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Abstract 
Historical music instruments belong to the great achievements of culture. Next to the conservation of the original 
substance, their restoration is often aimed at the maintenance of the original usage. Instruments that are kept in 
playable state often show large deformations and considerable damages. The reason can be found in loading by 
the tensioned strings enforced by climatic fluctuations. Furthermore, the influence of long-term effects has to be 
taken into account. Therefore, a time-dependent, coupled material model is required for the realistic description 
of the structural behaviour of historical pianofortes. 
The basis for the development of restoration concepts and the decision, if or on which conditions a keyboard 
instrument can be playably restored and in the long term be used in concerts, is the knowledge about its load 
bearing behaviour. Therefore, the analysis of the structural behaviour of historical keyboard instruments is 
carried out within the outlined project using the Finite Element Method. After the characterisation of the basic 
systems, the conclusions will be applied for the restoration of a particular pianoforte. 
 
Before the numerical simulation can be performed, a 3-D geometric volume model of the structure is created and 
in the course of meshing transferred to a FE-platform. Due to the complex structure, a simplification of the 
model is not possible, which leads to a large number of nodes and elements. A further difficulty is the 
identification of the material parameters of the used wood types. The amount of independent references for the 
material parameters of hardwood, which is frequently used in instrument making, is limited. Besides, one has to 
consider the age of the employed material and the necessity of information on the dependence of mechanical 
properties on the moisture content.   
 
For the numerical simulation of wood, appropriate material models are required. First, three models for the 
characterization of the mechanical behaviour are introduced. At this, elastic, brittle and ductile properties are 
considered. Furthermore, the modelling of moisture diffusion in wood is explained.  
Based on these models, the coupling of linear elastic anisotropic mechanics and anisotropic moisture transport 
(steady state form) is carried out. The dependence of the elastic material parameters on moisture content is 
considered, whereas every component of the elasticity tensor is characterized by a sine function approximation 
of experimental results. The coupling of mechanics and moisture is completed by the extension of the internal 
nodal forces by swelling and shrinkage. The nonlinearity of the formulation is taken into account.  
 
In order to illustrate the effects of using the coupled formulation, an example is shown, comparing the 
deformations of a particular part of the piano due to different load cases. It is pointed out, that the negligence of 
the dependence of the elastic parameters on moisture leads to inaccurate deformations. Beyond, it is shown that 
due to the nonlinear character of the studied feature, the superposition of two load scenarios does not lead to 
appropriate results for the combined case. Furthermore, the consideration of moisture dependencies influences 
the failure behaviour.  
 
Finally, an outlook of the next steps within the project is given. 
 
 
 
 
 
 
 
 
 
 
 
 
 



1. INTRODUCTION 
Like architectural monuments and fine arts, historical music instruments belong to the great cultural 
achievements. In that case, the aim of museums and restorers is often not only the conservation of the 
original substance but also the maintenance of the original usage – the instruments should preferably 
be playable. The loading in playable state which results from tensile forces in the strings may lead to 
large deformations of the whole structure. Furthermore, considerable damage caused by large local 
stresses is observed. 
The described damages are mainly due to high loading caused by the tensioned strings. An additional 
increase of the string-tension emerges from the exchange of historical strings by new ones and the 
adjustment of tuning to modern performance practice. Nevertheless, the influence of long-term-effects 
and climatic fluctuations on the load bearing behaviour, on deformations and on cracking may not be 
neglected. In this respect, the change of moisture is the principal criterion. Furthermore, it appears that 
the influence of climatic changes strongly depends on the stress level inside the structure. This 
behaviour makes clear that a time-dependent, coupled material model is useful and necessary for the 
realistic description of the structural behaviour of historical pianofortes. 
For the development of restoration-concepts, knowledge on the structural characteristics of each 
instrument is of essential importance. Only with this information at hand, it is assessable, if or at 
which conditions a keyboard instrument can be playably restored and in the long term be used in 
concerts. At the moment, no technical means which allow the prediction of the structural behaviour 
are at hand of restorers of historical instruments. 
The aim of the outlined research project is to analyse the load bearing behaviour of historical keyboard 
instruments using the Finite Element Method. Considering two reference objects, the static 
characteristics of the different basic systems are to be analysed and the influence of existing damages 
and climatic changes (temperature, moisture) on the structural behaviour are to be identified. The 
conclusions drawn out of these analyses will be applied to the restoration of a further pianoforte. For a 
detailed description of the project and a short introduction into the Finite Element Method see [5]. 

 

2. PRELIMINARY STEPS 
Before the numerical simulation of the instruments can be performed, several preliminary steps are 
required. The initial task is the digitalization of the geometry, whereas the original, undeformed shape 
is needed. Hence, the digital mapping of the current, deformed geometry into the primary one has to 
be carried out. If existing, old drawings of the construction can help to solve this task. Otherwise, 
reasonable assumptions have to be made. Afterwards, a 3-D volume model is constructed.  
The digitalization of the geometry as well as the other preliminary steps and applications are 
illustrated within this publication by use of the pin block of the “Hammerflügel” made by Conrad Graf 
in 1835 (inventory number MS-44) and its supporting elements. 
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Figure 1 - Digitalization of the geometry. 
 
 



In the course of meshing, the digital geometry is transferred to a FE-platform (see Fig. 2a). The 
requirement for a useable mesh is the absence of any inaccuracy or modelling error within the 3-D 
volume model. Besides, it is to be assured that the particular parts of the construction can still be 
distinguished after meshing. Considering the entire pianoforte, it becomes evident that an extremely 
complex structure is at hand. A simplification of the model using symmetric properties is not possible, 
which leads to a large number of nodes (about 35.000) and elements (about 25.000). 
 
Beyond the modelling of the structure, the identification of the wood species that are used within the 
construction and the determination of appropriate material properties are needed. In instrument 
making, many different types of wood, frequently hardwood, are used. Figure 2(b) shows the wood 
types and materials of the supported pin block. 
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Figure 2 - Meshing: (a). Materials of the supported pin block: (b). 
 
The material parameters needed as input for the FE-computation are difficult to identify for most of 
those wood-species. The amount of independent references concerning this topic is limited.   
Since one aim of the project is the description of the load bearing behaviour of the instruments 
resulting from string loading combined with climatic fluctuations, next to the mechanical properties, 
the relationships between the mechanical features and the climate are needed. Because of the fact that 
the influence of moisture on the mechanical properties is much more distinctive than the influence of 
the temperature, the problem is reduced to the coupling of mechanics and moisture. For this reason, 
the mechanical properties subject to the moisture content as well as the diffusion properties of the 
different wood-types are necessary.   
Furthermore, it is to be considered that the wooden material of the instruments has an age of about 300 
years. Within the German collaborative research centre 315, it was stated that the mechanical 
properties of ancient wood do not differ from those of new wood ([2], [3]). However, no studies were 
carried out concerning the diffusion properties and the dependence of the mechanical properties on the 
moisture content.    
 

3. NUMERICAL SIMULATION OF WOOD 
3.1. Modelling of Mechanical Behaviour 
For the numerical simulation of wooden constructions, appropriate models to describe the material 
behaviour are necessary. A short introduction into the material models characterizing the mechanical 
behaviour that were developed at the Institute for Structural Analysis is given first. For further 
information, see the publications of Schmidt and Kaliske [7], [8] and [9]. The material models are 
classified by elastic, brittle and ductile features. Within this publication, Voigt’s matrix notation is 
used. 
 
The cylindrical anisotropic elastic behaviour of wood is based on the standard strain energy density 
function  
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includes the Young’s moduli Er, Et, El, the shear moduli Grt, Gtl, Grl and the Poisson’s ratios � rt, � tl and 
� rl (cylindrical material directions: r - radial; t - tangential; l - longitudinal). Considering the relation 
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the stress tensor  
:Cs e=  (4) 

is determined. 
 
Ductile behaviour and failure of wood is primarily caused by compression loading and comes along 
with irreversible deformations. For the simulation of this behaviour, a multi-surface plasticity model 
was developed which considers the coupled elastic-plastic failure behaviour. Seven possible failure 
modes and yield surfaces are included. A maximum of four can be active at the same time. The limit 
between the elastic and plastic zone is defined for every yield surface by a flow rule of the form 

1 0: : : qii ii
f a bs s s - - == + . (5) 

 
At this, ai and bi are strength tensors. The parameter qi includes a function for softening or hardening 
which depends on the material directions. 
 
The failure of wood loaded at shear and tension perpendicular to the fibre is distinctively brittle. 
Within the Finite Element Method, this behaviour is often modelled using cohesive elements. These 
elements are defined by the nodes of the two surfaces where the crack is expected. At initial 
conditions, the surfaces and nodes are congruent. In terms of shear loading, the two planes can move 
into direction one and two and represent a shear crack (Mode II). Analogously, when they are loaded 
normal to the surface, the planes shift apart in direction three (Mode I). The coupled material model 
used for the cohesive elements includes an elastic branch, a softening range and damage. Besides, the 
formulation is continuously differentiable, which is essential for an efficient and converging solution 
procedure. 
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Figure 3 - Cohesive element: (a). Material approach for cohesive elements: (b). 

 



3.2. Modelling of Moisture Diffusion 
Below the fibre saturation point, moisture transport in wood is controlled by diffusion. According to 
the steady state form of Fick’s Law  

0 mq D r × Ñ= - × , (6) 

the moisture flux q [kg/(mm²s)] is proportional to the gradient of moisture content Ñm [1/mm]. The 
constant of proportionality is the product of the diffusion coefficient D [mm²/s] and the density in 
absolute dry conditions � 0 [kg/mm³]. The negative sign makes clear, that moisture flows towards 
decreasing concentrations. The transient formulation of diffusion ([4]) is obtained as  
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Considering the anisotropy of wood, D develops into a tensor that contains the moisture-dependent 
diffusion coefficients for the different material directions 
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The dependence of the diffusion coefficients on moisture content is described by the approach of 
Hanhijärvi [4] 
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For the formation of the tangential stiffness matrix, the nonlinearity of Di(m) is considered 
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The effect of changes in ambient atmosphere on the moisture content of wood is simulated with the 
help of Neumann type boundary conditions. When the air-flow on the surface is slow, the moisture 
flux qn across the surface  

( )0q S m mecm sn r= × × -  (11) 

is proportional to the difference of the equilibrium moisture content mecm [-] and the moisture content 
at the surface ms [-]. Here, the constant of proportionality is the product of the surface emissivity 
coefficient S [mm/s] and the density � 0 in absolute dry conditions. To calculate the equilibrium 
moisture content corresponding to the ambient atmosphere, an approach of Avramidis is applied [1]. 
Besides the relative humidity of the RH [-], room temperature T [K] is considered 
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The surface emissivity coefficient is again described by the approach of Hanhijärvi [4] 
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The nonlinearity of the function S(m) is accounted for within the tangent matrix 
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3.3. Coupling of Mechanics and Moisture 
In the scope of coupling of mechanics and moisture, solely the influence of moisture content on the 
mechanical behaviour is considered. The influence of the mechanics on moisture transfer of wood is 



hardly mentioned in literature and not clarified. In the following, the coupling of linear elastic 
anisotropic mechanics and anisotropic moisture transport (steady state form) is described. 
First, the dependence of the elastic properties on the moisture content  
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is implemented into the elasticity tensor (Voigt’s notation). The functions Sij(m) approximate the 
experimental results carried out by Neuhaus [6] for spruce (see Fig. 4). Every component of the 
elasticity tensor is characterized by a function of the form  

( )( ) sinS m a b m c dij ijij ij ij= × × + + ,  0.01 0.28m£ £ . (16) 

As mentioned before, C is taken as symmetrical within the simulation. This symmetry is only partly 
validated by the experimental results. Therefore, an interpolation is necessary 
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In Figure 4, the approximation of the experimental results for the component S22(m) using the 
coefficients 
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Figure 4 - Approximation of S22(m). 
 
 
Beyond the modification of the elasticity tensor, the internal nodal forces within each element caused 
by mechanical loading have to be extended by swelling and shrinkage 

( ) ( ): ( ): ( ) : ( ): ( )T TF B C m u dV B C m m dVm s
V V

F F e e+ -
 
= = . (18) 

It becomes evident that the mechanical strains only depend on the deformations u whereas the 
shrinkage strains are a function of moisture content 

( )( ) m mrefme b -= ×  (19) 

and are proportional to the nodal moisture content referring to a reference value. The shrinkage values 
for the different material directions 
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act as constants of proportionality. Within the formation of the appropriate components of the 
expanded stiffness matrix of the coupled problem, the derivatives of the elasticity tensor and the vector 
of shrinkage strains are to be considered  
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4. APPLICATION 
The supported pin block of “Hammerflügel” MS-44 is studied using the linear elastic anisotropic 
material model for coupled mechanics and moisture. The maple veneer between the two parts of the 
pin block is modelled by cohesive elements. Hence, the moisture-dependent elastic properties needed 
as input for the model are not available for oak and maple, all types of wood are simplified as spruce. 
Within the project, experiments are planned to close this lack of knowledge. 
In order to avoid the modelling of every pin in the scope of load application, equivalent nodal loads 
are calculated out of the string loads. After the assignment of the loading points to the appropriate 
elements, the local coordinates of those points are determined using the shape functions of the 
elements. The magnitude of the shape function at each point provides the distribution of loads to the 
nodes. 
 
To show the effects of using the coupled model, the displacement of the upper part of the pin block 
longitudinal to the piano resulting from different load scenarios is compared. Every scenario is divided 
into two load steps consisting of loading caused by string tension and swelling caused by the change 
of ambient atmosphere from the minimum level of standard range T1 = 18 °C / 291.15 K, RH1 = 0.4 to 
a thunderstorm in summer T2 = 28 °C / 301.15 K, RH2 = 0.7.   
The comparison of the scenarios one, two and three demonstrates the influence of the consideration of 
the dependence of the elastic parameters on moisture. Scenarios four, five and six identify the effect of 
the nonlinear simulation. 

Table 1: Load scenarios. 

 material tensor load step 1 load step 2 

scenario 1 C = const. string-load climate change 
scenario 2 C = C(m) string-load climate change 
scenario 3 C = C(m) string-load - 
scenario 4 C = C(m) string-load string-load 
scenario 5 C = C(m) - climate change 

scenario 6 C = C(m) string-load string-load and 
climate change 
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Figure 5 - Displacement uy versus load factor. Scenarios 1, 2 and 3: (a). Scenarios 4, 5 and 6: (b). 
 
Regarding the displacement uy caused by the different load cases, it becomes evident, that the 
negligence of the dependence of C on moisture leads to an inaccurate computation of deformations. 
Beyond, comparing scenario six with the superposition of scenarios four and five, it becomes clear 



that due to the nonlinear character of the studied situation, the superposition of two load scenarios 
does not lead to appropriate results for the combined case. 
The consideration of moisture dependencies also influences the failure behaviour of the pin block. 
Within scenario two, the cohesive elements that simulate the maple veneer are not damaged during 
load step one. The climate change in load step two however causes damages in the front part of the 
interface layer. 
 

5. OUTLOOK 
Within the structural analysis of historical pianofortes as well as the numerical simulation of other 
wooden structures, many questions are still to be solved. Besides the combination of transient moisture 
transport with steady state mechanics, the modelling of ductile and brittle failure subject to moisture 
content (plasticity, fracture mechanics) is aspired. Another important step is the modelling of time-
dependent behaviour, namely viscoelastic and mechano-sorptive creep. 
Furthermore, the verification of the FE-model with the help of appropriate measurements as well as 
the verification respectively identification of material properties with the help of experiments is 
required. 
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