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Abstract 
In this work, the TVD-ring viscoelastic-material properties of the elastomeric constituents are determined 

based on Dynamical Mechanical Analysis (DMA) measurements and master curves reconstructions using 

thermo-simplicity principle. The elastomeric constitutive behavior is then implemented in the damper’s 

equation of motion and the frequency response is simulated so that more accurate physical representation 

of the TVD dynamics can be achieved. At last, important difference in the TVD response are highlighted 

and analyzed whether or not the viscoelastic material properties (i.e. modulus and damping) are considered 

constant or frequency/temperature-dependent. 

1 Introduction 

The Torsional Vibration Damper (TVD) is an essential component of power transmission systems such as 

the Front Engine Accessory Drives (FEAD). The FEAD of a vehicle is a system composed of individual 

accessories such as the compressor, the alternator, the water and steering pumps, etc. These accessories are 

coupled to pulleys driven in rotation by a poly-V belt, itself driven by the crankshaft pulley. This driving 

pulley is commonly used as a torsional vibration damper for the crankshaft since rotational vibrations are 

harmful to the system performance [1] and may cause fatigue failure of structural components. The TVD is 

composed of an inner ring (hub) mounted on the crankshaft extremity, an intermediate viscoelastic rubber 

ring and an outer ring used as a poly-V pulley (Fig. 1). Generally, in simulation and for sake of 

simplification, the TVD dynamic properties – stiffness and damping – are chosen to be constant [1], although 

these properties depend on the operating temperature, the shear strain amplitude and the frequency to which 

the TVD is subjected because of its intermediate ring which is made of a viscoelastic material [2]. 
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Fig. 1. Serpentine belt drive system with its TVD pulley 

 

In the literature, most of the works related to the account for the rubber viscoelastic behavior in the structural 

components (belt, pulley, dampers) of the FEAD are about the impact of the poly-V belt viscoelasticity on 

its different vibration modes [3-7]. The viscoelasticity of the rubber used in vibration dampers such as the 

TVD has rarely been explored. Recently, Bhatti [8] indirectly compared viscoelastic dampers with 

Magnetorheological dampers. Also, the TVD behavior was speedily investigated by Jauregui [9] through a 

case study of a complicated model. A particularity of these studies is that they consider rheological models 

such as Maxwell [8], Kelvin [9, 10], etc. Yet, such rheological models significantly increase the complexity 

of the differential equations which are usually solved using complex schemes.  

 

Other authors analyzed the dynamic characteristics of the stiffness and the damping from an experimental 

point of view (see Wakabayashi [11] and Kinoshita [12] who studied the TVD experimentally). However, 

in the first work reported the results were fitted to a specific engine case. Recently, Manin et al. [13] 

proposed a methodology to easily characterize the pulley torsional vibration damper. 

 

The objectives of this paper are: (1) to propose a methodology based on the TVD-elastomer master curves 

to predict the temperature/frequency viscoelastic response of the TVD (2) then to simply and directly 

consider the viscoelastic properties of the constituting rubber-ring in the damper’s equation of motion; (3) 

to highlight the influence of taking into consideration the viscoelastic properties of the elastomer when 

computing the TVD dynamic response; (4) to evaluate the coefficients of the equation of motion, stiffness 

and damping, as a function of the engine operating conditions. 

 

In turn, this work aims at accurately calculating the viscoelastic TVD response which is of key importance 

in order to provide a realistic and accurate representation of the system dynamics, which is in accordance 

with Jauregui work and conclusions [9]. 

2 Torsional Vibration Damper 

2.1 Torsional damper model 

The torsional vibration damper can be modeled by a one degree-of-freedom (DOF) mass-spring-damper 

system as in [14], it is also similar to the base excitation one DOF harmonically excited system in [15], 

however, in this case, the single DOF is the rotation around z-axis as shown in Fig. 2. 
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Fig.2. Tensioner vibration damper and its schematic diagrams  
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Supposing the engine at idling, the driving torque fluctuation usually contains 2 harmonics (ω, 2ω). 

However, in this paper, only the prevailing harmonic generally represented as θCS = θamp sin(ω t) (Fig. 2) 

is considered. The difference between the torque experienced by the TVD outer-ring and the driving torque 

imposed by the crankshaft results in an angular lag of θ1 with respect to the excitation θCS, and is due to the 

viscoelastic properties of the TVD intermediate rubber-ring. 

To evaluate the impact of considering the intermediate rubber-ring viscoelastic properties influenced by 

temperature and frequency and leading to varying TVD stiffness K and damping C coefficients, let us 

consider the equation of motion in Eq. (1) for the system shown in Fig. 2. 

I1 θ1̈ + C θ1̇ + K θ1 = C θamp ω cos(ω t) + K θamp sin(ω t) (1) 
 

Where I1 is the outer-ring inertia, K the stiffness and C the damping of the rubber-ring. The angle θ1 is the 

DOF considered, θamp and ω are, respectively, the amplitude and the excitation radian frequency of the 

fluctuations (engine acyclism) in angular displacement. 

The steady-state response of θ1 have an amplitude and phase as in Eq. (2) ([15]). This is the Frequency 

Response Function (FRF) of one DOF base excitation system with the frequency ratio r, natural 

frequency ωn and damping ratio ξ as in Eq. (3). 
 

FRF ∶  {  
θ1

θCS
=

√1 + (2 ξ r)2

√(1 − r2)2 + (2 ξ r)2
  |  φθ1

= tan−1 (
2 ξ r3

1 − r2 + (2 ξ r)2)  } (2) 

r =
ω

ωn
           ωn = √

K

I1
          ξ =

C

2 √K I1

 (3) 

Equations (2) and (3) were chosen because they are part of a classical formulation in the frequency-domain 

and the frequency domain is the one in which the TVD elastomer is characterized via DMA. 

2.2 TVD rubber-ring viscoelastic properties 

The TVD intermediate ring is made of rubber which can be described as a viscoelastic material. For this 

type of material, an intermediate between purely elastic and purely viscous materials [2] a complex modulus 

E∗ is usually defined. Thus, in this paper, the Eq. (4) is defined to represent the viscoelastic properties of the 

TVD rubber-ring. The real part of E∗ (storage modulus, Eʹ) relates to the elastic behavior of the ring, and 

defines the capacity of its material to store energy. The imaginary part of E∗(loss modulus, E") relates to the 

material’s viscous behavior, and defines the energy dissipative ability of the rubber-ring to dampen the 

crankshaft torque fluctuations. 

E∗ =   Eʹ + i  E" = f (Texp, fexp, εexp) (4) 
 

The complex modulus E∗ is obtained via DMA characterization and varies as a function of the 

temperature Texp, , the loading frequency fexp and the dynamic strain εexp experienced by the rubber-ring. 

The TVD intermediate ring material data shall be acquired to coincide with the engine-range of operating 

conditions (speed, temperature). To this aim, the rubber-ring was tested at conditions, i.e. a dynamic strain, 

various temperatures and discrete frequencies as in Fig. 3, representative of industrial applications (Fig. 1). 

Next, the thermo-simplicity principle can be used (see [16]) to predict the viscoelastic behavior of the 

rubber-ring at the temperature in the engine room (Tref in Fig. 3) over a broad range of frequencies by 

shifting the data obtained via DMA for several testing temperatures (aT in Fig. 3, left). 

As a result, a master curve is obtained (Fig. 3, right). It will be further fitted (Tab. (1)) in order to be used 

in the TVD viscoelastic model as explained in the coming paragraphs. 
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2.3 Viscoelastic torsional damper model 

When the viscoelasticity of the TVD rubber-ring is considered the equation of motion Eq.(1) becomes Eq.(5) 

with variable stiffness Kvar and damping Cvar since they depend on the temperature, the frequency and the 

dynamic strain as the complex modulus E∗ in Eq. (4). 

 

I1 θ1̈ + Cvar θ1̇ + Kvar θ1 = Cvar θamp ω cos(ω t) + Kvar θamp sin(ω t) (5) 

 

Actually, Kvar and Cvar are deduced from E∗. Let us examine the dependency of these terms on E∗ and point 

out the way to determine them. 

 

The torsional stiffness K of a rubber ring in Fig. 2 can be estimated by Eq. (6) which was demonstrated by 

Blanc in [14]. 

 

 

K =  
2 π R3L  Gʹ

e
 (6) 

 

Where R , L , e are the rubber-ring radius, width and thickness, respectively. Also, Gʹis the shear modulus of 

the rubber-ring which is assumed here to be a homogeneous and isotropic material. Thus, Eq. (7) is valid to 

calculate Gʹ from  Eʹ obtained via DMA with the Poisson ratio of the rubber 𝜈1 2⁄ . 

 

 Gʹ =  
 Eʹ

2 (1 + 𝜈)
    ⟶     Kvar =

π R3L 

e (1 + 𝜈)
 Eʹ 

(7) 

 

As  Eʹ in Eq. (4), Kvar varies as a function of the temperature Texp, , the frequency fexp and the strain εexp 

experienced by the TVD rubber-ring. 

 

In parallel, the damping C in Fig. 2 can be calculated using the third term of Eq. (3) where the only unknown 

is the damping ratio ξ (Eq. (8)). 

 

C =  2 √K I1 ξ (8) 

 

However, according to [17, 18] the structural loss factor η is equal to twice the damping ratio ξ, i.e. η = 2ξ 

(at resonance [19]) and η =   E"  Eʹ⁄  for viscoelastic materials (rubber-ring) leading to Eq. (9). 

 

Cvar = √K I1

 E"

 Eʹ  (9) 

 

Similarly, Cvar depends on the temperature Texp, , the frequency fexp and the strain εexp experienced by the 

TVD rubber-ring. 

 

In the next paragraphs, the differences between Eqs. (1) and (5) can be evaluated thanks to the TVD response 

(FRFs) for several operating conditions (temperature, frequency). The differences between the constant 

(K, C) and varying (Kvar, Cvar) stiffness and damping are also discussed.  
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3 Results 

Results are presented for the TVD geometrical characteristics as in Tab. (1). This is a torsional vibration 

damper TVD used in a FEAD of a six-cylinder truck engine. 
 

Table 1. TVD geometrical parameters 

I1 (Kg mm2) R (mm) L (mm) e (mm) 

31344.2 90 35 7 
 

In the next sections, data from Tab. (1) with the rubber-ring material properties (stiffness, damping) 

calculated from DMA characterization are used in Eqs. (2), (3), (7) and (9) for several TVD operating 

conditions (temperature, frequency) producing the Figs. 4, 5, 6 and 7. The difference of results obtained 

with constant and varying coefficients for the equations of motion (1) and (5), respectively, are discussed 

through Figs. 8 and 9. Finally, the results are summarized and discussed in the last section. 

3.1 Dynamical Mechanical Analysis 

In Eqs. (7) and (9) the storage and loss Eʹ,  E", and therefore, the complex E∗ moduli (Eq. (4)) can be obtained 

via DMA measurements of the TVD rubber-ring. Indeed, Dynamical Mechanical analysis (DMA) is an 

experimental technique which consists in applying a cyclic and controlled strain (εexp = 0.2%), to a sample 

at different frequencies (0.2, 2, 20Hz) and testing temperatures, from -10 to 120°C, as in Fig. 3 (left). Then, 

master curves (e.g. Fig. 3, right) are built to predict the mechanical behavior of the TVD rubber-ring under 

the engine operating conditions, a given master curve corresponding to a given reference temperature. 

Master curves were obtained and fitted (Tab. (2)) for the engine room temperature 20, 40, … , 100°C.   

Further details about the DMA apparatus, principle, and the companion master curve reconstruction 

methodology can be found in [16]. 

 

 

Fig. 3. TVD rubber-ring DMA data (left) and correspondent master curve (right) 

Table 2. Empirical equations describing the TVD rubber-ring moduli as F (Tref, 𝑓req, 0.002) 

Tref (°C) Storage modulus Eʹ(MPa) Loss modulus E" (MPa) 

20 6.55 𝑓req
0.0814

 5.79 𝑓req
0.0156 − 4.81 

40 5.68 𝑓req
0.0815

 5.41 𝑓req
0.0163 − 4.58 

60 5.02 𝑓req
0.0820

 6.17 𝑓req
0.0141 − 5.47 

80 4.49 𝑓req
0.0808

 6.07 𝑓req
0.0139 − 5.49 

100 4.27 𝑓req
0.0835

 6.34 𝑓req
0.0137 − 5.81 
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3.2 Simulations 

Table 3. TVD characteristics at Texp = 60°C (average), used to trace the constant FRF in Figs. 4 and 5 

K (N m rad⁄ ) C (N m s rad⁄ ) Resonance (Hz) Damping ratio ξ 

58000 6.4 216.5 0.075 
 

 

 

Fig. 4. TVD amplitude, frequency response for several temperatures 

 

Fig. 5. TVD phase, frequency response for several temperatures 
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Fig. 6. TVD rubber-ring stiffness Kvar for several temperatures 

 

Fig. 7. TVD rubber-ring damping Cvar for several temperatures 
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Fig. 8. FRFs maximum peaks when K and C are assumed to be constant 

 

Fig. 9. FRFs relative error when K and C are assumed to be constant 

Table 4. TVD resonance frequencies as a function of the frequency Texp = Tref 

Temperature (°C) 20 40 60 80 100 

Frequency (Hz) 251.6 233.7 219.5 206.3 202.6 
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4 Discussion and conclusion 

Constant parameters stiffness K and damping C are considered in Tab. (3). Sometimes, these average values 

are used to represent the TVD operating at steady conditions, e.g. Texp = 60°C, εexp = 0.2% and fexp 

coinciding with the engine acyclism (~30Hz), and throughout the engine operation point. In practice, 

constant K and C are often used in straightforward models (Eq. (1)), whereas in this paper, they are used to 

highlight the variation of the TVD response (Eq. (2)) as a function of the temperature and frequency. 

Moreover, the TVD response is analyzed as a function of its operating conditions (temperature, frequency) 

because it is assumed here that the moduli in Eq. (4) and, consequently, the TVD rubber-ring properties 

Kvar and Cvar depend exclusively on the temperature and the frequency (no Payne effect) [16], thus for the 

constant strain εexp = 0.2%, different operating conditions lead to different responses as in Figs. 4 and 5. 

The differences between the FRFs in the Figs. 4 and 5 are proportional to the rubber-ring stiffness and 

damping variations in the Figs. 6 and 7 since the FRFs are generated from Kvar and Cvar using Eqs. (2) and 

(3). Thus, both the FRFs and the rubber-ring properties from DMA vary proportionally with the TVD 

operating conditions (temperature, frequency) and the empirical equations in Tab. (2). 

In Fig. 4 when the TVD working temperature is changed, e.g. from Texp = 60°C to 80°C, the maximum 

amplitude (peak) value of its FRF slightly changes (Fig. 8), i.e. it changes by a few percent with a maximum 

of 3.3% at Texp = 20°C when compared to the constant case in Tab. (3) (Texp = 60°C). 

Assuming constant K and C (FRFconstant in Fig. 4) for the same temperature (Texp = 60°C) seem to be good 

approximations of the realistic Kvar and Cvar (FRF60 deg in Fig. 4) with a maximum relative error of around 

12.3 % (Fig. 9). However, throughout the engine operating point with fexp ranging from 0Hz (engine at rest) 

to 2 times the TVD resonant frequency (~430Hz) in Fig. 9, the relative error increases substantially when 

the temperature is changed. For example, comparing the FRF20 deg obtained at Texp = 20°C (Kvar  and Cvar 

as in Eqs. (7, 9)) and FRF60 deg (K and C as in Tab. (3)) at Texp = 60°C the relative 

error (FRF20 deg − FRFconstant) FRF20 deg⁄  between these TVD responses can reach around one hundred 

percent, more precisely, 102.1% as in Fig. 9. 

Another interesting point when considering the viscoelasticity of the TVD rubber-ring is the different 

resonant frequencies in Tab. (4) accordingly with the operating conditions, i.e. the strain, the temperature 

and the frequency to which the rubber-ring might be subjected. When the temperature is increased the TVD 

resonance peak is shifted to the left. This is because the stiffness K in Eq. (6) depends on Gʹ which depends 

on  Eʹ as in Eq. (4), thus the TVD resonant frequency calculated by the second term of Eq. (3) also depends 

on the TVD operating conditions. 

Future work will consist in developing an experimental set-up to characterize the behavior of the TVD and 

thus validate the simulation results obtained through the present approach. 

Nomenclature 

FEAD Front Engine Accessory Drive TVD Torsional Vibration Damper 

FRF Frequency Response Function DMA Dynamical Mechanical Analysis 
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