential 

direction), the cell walls are loaded mainly with pure 

traction and compression, while if the load is applied 

in the tangential direction producing a bending 

moment in the radial direction, cell walls are rather 

exposed to bending, behaviour described by [17]. The 

tangential stress due to simple plane bending induces 

a cellular slip that most likely occurs in the middle 

lamella. It is now well known that the distribution of 

lignin along the double cell wall is heterogeneous [13]. 

According to [19], the lignin content is almost twice as 

high in the middle lamella than in other wall layers. If 

we consider that the middle lamella, rich in lignin, is 

the main element subjected to the shear stress in the 

tangential direction, the finding of a high tanδ value in 

the tangential direction is easier to understand.  

The inhomogeneous structure of highly corrugated 

maple wood is known to be characterized by a higher 

lignin content than normal fibre species where lignin 

is 25.3% [14–15]. The higher content of lignin which 

is a complex aromatic polymer influences the 

transition temperature (noted Tg), which varies from 

75°C to 100°C [13, 19].  Comparing the behaviour of 

dense and coarse fibre wood with that of sparse fibre 

maple samples, it is observed that Tg is higher in the 

case of wood with a lower lignin content (samples of 

classes C and D), reaching a value of approximately 

8590˚C (figure 4 c and d) compared to the transition 

temperature reached by the curly and dense fibre 

samples (classes A and B), which reach values of 

55°80˚ C (figure 4, a and b).  

It can also be seen that in the case of the maple sample 

with very curly and dense fibre (PaR (AI)), the 

transition temperature Tg starts from 55°C, then the 
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second transition level Tg is recorded at 70°C and the 

final transition Tg, at 88˚C. In all four cases, the 

conservation module is progressively degraded. 

Analysing the behaviour of radially cut maple wood 

samples, but with sparse fibre, it can be seen that the 

damping increases with increasing temperature for all 

classes, however, the preservation module behaves 

differently - for samples of classes A and C, the trend 

is decreasing with increasing temperature, and for 

samples in classes B and D, the tendency is to increase 

the preservation modulus. For these samples also, the 

transition temperature registers different values 

depending on the quality class, the content of late 

wood and early wood, so that the values are lower for 

classes A and B (Tg=6080˚C), and for those with 

slightly wavy fibre (class C) and straight fibre (class 

D), Tg90100˚C. 

 

 
Fig. 4. Variation of damping and preservation modulus with increasing temperature, for radially cut maple samples, with 

dense fibre: a) class A; b) class B; c) class C; d) class D 

 

4. CONCLUSIONS 

 

From a rheological point of view, maple wood 

modifies its viscoelastic properties with increasing 

exposure time to periodic stresses. Thus, the samples 

of maple wood from class B register the highest value 

of the preservation module (between 10050-10300 

MPa), and the lowest value is presented by those from 

class C. The temperature affects the stiffness and 

strength of the wood, which has a thermoplastic 

behaviour. The increase in temperature leads to 

changes in the complex dynamic modulus of maple 

wood: the transition temperature Tg is approximately 

85-90˚C for samples of classes C and D, compared to 

the transition temperature reached by the samples with 

curly and dense fibre (classes A and B), which has 

values of 55-80˚C. 

 

 

ACKNOWLEDGMENTS 

 

This research was supported by a grant of the Ministry 

of Research, Innovation and Digitization, 

CNCS/CCCDI – UEFISCDI, project number. 

568PED/2020 MINOVIS - Innovative models of 

violins acoustically and aesthetically comparable with 

heritage violins, within PNCDI III. 

 

5. REFERENCES 
 

1. Holzer S. M., Loferski J. R., Dillard D. A., (1989). 

A review of creep in wood: concepts relevant to 

develop long-term behaviour predictions for wood 

structures, Wood Fiber Sci., 21, 376–392. 

2. Placet V., Passard J., Perré P., (2007). Viscoelastic 

properties of green wood across the grain measured 

by harmonic tests in the range 0–95°C Hardwood vs. 

softwood and normal wood vs. reaction wood, 61(5), 



 

150 

 

548-557, https://doi.org/10.1515/HF.2007.093  

3. Menard K. P., (1999). Dynamic Mechanical 

Analysis – a practical introduction, CRC Press LLC, 

2000 N.W. Corporate Blvd., Boca Raton, Florida. 

4. Kudela J., Kunstar M., (2011). Physical-acoustical 

characteristics of maple wood with wavy structure 

Ann, WULS-SGGW, Forestry and Wood Technology, 

75, 12-18. 

5. Alkadri A., Carlier C., Wahyudi I., Gril J., Langbour 

P., (2018). Relationships between anatomical and 

vibrational properties of wavy, Sycamore maple 

IAWA Journal. Brill publishers, 39(1) 63–86. 

doi:10.1163/22941932-20170185. hal-01667816. 

6. Stanciu M. D., Cosereanu C., Dinulica F., Bucur V., 

(2020). Effect of wood species on vibration modes of 

violins plates, Eur. J. Wood Prod., 78, 785-799, 

https://doi.org/10.1007/s00107-020-01538-5 

7. Ranta-Maunus A., (1993). Rheological behaviour of 

wood in directions perpendicular to the grain, 

Materials and Structures, 26, 362-369. 

8. Dinulică F., Stanciu M. D., Savin A., (2021). 

Correlation between Anatomical Grading and 

Acoustic–Elastic Properties of Resonant Spruce Wood 

Used for Musical Instruments Forests, 12, 1122, 

https://doi.org/10.3390/f12081122 

9. Stanciu M. D., Curtu I., Moisan E., Man D., Savin 

A., Dobrescu G., (2015). Rheological Behaviour of 

Curly Maple Wood (Acer Pseudoplatanus) Used for 

Back Side of Violin, ProLigno, 11(4), 73-80, 

http://www.proligno.ro/ro/articles/2015/201504.htm 

10. Stanciu M. D., Șova D., Savin A., Iliaș N., 

Gorbacheva G., (2020). Physical and Mechanical 

Properties of Ammonia‐Treated Black Locust Wood 

Polymers, 12, 377, doi:10.3390/polym12020377. 

11. Spycher M., Schwarze F. W. M. R., Steiger R., 

(2008). Assessment of resonance wood quality by 

comparing its physical and histological properties, 

Wood Sci. Technol., 42, 325–342, 

https://doi.org/10.1007/s00226-007-0170-5. 

12. Obataya E., Ono T., and Norimoto M., (2000). 

Vibrational properties of wood along the grain, J of 

Materials Science, 35, 2993–3001, 

https://doi.org/10.1023/A:1004782827844. 

13. Olsson A. M., Salmen L., (1997). The effect of 

lignin composition on the viscoelastic properties of 

wood, Nordic Pulp and Paper Research Journal Vol. 

12 no. 311997. 

14. Sonderegger W., Martienssen A., Nitsche C., 

Ozyhar T., Kaliske M., Niemz P., (2013). 

Investigations on the physical and mechanical 

behavior of sycamore maple, Acer pseudoplatanus L. 

Eur. J. Wood Prod., 71, 91–99. 

15. Szalai J. (1994). Anisotropic elastic and strength 

theories of wood and wood composites, Part I 

Anisotropy of the mechanical properties (Hildebrand 

Niomida KTF - in Hungarian) 

16. Viala R., Placet V., Cogan S., (2020). 

Simultaneous non-destructive identification of 

multiple elastic and damping properties of spruce 

tonewood to improve grading, J. Cult. Herit. 42, 108–

116, doi: 10.1016/j.culher.2019.09.004. 

17. Villani V., Pucciariello P., Lavallata V., (2017). 

Viscoelasticity of air-dried or thermo-treated woods, 

J. Polym. Environ., 25, 479–486. 

18. Niemz P., Ozyhar T., Hering S., Sonderegger W., 

(2015). Moisture dependent physical-mechanical 

properties from beech wood in the main directions, 

Proligno, 11, 37–42. 

19. Irvine G. M., (1985). The significance of the glass 

transition of lignin in theromechanical pulping, Wood 

Science and Technology, 19, 139-149. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Received: June 30, 2022 / Accepted: December 15, 2022 
/ Paper available online: December 20, 2022 © 
International Journal of Modern Manufacturing 
Technologies 


