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Abstract: The varnish together with the wooden support forms a new layered mechanical 

system that has viscous-elastic properties different from the individual components. The work 

aims to investigate these properties through mechanical dynamical analysis, studying the 

influence of the wood species, the main direction, the type of varnish on the storage modulus, 

loss modulus and damping. The results showed that the wood species, the type of varnish (oil-

based varnish and alcohol varnish), the thickness of the varnish film influence the viscous-

elastic behavior at different stress frequencies. 
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1. INTRODUCTION 

Wood is a natural polymer made up of materials with a crystalline structure 
(cellulose), an amorphous structure (lignin) and a mixed structure 

(hemicelluloses and holocelluloses). As a result, the viscous-elastic behavior of 
wood over time can be modeled as a rheological model that takes into account 

elastic and plastic deformation, viscous-elastic creep, hygro-expansion 
deformation, Kelvin–Voigt element-wise mechano-sorptive strain tensor 

according to [1]. There are numerous approaches regarding the viscous-elastic 
behavior of wood from different species [3–5]. There are numerous 

approaches regarding the viscous-elastic behavior of wood from different 
species. An important problem in the acoustics of musical instruments is the 

system formed by wood and lacquer film, since, unlike unvarnished wood, the 

new system presents a different vibro-acoustic behavior because of the change 
in mechanical properties [6–8]. Determining the viscous-elastic parameters of 

varnished wood involves different measurement methods, among them, the 
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dynamic mechanical analysis (DMA) which is a technique to analyze the 
mechanical response to the vibrational forces produced by the cyclically 

applied mechanical load. The dynamic properties of the wood are important 
because they characterize the material during the vibrations of the musical 

instruments, compared to the statically determined properties. The techniques 
for determining the dynamic modulus (MOED) and damping (tan δ) are based 

either on vibrational tests with non-contact force, or on damping methods 
(with impact), or with forced vibrations maintained with direct contact between 

the force and the wooden sample [8–13]. The purpose of the study was to 
characterize the dynamic behavior of the resonance wood through mechanical 

analysis in dynamic mode, determining the storage modulus, the loss modulus 

and damping for spruce wood samples varnished with oil-based varnish and 

spirit varnish. 

2. MATERIALS AND METHOD 

The varnished spruce wood samples were cut from a varnished plate (1), in 
longitudinal (2) and radial (3) direction of wood as can be seen in Figure 1a.  

The dimensions of samples for dynamical mechanical analysis (DMA) were: 50 
mm (length) x 10 mm (width) x 5 mm (thickness). In Table 1 are presented 

the types of studied samples and coding. The experimental set-up of DMA 
consists in applying of an oscillating force at different frequencies (f=1Hz; 5Hz; 

10Hz; 50Hz), at constant temperature at 30˚C. The spruce wood samples were 

subjected to three points bending (Fig. 2b). The magnitude of bending load 

was 6 N. The equipment used is DMA 242C Netzsch equipment.  

 
a)                                                                   b) 

Figure 1: Experimental set-up: a) The samples in longitudinal (2) and radial (3) direction of 

wood extracted from varnished spruce plate (1); b) the bending loading of sample 

Table1. Physical features of varnished samples 

Sample Wood 

direction 

No. of varnish 

layers 

Code No. of 

samples 

Spruce with oil-

based varnish 

Longitudinal 5 MALU5L 4 

10 MALU10L 4 

15 MALU15L 4 

Spruce with oil-

based varnish 

Radial 5 MALU5R 4 

10 MALU10R 4 

 15 MALU15R 4 

Spruce with spirit 

varnish 

Longitudinal 5 MALS5L 4 

10 MALS10L 4 

15 MALS15L 4 

Spruce spirit 

varnish 

Radial 5 MALS5R 4 

10 MALS10R 4 
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15 MALS15R 4 

 
3. RESULTS AND DISCUSSION 

 
Figures 2 and 3 illustrate the simultaneous evolution of the storage modulus, 

loss modulus and damping in the case of spruce samples cut longitudinally and 
radially, varnished with 5, 10, 15 layers, subjected to different loading 

frequencies. It is observed that the storage modulus tends to increase over 

time, and the loss modulus to decrease in accordance with loading frequencies.  

 
a)                                                                b) 

 
c)                                                              d) 

 
e)                                                            f) 

Figure 2: The variation of storage modulus, loss modulus and damping tand in case of spruce 

samples with oil-based varnish: a) longitudinal direction, 5 layers; b) radial direction, 5 layers; 

c) longitudinal direction, 10 layers; d) radial direction, 10 layers; e) longitudinal direction, 15 

layers; f) radial direction, 15 layers. 
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a)                                                                                        b) 

 
c)                                                                                        d) 

 
e)                                                                         f) 

Figure 3: The variation of storage modulus, loss modulus and damping tand in case of spruce 

samples with spirit varnish: a) longitudinal direction, 5 layers; b) radial direction, 5 layers; c) 

longitudinal direction, 10 layers; d) radial direction, 10 layers; e) longitudinal direction, 15 

layers; f) radial direction, 15 layers. 

 

For the quantitative analysis of the changes in the viscous-elastic properties of 

the samples, the values of the storage modulus, loss modulus and damping 
were extracted at the initial moment (t0) and at the final moment, after the 30 

minutes of loading (t30). Comparisons and trends of storage modulus with 
increasing loading frequencies are shown in Figure 4. It is observed that the 

behavior of the samples differs depending on the direction of the spruce wood 
fibers (longitudinal and radial), but also depending on the type of varnish 

applied. In the case of spruce wood varnished with oil-based varnish, the 
conservation modulus shows lower values compared to spirit varnish, but the 

differences from one application frequency to another are more pronounced 
(Figure 4a). Thus, the samples varnished with spirit varnish register the 

greatest changes (increases) of the storage modulus after exposure to 
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different loading frequencies (approx. 6 - 7% for 5 layers, approx. 7 - 8.5% for 
10 layers and between 8 - 9.5% for 15 layers) (Figure 4b). The samples with 5 

layers, regardless of the type of varnish, have a similar behavior. Instead, the 
samples with 10 layers and 15 layers show peaks at the frequency of 3.33 Hz, 

in the case of samples with oil-based varnish and decreases in the case of 
samples with spirit, and at the frequency of 33.3 Hz, the behavior is reversed 

(Figure 4c,d).  

 
a)                                                          b) 

 
c)                                                         d) 

Figure 4: The variation of storage modulus, in case of spruce samples: a) oil-based varnish, 

longitudinal direction; b) spirit varnish, longitudinal direction; c) oil-based varnish, radial 

direction; d) spirit varnish, radial direction. 

 

The loss modulus tends to decrease with increasing loading time in the 

longitudinal samples, varnished with oil-based varnish, registering the extreme 
values for 10 layers (Figure 5a). In the other samples, the tendency of the 

viscous modulus is to increase after exposure to dynamic loading (Figures 
5b,c,d). In the radial direction, the type of varnish and the thickness of the 

varnish film determine the viscous behavior of the material. Thus, the loss 
modulus for the samples with oil-based varnish increases with the increase in 

the thickness of the varnish layer, while for the samples with spirit varnish, the 
loss modulus decreases with the increase in the thickness of the film (Figure 5, 

c and d). The ratio of the loss modulus to the storage modulus represents the 

logarithmic damping or decrement (tand). This is a sensitive indicator of 
mechanical or thermal conditions during the input of mechanical energy that is 

dissipated as heat through internal friction. During the vibrations of the violin 
plates, this energy dissipation occurs in the wood in the longitudinal and radial 

direction. In Figure 6, the variation of damping is presented. 
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a)                                                          b) 

 
c)                                                         d) 

Figure 5: The variation of loss modulus, in case of spruce samples: a) oil-based varnish, 

longitudinal direction; b) spirit varnish, longitudinal direction; c) oil-based varnish, radial 

direction; d) spirit varnish, radial direction. 

 

 
a)                                                          b) 

 
c)                                                         d) 

Figure 6: The variation of damping, in case of spruce samples: a) oil-based varnish, 

longitudinal direction; b) spirit varnish, longitudinal direction; c) oil-based varnish, radial 

direction; d) spirit varnish, radial direction. 
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4. CONCLUSIONS 

In conclusion, the paper focused on the analysis of the viscous-elastic 

response of the resonance spruce wood varnished with different types and 

thicknesses of varnish, the results obtained being relevant to both musical 
instrument manufacturers, musical instrument varnish manufacturers, 

instrumentalists and researchers. Varnishes applied to the plates of musical 
instruments influence the acoustics of the instrument by changing the 

properties of the wood, for example mass, stiffness and damping as they are 
amorphous polymers with high molecular weight below their glass transition 

temperature. According to [14, 15], it can be observed that in the case of 
samples with oil-based varnish, the increase in internal friction precedes the 

increase in stiffness, being more pronounced in the radial direction than in the 
longitudinal direction. Samples with spirit varnish show a lower damping 

compared to the other type of varnish, but higher in the radial direction than in 
the longitudinal direction. A similar behavior for both types of varnishes is 

observed in relation to the number of layers. The highest damping occurs for 

samples with 10 layers of varnish. 
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