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Abstract. At the state of art, current simulative methods modelling joint properties as fixed 

interaction between components or concentrate on the characterization of the joint stiffness and 

damping of coupled metallic structures. In the current work, the developed thin layer interaction 

(TLI) method was applied to study the influence of the joint stiffness and damping of plastic 

components coupled with metallic structures. 

The joint stiffness and damping of different coupled metallic-plastic joint structures was 

characterized experimentally and was used to fill the reduced transverse shear stiffness and 

damping tensors of the numerical TLI model. 

The TLI model was used to determine the structural dynamics behavior of a short glass fiber 

reinforced plastic engine bracket mounted to a steel block. The comparison of experimental and 

simulative results shows a better correlation under the usage of the TLI model compared to a 

fixed modeled joint behavior. As result, the TLI model allows a better prediction of the 

structural dynamics of coupled plastic components. Further researches focus on the accurate 

experimental estimation of the boundary conditions regarding excitation and mounting of the 

plastic components. Thus, a more realistic modelling of the numerical joint boundary conditions 

is possible for an improved simulation of the structural dynamics of plastic components.  
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1 INTRODUCTION 

Short-fiber-reinforced-plastics (SFRP) improve the structure-borne sound radiation and 

sound transmission of force-transmitting components in modern powertrains under Noise-

Vibration-Harshness (NVH) aspects [1-3]. Thereby, engineering plastics show a strong 

increased damping behavior compared to metals and thus approach to the area of best material 

performance under NVH aspects [4,5]. A suitable example is an engine bracket made of 

polyamide 6.6 with 50 wg.-% glass fiber reinforcement (PA66-GF50). In modern vehicles, the 

engine bracket is mounted to the crankcase and transmits the structure-borne noise into the 

vehicle structure [6]. 

Current experimental investigations on plastic components show, that the mounting 

conditions influence the joint behavior and thus the structural dynamics. This leads to a 

frequency and amplitude shift with corresponding mode shape transformation. 

However, established numerical methods for simulation of mounted components focus on 

static, fixed boundary conditions, due to reduced calculation capacity. In general, this approach 

is not sufficient to consider dynamic mounting conditions, like varying tightening torque or 

frequency dependent joint properties. As result, the present study focuses on an advanced 

approach to consider dynamic mounting conditions in the simulation. 

First, the state of art regarding the numerical and experimental joint methods is presented. 

Thus, the constitutive equation to describe the joint behavior is reconsidered to regard joint 

properties depending on the existing boundary conditions. Corresponding characterizations 

provide experimental joint properties to calibrate the numerical joint model. Finally, 

simulations of the structural dynamics of a representative SFRP component with advanced 

numerical joint method are compared to corresponding experiments to assess the quality of the 

method. In this context, the aim was to validate, that a simple experimental joint 

characterization is sufficient to calibrate the structural dynamics simulation. 

2 STATE OF ART 

2.1 Simulative methods  

The most common approach to consider an interaction between two components in a coupled 

FE based simulation is a fixed interaction. In this case, the displacement in the interaction zone 

of the components are set equal. The main disadvantage of this method is, that strong different 

material behavior of the coupled components can leads to strong different response behavior of 

the structure [7]. 

As results, advanced numerical methods consider a gradient of the displacement in the 

interaction between the coupled components. Thereby, the properties of the interaction zone 

are weighted with respect to the properties of the coupled components. In this context, a master-

slave relation between the coupled components is defined. In this case, the displacement of the 

slave is governed by the motion of the master component. Further and comparable methods can 

be found in [7,8]. 

The main disadvantage of all presented methods are, that they are limited to the defined 

interaction law or properties of the components. Advanced methods to consider dynamic joint 
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properties focus on the approach of a material gradient in the interaction zone [9-11]. Thereby, 

the so-called Thin-Layer-Element (TLE) method is used. In general, TLEs are hexahedron 

elements, with a very small characteristic length/width-to-depth ratio [12,13]. They are 

modelled as continuum elements in the simulation, so that it is possible to associate these 

elements with a continuum equation to consider dynamic joint properties in the interaction zone. 

In this context, two methods are established to calibrate the numerical joint properties: a 

purely numerical parameter optimization study [14] and a calibration of the simulation with 

experimental determined joint properties [9,15]. 

2.2 Experimental methods 

In general, there are a few number of established methods for an experimental determination 

of joint properties. Sanati et al. [16] and Eriten et al. [17] give an overview of current joint 

models with corresponding experimental characterization methods. 

In this context, all existing methods have in common that they are based on the assumption 

of a multiple Degree-of-Freedom (DOF) spring-mass-damper model. For the evaluation of the 

structural dynamics response and thus the joint properties, the hysteresis loop approach is 

usually used. Thereby, the potential energy and the dissipated energy per cycle at resonance is 

evaluated [9,15-18]. 

However, existing research show, that the determined joint properties are significantly 

depending on the existing boundary conditions. Eriten et al. [17] showed, that the resulting 

experimental joint properties are dependent of the screw tightening torque, the excitation force 

of the system and the roughness of the material specimen pairing. Additionally, Sanati et al. 

[16] showed, that the joint properties vary dependent of the applied translational or torsional 

excitation. Comparable results were shown by Gaul et al. [9,15]. Additionally, these 

investigations showed, that a reliable determination of the joint properties is only valid for the 

micro-slip area. Thereby, the response of the joint resonator is approximately linear, due to 

small displacements in the contact area. In this context, large displacements (macro-slip) leads 

to an insufficient joint parameter extraction. As result, advanced researches like shown from 

Scheel et al. [18] concentrate on the determination of the joint behavior for non-linear effects. 

However, existing researches to determine the effect of the joint properties focus in general 

on metallic specimen coupling. Joint properties of coupled plastic-metallic specimens are 

generally unknown. 

3 PROPOSED APPROACH 

3.1 Advanced numerical joint behavior 

The TLE method allows to consider joint properties depending on the existing boundary 

conditions. Thereby, a TLE is placed in the simulation between the components to be joined 

and assigned with a constitutive equation. Existing investigations are based on a linear elastic, 

orthotropic material model assigned to the TLEs with the assumption, that the tangential 

parameters have a major influence on the joint behavior and the normal parameters have a little 

influence [9,15]. Following, the constitutive equation for the TLEs is defined as 
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with 𝐶𝑖𝑗 as modulus, 𝜀𝑖𝑗 as strain vector and 𝜎𝑖𝑗 as resulting stress vector and 𝑖, 𝑗 = {1…6}. 

Under the assumption, that no joint parameters exist parallel to the contact interface and for in-

plane shearing, the components 𝐶11, 𝐶22 and 𝐶44 vanish. Furthermore, the off-diagonal terms 

vanish under the assumption, that no transversal contraction exist in the interface [9,15]. Under 

these assumptions, it is possible to reduce equation (1) to 
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       (2) 

with 𝐶𝑛𝑛 as normal or penalty modulus and 𝐶𝑠𝑠 = 𝐶𝑡𝑡 as tangential modulus. This can be 

described as Thin-Layer-Interaction (TLI) method. Thus, a TLI is placed in the simulation 

between the components to be joined. This is an established method to consider dynamic, user-

defined joint properties in the simulation [19]. 

In the current case, this approach is extended to consider the dynamic joint stiffness and 

damping of the plastic-metal coupling depending on the existing boundary conditions. Thereby, 

the modulus term 𝑪 is extended with the stiffness 𝑺 and the damping 𝑫 over the complex 

modulus dependency 

𝑪 = 𝑪𝑇𝐿𝐼 = 𝑺𝑇𝐿𝐼 + 𝑖𝑫𝑇𝐿𝐼 ,        (3)  

with 𝑖 as complex number. Thus, it is possible to implement user-defined equations to 

describe the joint stiffness 𝑺𝑇𝐿𝐼(𝑐) and damping 𝑫𝑇𝐿𝐼(𝑐) depending on the existing collective 

of boundary conditions 𝑐 with 

𝑪𝑇𝐿𝐼(𝑐) = 𝑺𝑇𝐿𝐼(𝑐) + 𝑖𝑫𝑇𝐿𝐼(𝑐).        (4)  

As result, 𝑺𝑗
𝑇𝐿𝐼(𝑐) and 𝑫𝑗

𝑇𝐿𝐼(𝑐) represent experimental determined joint stiffness and 

damping values to calibrate the TLI. 

3.2 Experimental Joint Characterization 

To determine experimental values for the joint stiffness and damping of coupled plastic-

metallic specimens, a joint-resonator system is used, shown in figure 1. This is justified due to 

the simple setup and rapidity to determine joint properties. Furthermore, the joint properties are 

determined by modal analysis in the linear-elastic microslip area [9,15,18]. The resonator 

system contains of two masses, which are connected over a joint between them. In this, the 

contact pair specimens for the characterization of the joint parameters are defined. A shaker 

excites one side of the resonator system and thus the system gets into resonance at specific 

frequencies of the coupled system. 
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Figure 1: Schematically illustration of the joint-resonator system [9]. 

The procedure to determine the joint stiffness and damping is divided into three steps. First, 

the boundary conditions for the parameter extraction are defined. 

In the second step, a frequency run-up excitation of the joint-resonator system with the 

shaker allows to evaluate the resonance frequencies of the coupled joint specimens. 

Following, it is possible to determine the resulting displacement depending on the driven 

excitation force as hysteresis-loop. In this context, the slope of the hysteresis-loop equals the 

joint stiffness at resonance frequency and the enclosed surface equals the loss factor. The joint 

damping 𝐸´´ can be evaluated as 

𝐸´´ = 𝐸´ ∙ tan(𝛿),        (5)  

with 𝐸´ as joint stiffness and tan(𝛿) as loss factor. Further information on the procedure and 

evaluation of the joint-resonator system can be found in [9,15,18]. 

4 RESULTS 

4.1 Experimental Joint Properties 

First, the boundary conditions for the parameter extraction were defined, see table 1. 

Table 1: Overview of set local and global boundary conditions. 

Boundary Condition Parameter or Value 

Material Specimen 1 PA66-GF50 

Material Specimen 2 Steel 

Screw Tightening Torque 10, 20, 30 Nm 

Excitation Frequency range 1 Hz – 2 kHz 

Excitation Force 1.2 N 

Temperature 23 °C 

Humidity 50 % relative humidity (rh) 

 

To study the influence of dynamic mounting conditions, different screw tightening torques 

were applied with 10, 20 and 30 Nm, which represents realistic tightening torques of mounted 

SFRP components. Furthermore, the excitation frequency range to extract the joint properties 
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was set from 1 Hz up to 2 kHz, thus NVH critical structural phenomena of the SFRP 

components are located in this range, especially for internal combustion engines [2]. 

In this context, the joint parameter extraction equals a parameter extraction under modal 

analysis. Thus, small excitation forces are sufficient to excite and capture the structural 

dynamics response of the system. Furthermore, higher excitation forces lead to insufficient non-

linearity structural dynamics [9,18]. As result, the excitation force was set to 1.2 N. Moreover, 

the global boundary conditions focus on the temperature and humidity, thus the properties of 

the plastic specimens dependent on them. The global boundary conditions of temperature and 

humidity were set as normal climate with 23 °C and 50 % rh in a climatic chamber, with regard 

to standard ISO 291 [20]. 

Next, a frequency run-up with resonance frequency analysis was performed. Corresponding, 

the hysteresis-loop evaluation determines the joint stiffness and loss factor. Following, figure 2 

shows the average stiffness and loss factor of the characterized joint properties, depending on 

the applied tightening torque and the frequency. 

 

 

Figure 2: Average stiffness (left) and loss factor (right) at first resonance frequency range for 10, 20 and 30 Nm 

tightening torque (top) and at tightening torque of 10 Nm dependent of the frequency (bottom). 

Figure 2 shows, that the joint stiffness tends to higher values with increasing tightening 

torque, whereas the loss factor in general decrease. However, with respect to all driven joint 

characterization procedures it can be shown, that the joint stiffness varies with an average 

deviation from about +/- 20% and the loss factor with +/- 50%. This deviations can be traced 
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back to the accuracy of the used method of the joint-resonator system, like shown in [9,15]. 

Moreover, the majority of all driven joint characterization procedures at 10 Nm torque show a 

distorted hysteresis-loop. This leads to the assumption, that at 10 Nm torque and 1.2 N 

excitation force, there is the start of the transition from micro- to macro-slip in the joint. Thus, 

only hysteresis-loops, which are not distorted were evaluated. 

Furthermore, figure 2 shows the average stiffness and loss factor of the characterized joint 

properties at constant tightening torque of 10 Nm, depending on the frequency. In general, the 

joint stiffness increases with increasing frequency and leads to a saturation. This trend is 

comparable for the loss factor. Like shown before, the average deviations of the joint stiffness 

and loss factor are equal for the frequency-dependent properties thus the parameter extraction 

are based on the same database. 

4.2 Experimental Structural Dynamics Analysis 

In the current case, the engine bracket made of PA66-GF50 was used as suitable component 

to investigate the frequency response under varying mounting conditions with structural 

dynamics analysis (SDA). Figure 3 shows the used setup. Thereby, the engine bracket was 

mounted to a steel mass with significant higher weight compared to the plastic component. As 

result, the first resonance of the steel mass appears close to 2.6 kHz thus the structural dynamics 

of the plastic component can be analyzed up to high frequency ranges without an overlay of the 

structural dynamics of the steel mass. 

 

Figure 3: Setup for experimental component SDA. 

In this context, the SDA of the engine bracket was performed for 10 and 30 Nm screw 

tightening torque to set significant different mounting conditions in comparison. Moreover, the 

engine bracket was excited close to the area of the screw joints with a scalable automatic modal 

hammer and the frequency response was detected with a 3D-Laservibrometer during the SDA. 

Furthermore, the SDA was performed in a climatic chamber under normal climate from 23 °C 

and 50 % rh with regard to standard ISO 291 [20]. 

Figure 4 shows the frequency response function (FRF) average for all laser-scanning points 

of the SDA of the plastic engine bracket for 10 and 30 Nm screw tightening torque. Thereby, 

the amplitude was evaluated to the average acceleration response on the surface of the engine 

bracket in relation to the excitation force of the modal hammer. Figure 4 shows, that an increase 

of the tightening torque leads to a frequency shift in the direction of higher frequency ranges, 
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whereas the amplitude decreases. Thus, it can be derived that an increase in the tightening 

torque causes an increase in the joint stiffness and reduce the joint damping. This shows a 

comparable correlation to the determined trend of the joint properties, shown in figure 2. 

Furthermore, a comparison of the resonances was ensured by having a comparable mode 

shape at corresponding resonance frequency ranges. The mode shape analysis of the frequency 

range between 2 and 2.5 kHz shows local structural dynamics close to the screw joints, shown 

in figure 4. As result, to study the influence of the joint behavior on the structural dynamics of 

the engine bracket in a simulation, only the frequency range 2 – 2.5 kHz was considered. 

 

Figure 4: Average FRF of the engine bracket for 10 and 30 Nm tightening torque (top) and representative mode 

shape analysis for local structural dynamics for +/– 180° phase angle (bottom). 

4.3 Structural Dynamics Simulation Model 

With respect to the experimental setup, the geometry of the plastic engine bracket and the 

steel mass was discretized into finite elements (FE) and the corresponding material behavior 

was assigned. The steel mass was discretized with 177,000 quadratic tetrahedron elements. The 

material model of all metallic components of the simulation model was defined as linear-elastic. 

In this context, the plastic engine bracket was discretized with 728,000 quadratic tetrahedron 

elements. This is justified by the applied Arbitrary-Reconsidered-Double-Inclusion (ARDI) 

material model of the SFRP engine bracket. In general, the ARDI model represents a two-step, 

multiscale homogenization approach and allows to consider temperature-, humidity-, 

frequency- and direction-dependent material properties. This ensures a sufficient material 

model for an accurate prediction of the structural dynamics of SFRP in a simulation [21]. 

Next, the numerical boundary conditions were set. The contact of all metal inserts to the 

plastic engine bracket was modelled as fixed constraint, due to the high strength of the press fit 

with negligible displacement [22]. Following, the joint behavior between the plastic component 

and the metal insert was modeled with the TLI method in the contact zone to the steel mass. 

Figure 5 shows the FE-discretized engine bracket and steel mass with applied TLI areas. 
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Figure 5: FE-discretized plastic engine bracket with metal inserts, steel mass and TLI areas. 

To investigate the influence of the joint stiffness and damping on the structural dynamics of 

mounted SFRP in the simulation, the TLI method was integrated in the main equation of 

motion. Thereby, the main equation of motion is defined as 

𝑭 = 𝑴𝑥̈ + 𝑫𝑥̇ + 𝑺𝑥,        (6)  

with 𝑭 as dynamic equilibrium force of the compound, 𝑴 as mass matrix, 𝑫 as damping 

matrix, 𝑺 as stiffness matrix, 𝑥 as resulting displacement vector, 𝑥̇ as velocity vector and 𝑥̈ as 

acceleration vector. In the current case, this equation of motion is solved in the numerical 

simulation over a direct calculation with complex matrices to the resulting complex 

eigenvectors and eigenvalues. This is justified to consider user-defined, dynamic joint and 

material properties depending on the existing boundary conditions 𝑐 [9,15,18,21,22]. 

In general, the mass, stiffness and damping matrices of the SDA consists of a superposition 

of all included components 𝑛 and boundaries 𝑚 in the simulation model [9,15,18,23]. In the 

current case, the resulting stiffness matrix is defined as 

𝑺 = ∑ 𝑺𝑖
𝑃𝑅𝑇(𝑐)

𝑛

𝑖=1

+ ∑𝑺𝑗
𝑇𝐿𝐼(𝑐)

𝑚

𝑗=1

, 
      

       (7) 

 

with 𝑺𝑖
𝑃𝑅𝑇(𝑐) as stiffness of component 𝑖 and 𝑺𝑗

𝑇𝐿𝐼(𝑐) as stiffness of the applied TLI 𝑗  

depending on the existing boundary conditions 𝑐. Furthermore, this approach was adopted and 

used to describe the resulting damping tensor of the compound as well, with  

𝑫 = ∑𝑫𝑖
𝑃𝑅𝑇(𝑐)

𝑛

𝑖=1

+ ∑ 𝑫𝑗
𝑇𝐿𝐼(𝑐)

𝑚

𝑗=1

. 
      

       (8) 

 

In the current research, the main equation of motion was calculated for every frequency 

increment with the internal solver of the FE-Software ABAQUS. Furthermore, the user-

defined, dynamic joint and material properties were updated for every frequency increment 

over an implemented FORTRAN user-subroutine. In this context, due to the high deviation of 

the determined experimental joint properties, a numerical joint parameter optimization study 

was performed, with regard to the experimental determined FRF of the plastic engine bracket. 
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4.4 Simulative Structural Dynamics Analysis 

To provide a better comparison of the TLI method with respect to the state of art, a simulation 

with fixed boundary conditions in the area of the joints was performed. Figure 6 shows the FRF 

of the experimental SDA of the engine bracket in comparison to the simulation with fixed 

boundary conditions at the joints. 

In general, the comparison of the experimental and simulative FRF in figure 6 shows a good 

correlation. The resonance frequencies of the fixed simulation show an average deviation of     

7 % compared to the experiments. On the other hand, the amplitudes show an average deviation 

of 60 %. As result, the simulation with fixed boundary conditions at the joints combined with 

advanced material models is a sufficient method for a main prediction of the structural dynamics 

of the mounted SFRP component. However, with the usage of fixed boundary conditions, it 

exists no adjustable parameters to consider dynamic mounting conditions in the simulation, like 

different tightening torque. 

Figure 6 shows the FRF of the experimental SDA of the engine bracket in comparison to the 

simulation with TLI method for 10 Nm tightening torque. The comparison of the experimental 

and simulative FRF in figure 6 shows a good correlation. On the one hand, the resonances of 

the simulation show an average deviation of 8 %. Thus, the deviation is slightly increased 

compared to the fixed joint method. On the other hand, the amplitudes show an average 

deviation of 35 %. 

 

     

Figure 6: FRF of experimental SDA with 10 and 30 Nm torque and simulation with fixed boundary conditions 

(top) and with 10 (left) and 30 Nm (right) tightening torque and corresponding simulation with TLI (bottom). 

Figure 6 shows the FRF of the experimental SDA in comparison to the simulation with TLI 

method for 30 Nm tightening torque. The comparison of the experimental and simulative FRF 
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for 30 Nm torque shows a good correlation. Furthermore, the resonances show an average 

deviation of 2 % and the amplitudes of 30 %. Thus the deviation is decreased compared to the 

TLI method with 10 Nm. As result, the TLI method allows a better prediction of the joint 

damping. 

With respect to the experimental joint characterization it can be assumed, that micro- and 

macro-slip occur during the component analysis. Following, the simulation of the engine 

bracket with calibrated TLI consider the joint properties with deviations for a specimen 

behavior, see chapter 4.1. Thus, geometry-related influences like macro-slip, which are caused 

in the current case by the engine bracket, are not considered by the calibration of the TLI. As 

result, deviations in the resonances and the amplitudes occur in spite of the numerical joint 

parameter optimization study due to geometry-related effects. However, with respect to the 

used joint properties, the structural dynamics simulation of the plastic engine bracket with TLI 

method shows a good correlation to corresponding experiments. As result, the TLI method is 

suitable to consider dynamic mounting conditions in structural dynamics simulation of plastic 

components. 

5 CONCLUSIONS 

The advanced TLI method was presented to characterize the joint behavior of SFRP 

components over experimental determined joint stiffness and damping. In general, the 

comparison of the experimental and simulative FRF of the engine bracket shows a good 

correlation of the resonance frequencies and amplitudes. Deviations between the simulation and 

the experiment can be attributed to geometry-related effects during the component analysis. In 

this context, the TLI method provide dynamic joint stiffness and damping properties for varying 

mounting conditions of an engine bracket. Thus, dynamic mounting conditions were considered 

in the simulation and the influence on the structural dynamics of the plastic component were 

investigated. 

With respect to the deviations between the experimental and simulative SDA, the TLI 

method allows an advanced contribution to predict the structural dynamics of mounted SFRP 

components. Further investigations focus on experimental structural dynamics characterization 

of the plastic components to determine and distinguish the geometry-related, overlaid structural 

dynamics influence. Thus, the experimental joint stiffness and damping can be recalibrated. 
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