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Abstract 1 

In this paper, an experimental test method to accurately measure the complex dynamic elastic modulus of 2 

soft materials designed for anti-vibration purposes over a wide frequency range with high resolution at low 3 

uncertainty levels is proposed and applied to six polymeric soft materials. The proposed experimental 4 

technique, based on primary laser-Doppler velocimetry, is conceived to provide the uniaxial dynamic modulus 5 

of these materials on the basis of the exact solution of the Newton’s second law differential equation of a free 6 

loading-mass supported by a spring-damper system and subjected to an underlying dynamic stress. After a 7 

preliminary characterization with different standard procedures, the dynamic elastic modulus and damping 8 

properties of the six materials are investigated over a frequency range of 25-1000 Hz. The overall expanded 9 

uncertainty, on average around 3 %, is determined from five repeated measurements including the instrumental 10 

uncertainty. Results are compared with the standard ones.  11 

 12 
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1. Introduction 30 

Polymeric soft materials are widely used in many engineering applications for vibration mitigation and 31 

insulation and a very huge variety of anti-vibration systems are available, in which rubber-like materials are 32 

used for mechanical energy dissipation, such as in buffers, pads or mounts [1]. Special and unexpected 33 

properties may arise from the blending of polymer emulsions, depending on the miscibility and stability of the 34 

resulting blend. Therefore, the evaluation of their dynamic viscoelastic properties, in terms of complex elastic 35 

modulus and complex viscosity, is of paramount importance.  36 

As known, the mechanical properties of a viscoelastic material cannot be univocally determined but depend 37 

on the adopted experimental method. Static, quasi-static and dynamic methods allow evaluating the 38 

mechanical properties in terms of a certain response related to a specific excitation: the ratio between the 39 

applied stress and the occurring deformation mainly depends on the nature of the applied stress itself and 40 

viceversa. As a consequence, specific methodologies should be designed and tailored as a function of the actual 41 

applications in which the material under investigation is used.  42 

A wide number of methods in static, quasi-static and dynamic conditions are described in literature [2,3]. 43 

Static and quasi-static methods are valid for frequencies much smaller than the first resonance frequency of 44 

the considered system and are identified according to their loading type (compression/tension [4,5], torsion 45 

and pure shear [6]). Dynamic methods account for inertia effects and include longitudinal vibration excitation-46 

based methods [7-11], bending vibration excitation-based method [12-15], shear vibration-based method 47 

[16,17] acoustical excitation-based methods [18-21], phase velocity measurement-based method [22].  48 

Actually, none of these is suitable for the characterization on a wide frequency range of polymeric soft 49 

materials used for vibration isolation of systems that are approximated to a free-mass supported by a spring-50 

damper system subjected to an underlying vibration, which is rather common in many industrial and medical 51 

applications. By way of example, in the field of precision engineering, many machines can only function 52 

properly as long as the vibration levels to which they are subjected do not exceed certain limits, or may even 53 

be damaged if subjected to excessive vibration [23]. Examples are optical benches using laser emissions, 54 

photoengraving benches for miniaturized circuits, as well as data centers with mechanical discs. Also, 55 

diagnostic imaging techniques such as computerized axial tomography, nuclear magnetic resonance, positron 56 

emission tomography, or investigation techniques such as electron microscopes and other techniques involving 57 

micrometric spatial resolutions, related to the medical field, fall into the category of machinery sensitive to 58 

vibrations. For this purpose, polymeric soft layers, mainly rubber- or polymer-based materials, are placed at 59 

the interface between the floor and the machines to suppress such vibration induced by the environment. The 60 

set of these elements can be approximated to a free loading-mass supported by a spring-damper system subject 61 

to an underlying vibration [24]. If these polymeric soft layers are tested in different conditions from the actual 62 

applications, consequent inaccuracies in the evaluation of their elastic and damping properties, such as the 63 

Young’s modulus, the damping constant and the loss factor in dynamic conditions, might arise with the risk 64 

of compromising its correct use.  65 
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Furthermore, the evaluation of complex dynamic elastic modulus over an extended frequency allows 66 

implementing different models for the determination of other parameters (e.g. the Young’s modulus at different 67 

temperatures according to the Williams, Landel and Ferry time-temperature superposition principle [6,25], the 68 

relaxation time in the Kelvin-Voigt model [26], etc). 69 

In literature, besides resonant and non-resonant standard methods (e.g. ISO 9052-1:1989 [9], ISO 10846-70 

3:2002 [27] and ISO 6721-10:2015 [17]), which are limited in frequency, two methods were presented for the 71 

evaluation of the viscoelastic properties on a wide frequency range of viscoelastic materials placed below a 72 

free-mass and subjected to an underlying vibration. The first is the work done by Kulik et al. (2009) [28,29] 73 

which uses a pseudo-spectral approximation of the wave equations to determine the complex Young’s modulus 74 

of viscoelastic materials. The second is the work of Bonfiglio and Pompoli (2015) [30] which uses a transfer 75 

matrix approach to determine the values of the storage and loss moduli of viscoelastic materials in a wide 76 

frequency range.  77 

In this paper, an improved supported free loading-mass method, based on the exact solution of the 78 

differential equation of the motion and suitable for the accurate characterization of the dynamic mechanical 79 

properties of polymeric soft materials placed between a free-mass and a vibrating plate over a wide frequency 80 

range with a high resolution, is investigated and applied to six different polymeric soft materials at INRiM 81 

(Italian National Institute of Metrological Research) vibration laboratory. Evaluation of the elastic and 82 

viscoelastic response, in terms of complex dynamic elastic modulus and complex dynamic viscosity, is 83 

achieved on small cylinder-shaped samples with a diameter of 30 mm over a wide frequency range from 25 Hz 84 

up to 1000 Hz and a resolution of 1 Hz. The frequency range in the present work is limited only by the 85 

characteristics of the available vibration exciter and accelerometer. Furthermore, this method might also be 86 

exploitable to characterize new generations of peculiar kinds of soft and ultra-soft polymer materials mainly 87 

used in biomedical engineering (such as hydrogel, biocompatible tissue-mimicking polymers, silicon-based 88 

and latex-based materials), where traditional techniques [9,27] are not always suitable for the accurate 89 

evaluations of their dynamic mechanical properties.  90 

 91 

2. Material and methods 92 

2.1 Materials 93 

Six different samples of soft rubber-like materials designed for machinery anti-vibration purposes by 94 

Arcobaleno2 S.p.A, namely two samples of polychloroprene rubber, i.e. neoprene, (samples 1 and 2) and four 95 

samples of soft latex-silicone-based material (samples 3 to 6), are used to investigate the performance of the 96 

experimental technique here proposed. All samples are cylinders with a diameter d of 30 mm and different 97 

thicknesses L0 and weights m, as shown in Figure 1 and Table 1. Width/thickness ratios range between 4 and 98 

6. 99 

 100 
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 101 

Fig. 1. The six samples of the polymeric soft materials tested in this work. 102 

 103 

Table 1. Materials data 104 

Material Thickness L0 / mm Weight m /g Density ρ/ kg/m3 

Sample 1 5.90 5.25 1259 

Sample 2 6.48 6.36 1389 

Sample 3 7.70 6.01 1105 

Sample 4 6.20 4.99 1139 

Sample 5 9.78 7.60 1100 

Sample 6 9.46 5.48 820 

 105 

2.2 Characterization of the materials according to standard methods 106 

Initially, the six samples are characterized with three available standard methods for the evaluation of the 107 

viscoelastic properties in different conditions: shore-A hardness test according to ISO 48-4:2018 [31] for the 108 

evaluation of the elastic modulus in compression; unconfined uniaxial compression test according to ISO 109 

604:2002 [4] for the evaluation of the quasi-static elastic modulus; rheological test following ISO 6721-110 

10:2015 [17] for the determination of the complex shear and the elastic modulus. The first two can be 111 

considered as quasi-static methods, the third as a dynamic method.  112 

All measurements of this work are carried out in laboratory-controlled environmental conditions with a 113 

temperature of (20.0±0.5) ℃ and relative humidity between 30 % and 50 %. Expanded uncertainties (at a 114 

confidence level of 95 %) are evaluated according to GUM [32], taking into account, as main uncertainty 115 

contributions, measurement repeatability and instrumental uncertainties. 116 

 117 

2.2.1 Shore-A hardness 118 

Shore-A hardness tests are performed according to ISO 48-4:2018 [31] with a standard Shore-A calibrated 119 

tester (Affri®) to measure the hardness of the rubber samples, as shown in Fig. 2. Shore-A hardness is measured 120 



5 
 

on the surface of the samples and its values can be converted into the elastic modulus EH in compression, using 121 

the Kunz and Studer’s formula [33], for polymeric elastomers: 122 

        𝐸𝐸H = 1−𝜈𝜈2

2𝑟𝑟d
∙ 0.549+0.07516∙𝑆𝑆ℎA

0.025(100−𝑆𝑆ℎA) ∙ (2.6 − 0.02𝑆𝑆ℎA)              (1) 123 

where ShA is the Shore-A hardness, rd is the tip radius of the durometer (0.395±0.005 mm) and ν is the 124 

Poisson’s ratio is 0.475±0.025 for soft polymers [33-35]. This value can be conventionally considered as 125 

representative of soft rubber-like materials and is the main source of uncertainty, compared to the uncertainties 126 

due to the Shore-A hardness and to the tip radius of the durometer. In fact, an uncertainty of around 5 % on 127 

Poisson’s ratio involves an uncertainty of around 5 % on the elastic modulus.  128 

 129 

Figure 2: Shore-A calibrated tester. 130 

 131 

Experimental results are reported in Table 2. On the basis of Eq. (1), the elastic modulus EH in compression 132 

of the rubbers is also calculated, in MPa. It is found that sample 6 is much softer than the other samples. 133 

 134 

Table 2. Shore-A experimental data with derived elastic modulus EH. 135 

Material Shore A  EH / MPa 

Sample 1 52±1 5.68±0.26 

Sample 2 70±1 9.11±0.45 

Sample 3 29±1 3.04±0.16 

Sample 4 33±1 3.44±0.17 

Sample 5 41±1 4.29±0.20 

Sample 6 5±1 0.95±0.10 

 136 

 137 

 138 
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2.2.2 Quasi-static unconfined uniaxial compression test 139 

Quasi-static unconfined uniaxial compression tests are performed according to ISO 604:2002 [4], as shown 140 

in Fig. 3. In this setup, samples are compressed and the force response is measured by a load cell (resolution 141 

1 mN) and the occurring deformation is measured by a linear encoder (resolution 0.1 µm). More information 142 

about the measurement system can be found in [36]. Since the materials are viscoelastic and the strain-rate 143 

may affect the force response, samples are compressed up to 10% of their height at a constant strain-rate of 144 

around 1.3∙10-2 s-1, in order to evaluate quasi-static modulus at very low deformation rates. Stress-strain tests 145 

allow to evaluate the elastic modulus Eq-s, in quasi-static condition, by the best fit of experimental data in the 146 

linear region, on the basis of the following relation:  147 

   𝐸𝐸q−s = 𝐹𝐹
𝐴𝐴
∙ 𝐿𝐿0
𝑑𝑑𝑑𝑑

                                               (2) 148 

where F is the measured force (N),  A is the surface area (m2) on which F is applied, L0 is the initial thickness 149 

of the sample (m), dl is the occurring deformation length (m).  150 

 151 

 152 

Fig. 3. The experimental setup for the quasi-static unconfined uniaxial compression tests. 153 

 154 

By way of example, the full stress-strain experimental curves (black curve), with highlighted linear elastic 155 

regions (blue curve), of sample 1 and 6 are shown in the graphs of Fig. 4. Red lines are the best-fits of the 156 

elastic region. It can be easily shown the high work hardening of sample 6 compared to the other samples. In 157 

this case, the elastic modulus is highly strain-range dependent as shown in [37]. However, the most linear 158 

region of the curve was chosen for its evaluation. The quasi-static elastic modulus Eq-s calculated with Eq. (2) 159 

of the tested materials are reported in Table 3.  160 

 161 

 162 
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 163 
Fig. 4. Experimental results of quasi-static elastic modulus on sample 1 (left) and sample 6 (right). 164 

 165 

Table 3. Experimental quasi-static elastic modulus Eq-s 166 

Material Eq-s / MPa 

Sample 1 5.71±0.23 

Sample 2 10.93±0.11 

Sample 3 1.96±0.11 

Sample 4 2.32±0.04 

Sample 5 2.84±0.10 

Sample 6 0.02±0.01 

 167 

2.2.3 Complex shear viscosity using a parallel-plate oscillatory rheometer 168 

ISO 6721-10:2015 standard method is used to determine values of the dynamic rheological properties of 169 

polymer melts (complex shear viscosity η*, dynamic shear viscosity η', the out-of-phase component of the 170 

complex shear viscosity η”, complex shear modulus G*, shear loss modulus G” and shear storage modulus G') 171 

by means of a rheometer. 172 

In general terms, the elastic modulus E is the modulus of the complex elastic modulus E* which is 173 

determined from the measurement of the complex shear modulus G* as given by the following relation:  174 

𝐸𝐸∗ = 2𝐺𝐺∗(1 + 𝜈𝜈)                (3) 175 

where 𝜈𝜈 is the Poisson’s ratio, that, for the materials under study, is equal to 0.5.     176 

The complex shear modulus G* can be expressed as the sum of the storage modulus G’ (real component) 177 

representing the elastic behavior of the material, i.e. stored deformation energy, and the loss modulus G” 178 

(imaginary component) representing the viscous behavior, i.e. lost deformation energy, as follows: 179 
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𝐺𝐺∗ =  𝐺𝐺′ + 𝑖𝑖 ∙ 𝐺𝐺" ,      (4) 180 

but can be also defined as the ratio between the shear stress τ and the shear strain (deformation) γ, 181 

𝐺𝐺∗ = 𝜏𝜏(𝑡𝑡)
𝛾𝛾(𝑡𝑡)

                                                                    (5) 182 

where 𝜏𝜏(𝑡𝑡) = 𝜏𝜏0 cos(𝜔𝜔𝜔𝜔 + 𝛿𝛿) and 𝛾𝛾(𝑡𝑡) =  𝛾𝛾0 cos(𝜔𝜔𝜔𝜔). Indeed, the rheometer determines the quantities τ0, γ0 183 

and δ, which can be expressed respectively as: the ratio between the shear force, F, and the area of the specimen 184 

experiencing the strain, A; the ratio between the transversal displacement of the upper plate, x, and the gap 185 

between the two plates, d; the shift between the stress applied on the material and its deformation [38].  186 

In this work, the samples under investigation are characterized by means of a Thermoscientific Rheostress 187 

6000 rheometer (shown in Fig. 5), using the oscillatory test method. The geometry used is the serrated plate-188 

plate (P35 Ti L) with a diameter of 35 mm (PP35). The gap between the plates is dependent on the desired 189 

normal force, which is what is actually set. 190 

 191 

 192 

Fig. 5. Thermoscientific Rheostress 6000 rheometer used for shear modulus measurements. 193 

 194 

All measurements are carried out by setting the frequency and the shear stress and measuring the shear 195 

strain. The temperature is stabilized by connecting the rheometer to a liquid bath thermostat. Samples were 196 

tested applying a normal force of 0.75 N, similar to the force applied with the proposed method (Section 2.3), 197 

by setting the gap between the plates. Measurements, maintaining the shear stress at 20 Pa, are carried out at 198 

three different frequency values (0.1 Hz, 1 Hz, and 10 Hz), which are a compromise between the linear 199 

viscoelastic range of the material and the sensitivity of the instrument. 200 
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For each investigated sample, in Table 4 the determined rheometric dynamic elastic modulus Erheo with the 201 

corresponding expanded uncertainty (k=2) is reported at the different frequencies. The uncertainty is 202 

determined by considering the repeatability of the measurement and the instrumental uncertainty. 203 

 204 

Table 4. Experimental dynamic elastic modulus, Erheo, obtained by rheometry at different frequencies, f.  205 

Material f / Hz Erheo / MPa 

Sample 1 

0.1 

1 

10 

0.449±0.099 

0.500±0.113 

0.585±0.139 

Sample 2 

0.1 

1 

10 

1.668±0.312 

1.944±0.443 

2.559±0.376 

Sample 3 

0.1 

1 

10 

0.279±0.009 

0.289±0.020 

0.299±0.020 

Sample 4 

0.1 

1 

10 

0.177±0.019 

0.178±0.032 

0.185±0.041 

Sample 5 

0.1 

1 

10 

0.308±0.075 

0.309±0.068 

0.318±0.077 

Sample 6 

0.1 

1 

10 

0.0090±0.0001 

0.0096±0.0001 

0.0110±0.0001 

 206 

2.3 The proposed supported free loading-mass with vibrating base method 207 

2.3.1 The physical model 208 

The proposed measuring method is based on the determination of the motion of a single degree-of-freedom 209 

(SDOF) supported free loading-mass system with a sinusoidally excited vibrating base, as shown in Fig. 6.  210 

 211 
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 212 
Fig. 6. Supported free loading-mass with a sinusoidally excited vibrating base. 213 

 214 

The resulting motion of the free mass upon the polymeric soft material, i.e. x(t)= 𝑋𝑋�ei(ωt+𝛿𝛿), once forced by 215 

means of a sinusoidal oscillation of the base, i.e. y(t)=𝑌𝑌�eiωt, depends on the elastic and damping properties of 216 

the polymeric soft material and it is described in terms of Newton’s second law, from the following differential 217 

equation:  218 

  219 

 𝑚𝑚𝑥̈𝑥 + 𝑐𝑐(𝑥̇𝑥 − 𝑦̇𝑦) + 𝑘𝑘(𝑥𝑥 − 𝑦𝑦) = 0                                 (6) 

         220 

where m is the free mass, in kg, c is the damping coefficient, in kg∙s-1, and k is the stiffness, in N∙m. 221 

By solving equation (6), in which the displacements of the loading-mass and the vibrating table are 222 

expressed in harmonic form, x(t)= 𝑋𝑋�ei(ωt+𝛿𝛿) and y(t)=𝑌𝑌�eiωt, respectively, as shown in Fig. 6, it is possible to 223 

determine both the stiffness k and the damping coefficient c, as a function of the generated angular frequency 224 

ω, the base displacement amplitude 𝑌𝑌�, the mass displacement amplitude 𝑋𝑋� and the phase shift δ (all 225 

experimentally determined), as follows:  226 

   

 𝑘𝑘 =
𝑚𝑚𝜔𝜔2𝑋𝑋�(𝑋𝑋� − 𝑌𝑌� cos 𝛿𝛿)
𝑋𝑋�2 + 𝑌𝑌�2 − 2𝑋𝑋�𝑌𝑌� cos𝛿𝛿

 (7) 

   

 𝑐𝑐 =
(𝑚𝑚𝜔𝜔2 − 𝑘𝑘)𝑋𝑋� sin 𝛿𝛿
𝜔𝜔(𝑋𝑋� cos𝛿𝛿 − 𝑌𝑌�)  (8) 

  227 

Eqs. (7) and (8) allow evaluating, as a function of angular frequency 𝜔𝜔 of excitation, both the stiffness k 228 

and the damping coefficient c. The dynamic elastic modulus Ed is calculated from the stiffness k as a function 229 

of frequency, the area A (equal to πd2/4 in this case of cylindrical samples) and the thickness L0 of the polymeric 230 
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soft materials according to Eq. (9) [1]. In this way, it is possible to get the complex dynamic elastic modulus 231 

Ed* as a function of the storage modulus Ed' and loss modulus Ed'' which are determined from the experimental 232 

phase shift δ according to Eqs. (10)-(12) [1].  233 

 234 

 𝐸𝐸d = |𝐸𝐸d∗| = 𝑘𝑘
𝐿𝐿0
𝐴𝐴

 
(9) 

 𝐸𝐸d′ = 𝐸𝐸d cos 𝛿𝛿 (10) 

 𝐸𝐸d′′ = 𝐸𝐸d sin 𝛿𝛿 (11) 

 𝐸𝐸d∗ = 𝐸𝐸d′ + 𝑖𝑖𝐸𝐸d′′  (12) 

 235 

From these parameters, it is possible to calculate the related dissipative properties of the polymeric soft 236 

materials under investigation, such as the complex dynamic viscosity ηd* as function of ηd' and ηd'' which are 237 

determined from the loss modulus Ed'' and the storage modulus Ed', as shown in Eqs. (13)-(16):  238 

 239 

 𝜂𝜂d′ = 𝐸𝐸d′′/𝜔𝜔 (13) 

 𝜂𝜂d′′ = 𝐸𝐸d′ /𝜔𝜔  (14) 

 𝜂𝜂d∗ = 𝜂𝜂d′ + 𝑖𝑖𝜂𝜂d′′  (15) 

 
|𝜂𝜂d∗| = �𝜂𝜂d′

2 + 𝜂𝜂d′′
2 = 𝐸𝐸d/𝜔𝜔 (16) 

 240 

Combining the complex dynamic viscosity and the complex dynamic elastic modulus, the relaxation time 241 

τ as a function of frequency can be also obtained according to Eq. (17). 242 

 243 

 
𝜏𝜏 =

𝜂𝜂d′′

𝐸𝐸d′′
=

1
𝜔𝜔 tan 𝛿𝛿

 (17) 

 244 

2.3.2 The measuring system  245 

In Figs. 7 and 8 the measurement setup and the related SDOF supported free loading-mass system with a 246 

sinusoidally excited vibrating base are shown. A continuous sine sweep from 25 Hz to 1000 Hz is generated 247 

by a shaker (PCB electrodynamic shaker, model 2075E) for 4000 s (i.e. a frequency rate of 0.25 Hz/s) at a 248 

nearly-constant dynamic peak acceleration amplitude of 1 m∙s-2 in order to guarantee an adequate signal to 249 

noise ratio at all frequencies of interest and to assure no detachment of the polymeric soft material or the free 250 

loading-mass from the contact surfaces during the oscillations. This is also checked by controlling the trend of 251 

the phase shift curve. In fact, if the mass detached from the specimen, its motion would be chaotic, even with 252 

transverse and rotational components, and the phase would be indeterminate. The polymeric soft material 253 

sample is placed between the vibrating base and the free mass at the center of the system. The free loading-254 

mass is a stainless steel cylinder with a diameter identical to the diameter of the sample under test, i.e. 30 mm, 255 

a thickness of 10.00 mm and a weight of 56.13 g, i.e. an area density of 79.44 kg∙m-2 and a static preload of 256 
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about 800 Pa. These parameters are chosen in order to be suitable for the available instrumentation, but can be 257 

arbitrarily changed depending on the application and the type of instrumentation used, therefore wider 258 

frequency ranges and higher resolutions could be achieved. 259 

 260 

 261 
Fig. 7. The measurement setup: the instrumentation (a), the test mass and the polymeric soft material on 262 

the vibrating base (b), the vibrometer controller(c). 263 

 264 

The dynamic displacement amplitude of the free mass 𝑋𝑋� is directly measured by means of a primary laser 265 

Doppler vibrometer (Polytec OFV-505 sensor head and Polytec OFV5000 modular vibrometer, with an 266 

accuracy of 1∙10-9 m and a resolution of 0.2∙10-9 m) hitting the center of the upper surface of the test mass. The 267 

dynamic displacement amplitude of the vibrating base 𝑌𝑌� is obtained by performing the second derivative of 268 

the dynamic acceleration spectral signal (i.e. by dividing the dynamic acceleration spectrum by ω2) measured 269 

by a fixed accelerometer (PCB model 080A199/482A23) placed below the vibrating base at its center. Both 270 

transducers have been previously calibrated against INRiM primary standards [39]. The two signals are 271 

acquired by an acquisition board NI 4431 with a sampling rate of 8192 Hz. Spectra and phase difference δ of 272 

the two signals as a function of frequency are computed in real-time through LabVIEW Sound and Vibration 273 

tool software every second, thus with a frequency resolution of 1 Hz according to the ratio between the 274 

sampling rate (8192 Hz) and the number of FFT points (8192). All acquisition and spectral parameters can be 275 

directly set in the software. Since we generate a sweep signal with a frequency rate of 0.25 Hz/s, each spectrum, 276 

performed every second, corresponds to a frequency span of 0.25 Hz. Then, the average spectrum 277 

corresponding to a frequency span of 1 Hz is calculated as the average of four consecutive spectra. In order to 278 

get the complete spectrum of each signal from 25 to 1000 Hz, this operation is performed 1000 times in 4000 s. 279 



13 
 

An example of the real-time spectrum of the output voltage signals of the laser (free mass) and the 280 

accelerometer (vibrating base) computed in real-time through LabVIEW Sound and Vibration tool software, 281 

measured with sample 4, is shown in Fig. 9. Voltage values are converted into meters (for the laser, i.e. free 282 

mass) or meters per squared second (for the accelerometer, i.e. vibrating base) using the calibration factor of 283 

the relevant instrument. These spectra are converted into displacement, according to the above-mentioned 284 

procedure, and are shown in the next Section (see Fig. 10). Measurements are performed for each sample five 285 

times in order to evaluate the contribution due to repeatability in the uncertainty assessment.  286 

 287 

 288 
Fig. 8. The measurement system and SDOF mass-spring-damper model. 289 

 290 

 291 
Fig. 9. Instrumental measurement display of the accelerometer (vibrating base) and laser (free mass) 292 

output voltage signals spectra and phase shift computed in real time by LabVIEW Sound and Vibration tool 293 

software (left) and the corresponding data export used for calculation and analysis (right). 294 

 295 

Preliminary tests are performed by means of a laser vibrometer in order to characterize the motion of the 296 

vibrating base in several positions, not only along the vertical direction of the motion but also along with 297 

transverse horizontal directions. As a matter of fact, transversal horizontal motions must be negligible with 298 

respect to the vertical one in order to be considered as an actual SDOF oscillating system. It is found that the 299 
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ratio between horizontal and vertical motions is, as average, around 1.2% in the whole frequency range, thus 300 

negligible for the scope of our work.  301 

 302 

3. Results and discussion 303 

3.1 Experimental results with the proposed method 304 

Experimental results of measurements performed with the proposed method on the six samples are shown 305 

as follows. By way of example, the base displacement amplitude 𝑌𝑌�, the loading-mass displacement amplitude 306 

𝑋𝑋� and the phase shift δ of the two signals as a function of frequency, evaluated for sample 4 (first repetition), 307 

is shown in Fig. 10. Displacements decrease as a function of frequency since a nearly-constant acceleration of 308 

around 1 m/s2 is set for the whole extended frequency range. This value assures that the contact between the 309 

shaker, the mass, and the soft material is not broken. Moreover, the displacements of the mass and of the 310 

vibrating base start diverging from the resonant frequency of the spring-damper-mass system (258 Hz for 311 

sample 4) when the phase shift is 90°, as expected. 312 

 313 

 314 
Fig. 10: Base displacement amplitude, loading-mass displacement amplitude and phase shift δ, as a 315 

function of frequency, of sample 4. 316 

 317 

From these measurements, it is possible to get the stiffness k and the damping coefficient c, according to 318 

Eqs. (7) and (8). By way of example, k and c curves of sample 4 as a function of frequency (first measurement 319 

repetition) are shown in Fig. 11.  320 

 321 
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 322 
Fig. 11. Stiffness k and damping coefficient c as a function of frequency of sample 4. 323 

 324 

By applying Eqs. (9)-(17), the dynamic elastic modulus Ed, the storage modulus Ed', loss modulus Ed'', the 325 

modulus of the complex dynamic viscosity |ηd*| and the relaxation time τ as a function of frequency are obtained 326 

for each sample and for each measurement repetition. By way of example, five repeated measurements of 327 

dynamic elastic modulus Ed on sample 4 are reported in Fig. 12. No systematic increase or decrease between 328 

the repetitions or drift over time is found, thus the variability is mainly due to random errors.  329 

 330 
Fig. 12. The dynamic elastic modulus Ed as a function of frequency of sample 4 from five repeated 331 

measurements. 332 

 333 

Mean values and standard deviations are then computed from the five measurement repetitions in order to 334 

get, for each parameter, a single curve with its associated uncertainty (see Section 3.2 for details). In Figs. 13-335 

17, mean experimental curves of the dynamic elastic modulus Ed, the storage modulus Ed', the loss modulus 336 
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Ed'', the modulus of the complex dynamic viscosity |ηd*| and the relaxation time τ as a function of frequency 337 

for the six tested materials are shown. It is worth noting that the dynamic elastic modulus Ed and the modulus 338 

of the complex dynamic viscosity |ηd*| are phase shift independent, while the storage modulus Ed', the loss 339 

modulus Ed'' and the relaxation time τ are phase shift dependent, as shown in the relevant equations. This means 340 

that, at the resonances (i.e. when the phase shift is equal to 90°), a particular behaviour of the curves related to 341 

the phase shift-dependent quantities is expected. At these frequencies, the deformations of the material are 342 

over-forced by the resonant amplification and the material does not store elastic energy and all the mechanical 343 

work is converted into heat, therefore the highest value of loss modulus and the lowest value of storage 344 

modulus and relaxation time are expected. This behaviour depends on the experimental setup and, in particular, 345 

on the used free loading-mass. A change in the loading-mass value would result in a shift along the frequency 346 

axis of the peaks or dips of the relevant quantities. 347 

Values of the dynamic elastic modulus Ed for all tested samples slowly and linearly increase with frequency, 348 

as expected (see Fig. (13)), since the elastic response of rubbers is directly proportional to rate, as known. 349 

Sample 6 shows lower values of Ed compared to the others as already observed in preliminary standard 350 

measurements. At low frequencies, the slight dispersion of data is higher due to the high sensitivity of the 351 

vibrating system to small phase shift values and to similar displacements of the mass and the vibrating base 352 

below the resonant frequency of the spring-damper-mass system. Storage modulus Ed' (Fig. 14) and the loss 353 

modulus Ed'' (Fig. 15) show similar behavior. The first shows dips occurring around the resonant frequency of 354 

the spring-damper-mass system, as expected. The modulus of the complex dynamic viscosity |ηd*| (Fig. (16)) 355 

reflects the trend of the curve of Ed divided by the angular frequency ω. The relaxation time τ curves (Fig. 356 

(17)) show an exponential decrease as a function of frequency with dips occurring at the resonant frequencies 357 

of the different samples, as expected. Resonant frequencies for the different samples are listed in Table 5. 358 

 359 

Table 5. Experimental resonant frequencies of the spring-damper-mass system with the different materials.  360 

Material fres / Hz 

Sample 1 191 
Sample 2 420 
Sample 3 197 
Sample 4 258 
Sample 5 237 
Sample 6 43 

 361 

An attempt to eliminate the influence of the resonances in the storage modulus Ed', loss modulus Ed'' and 362 

relaxation time τ curves is carried out by performing a second-order polynomial fit for the first two curves and 363 

a decreasing exponential fit, before the resonant frequency, and a logarithmic fit, after the resonant frequency, 364 

fits for the last one. An example is shown for sample 4 in Figs. 18, 19 and 20, related to the storage modulus 365 

Ed', loss modulus Ed'' and relaxation time τ, respectively.  366 

 367 
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 368 
Fig. 13. The dynamic elastic modulus Ed as a function of frequency of the six samples. 369 

 370 

 371 
Fig. 14. The storage modulus Ed' as a function of frequency of the six samples. 372 

 373 

 374 
Fig. 15. The loss modulus Ed'’ as a function of frequency of the six samples. 375 
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 376 
Fig. 16. The modulus of the complex dynamic viscosity |ηd*| as a function of frequency  377 

of the six samples. 378 

 379 

 380 
Fig. 17. The relaxation time τ as a function of frequency of the six samples. 381 

 382 

 383 
Fig. 18. Fit of the storage modulus Ed' curve as a function of frequency for sample 4. 384 
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 385 

 386 
Fig. 19. Fit of the loss modulus Ed'' curve as a function of frequency for sample 4. 387 

 388 

 389 
Fig. 20. Fit of the relaxation time τ curve as a function of frequency for sample 4. 390 

 391 

3.2 Uncertainty assessment of the proposed method 392 

Uncertainty assessment is performed according to GUM [32] by considering the instrumental uncertainty 393 

contribution uinstr and the standard deviation obtained from five repeated measurements srep. By way of 394 

example, the uncertainties associated with the dynamic elastic modulus Ed as a function of frequency for 395 

sample 4 are considered. Similar uncertainty results are found for all tested materials. Standard uncertainty 396 

due to the instrumentation exponentially decreases as a function of frequency from 1.7 % at 25 Hz up to 0.05 % 397 

at 1000 Hz in terms of relative uncertainties as shown in Fig. 21. On average, it is around 0.2 %. An example 398 

of instrumental uncertainty assessment at 500 Hz is shown in Table 6, where the sources of uncertainty taken 399 

into account are the tolerance intervals or the calibration uncertainties. The quantity u2(xj) represents the 400 

variance of the uncertainty contributions of the independent variables xj, cj is the sensitivity coefficient, uj2(Ed) 401 

is the combined variance of the elastic modulus Ed obtained for each uncertainty contribution, and uinstr(Ed) is 402 

the instrumental combined standard uncertainty associated to Ed, evaluated by applying the law of uncertainty 403 

propagation according to GUM [32]. In this specific case, a relative standard uncertainty of 0.1 % is found.  404 
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Table 6. Instrumental uncertainty associated with the dynamic elastic modulus Ed of sample 4 at 500 Hz.  405 

Independent variables xj u2(xj) Note cj uj2(Ed) 
Symbol / Unit Value 

L0 / m 6.41∙10-3 8.3∙10-12 Tolerance 2.2∙102 4.1∙10-7 
d / m 3.00∙10-2 8.3∙10-12 Tolerance -9.4∙101 7.4∙10-8 
m / kg 5.61∙10-2 8.3∙10-12 Tolerance 2.5∙101 5.3∙10-9 
f / Hz 5.00∙102 3.3∙10-3 Tolerance 5.7∙10-3 1.1∙10-7 
𝑋𝑋� / m 1.60∙10-4 6.4∙10-15 Calibration 6.6∙103 2.8∙10-7 
𝑌𝑌�/ m 3.92∙10-4 3.8∙10-14 Calibration  -2.7∙103 2.8∙10-7 
δ / ° 1.56∙102 8.3∙10-14 Tolerance 3.3∙10-3 9.0∙10-7 

Ed / MPa 1.42   uinstr(Ed) / MPa 1.4∙10-3 

 406 

Standard deviation due to repeatability srep(Ed) exponentially decreases from around 10 % at 25 Hz to 407 

around 0.5 % at 1000 Hz, as shown in Fig. 21. On average, it is around 1.4 %. In general terms, instrumentation 408 

uncertainty is much lower than repeatability for increasing frequency. This means that the major uncertainty 409 

contribution is due to the intrinsic variability of the measurand itself rather than instrumentation. By 410 

performing the square root of the sum of the squares of the two terms, uinstr(Ed) and srep(Ed), multiplied by a 411 

coverage factor k of 2 (at a confidence level of 95 %), the overall expanded uncertainties U(Ed) are calculated 412 

as a function of frequency as shown in Fig. 19. Values decrease from around 20 % at 25 Hz to around 1 % at 413 

100 Hz. On average, expanded uncertainty is around 2.8 %.  414 

 415 

Fig. 21. Repeatability uncertainty (orange), instrumental uncertainty (blue) and overall expanded (k=2) 416 

uncertainty (green) associated with the dynamic elastic modulus of sample 4 as a function of frequency. 417 

 418 

 419 

 420 
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3.3 Comparison between different measurement methods 421 

It is known that the elastic and damping properties of viscoelastic materials depend on the applied 422 

experimental methods. Nonetheless, a first qualitative attempt to compare elastic modulus results of the 423 

proposed method with the standard ones, previously described in Section 2.2, is performed. It is worth noting 424 

that the proposed method and the rheological method allow evaluating the dynamic modulus whereas the 425 

Shore-A and compression test methods assess a quasi-static modulus. Comparisons for all tested materials are 426 

reported in Figs. 22-27. In general terms, it is found that quasi-static modulus, evaluated with Shore-A method 427 

and compression tests, is higher than the dynamic modulus, evaluated with the rheological and the proposed 428 

method, as found in literature on viscoelastic polymers with low elastic moduli [40-42]. This, besides the 429 

different mechanical excitation of the samples from the two methods, can be due to the fact that small strains 430 

are generated with the dynamic methods (around 0.01 %) compared to the quasi-static one (around 10 %). This 431 

causes a different response of the viscoelastic materials that are strain-range dependent, showing a stiffer 432 

modulus at increasing strain [37,43]. Such behavior is related to the time-temperature dependent properties of 433 

polymers as described by the work of Williams, Landel, and Ferry [25], and deepened in Section 3.4.  434 

In addition, quasi-static elastic moduli evaluated with the Shore-A method and compression tests are 435 

consistent, as expected [44]. Also comparison between dynamic elastic modulus curves evaluated with the 436 

rheological method and the proposed one, although the different frequency ranges and the different mechanical 437 

excitations, show consistent results within the declared uncertainty level. Such evidence allows a first 438 

metrological validation of the method. It is also found that elastic modulus measured in the extended frequency 439 

range increases at increasing frequencies. This has been explained by the fact that a dynamic stress applied at 440 

a high frequency can be seen as a stress applied at a high strain rate, and at an increasing strain rate, the 441 

molecular mobility of the polymer chains decreases by making the chains stiffer [45]. 442 

 443 

 444 

Fig. 22. Comparison between different measurement methods for sample 1. 445 

 446 
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 447 

Fig. 23. Comparison between different measurement methods for sample 2. 448 

 449 

 450 

Fig. 24. Comparison between different measurement methods for sample 3. 451 

 452 

 453 

Fig. 25. Comparison between different measurement methods for sample 4. 454 

 455 
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 456 

Fig. 26. Comparison between different measurement methods for sample 5. 457 

 458 

 459 

Fig. 27. Comparison between different measurement methods for sample 6. 460 

 461 

3.4 Time-temperature superposition principle 462 

As stated in the introduction, an extended frequency range allows to shift data measured on a narrower 463 

frequency range at various temperatures according to the time-temperature superposition (TTS) principle [25]. 464 

The method consists in translating horizontally and vertically the curves of E as a function of frequency, 465 

obtained on a reduced frequency range at different temperatures in order to superimpose them at a given 466 

temperature T0 (see Fig. 28 as an example [6]).  467 
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 468 

Fig. 28. Time-temperature superposition principle [6]. 469 

 470 

Reducing frequency is equivalent to increasing temperature and vice versa. This method can be generalized 471 

according to Eq. (18) [6]. 472 

 473 

𝐸𝐸(𝑇𝑇𝑖𝑖, 𝜔𝜔) = 𝑏𝑏𝑇𝑇𝑖𝑖/𝑇𝑇0𝐸𝐸(𝑇𝑇0, 𝑎𝑎𝑇𝑇𝑖𝑖 /𝑇𝑇0𝜔𝜔) (18) 

 474 

where aTi/T0 is equal to the ratio of relaxation times at temperatures Ti and T0 and bTi/T0 is the ratio of the material 475 

density at temperatures Ti and T0 and often is equal to 1 due to the low density variations [6]. The term aTi/T0 476 

has to be experimentally determined as a function of temperature and represents the horizontal shift factor 477 

allowing isotherms to overlap with adjacent isotherms, thereby constructing the master curve of the response. 478 

This equation is valid only for temperatures higher than the glass transition temperature Tg. 479 

By way of example, the time-temperature superimposition principle is applied to sample 1 starting from 480 

the experimental values as a function of frequency from 25 Hz to 1000 Hz. Since no relaxation time 481 

measurements are performed at different temperatures, values of aTi/T0 from Trovedi and Siviour (2020) [46] 482 

measured on a type of neoprene very similar to sample 1 are used. Starting from a reference temperature of 483 

20 °C, as our case, which is higher than its glass transition temperature Tg (around -36 °C), they found that 484 

log(aTi/T0) = 2.17-0.108∙T, where T is the temperature in °C. 485 

Considering a reference temperature of 20 °C and the 100-200 Hz frequency range, the elastic modulus 486 

isothermal curves are built for aTi/T0 values of ¼, ½, 2 and 4, which corresponds to temperatures of around 487 

26 °C, 23 °C, 17 °C and 15 °C and frequency ranges of 25-50 Hz, 50-100 Hz, 200-400 Hz and 400-800 Hz, 488 

respectively. The curves are constructed by shifting to the left the part of the master curve corresponding to 489 

higher frequencies (i.e. a lower temperature than the reference one) and by shifting to the right the part of the 490 

curve corresponding to lower frequencies (i.e. a higher temperature than the reference one). The isothermal 491 

curves of sample 1 are constructed from the dynamic elastic modulus master curve (Fig. 13) and are shown in 492 
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Fig. 29 for a reference temperature of 20 °C and a frequency range of 100-200 Hz. It is found the typical 493 

behavior of the dynamic elastic modulus which decreases as a function of temperature and increases as a 494 

function of frequency [2,45-48]. This example confirms the usefulness of the proposed method over a wide 495 

frequency range to obtain the master curves at different temperatures with high resolution. 496 

 497 

 498 
Fig. 29. Isotherms showing the frequency and temperature dependence of dynamic elastic modulus 499 

between 100 Hz and 200 Hz for sample 1. 500 

 501 

4. Conclusions 502 

In this work, an experimental method to determine the complex dynamic elastic modulus of soft materials 503 

used for vibration isolation of systems, which can be approximated to a free-mass supported by a spring-504 

damper system subjected to an underlying vibration, is shown and described. The proposed method is applied 505 

to six polymeric soft materials over a frequency range between 25 Hz and 1000 Hz and a resolution of 1 Hz. 506 

These boundary conditions are chosen in order to be suitable for the available instrumentation but can be 507 

arbitrarily changed depending on the application and the type of instrumentation used, therefore wider 508 

frequency ranges and higher resolutions could be achieved. The six samples were previously characterized 509 

with two quasi-static standard methods (Shore-A, quasi-static stress-strain ) and a dynamic one (rheometry). 510 

With the proposed method, the dynamic elastic modulus, the storage modulus, the loss modulus, the complex 511 

viscosity and the relaxation times as a function of frequency are evaluated for the six tested materials. Results 512 

show the typical viscoelastic increase of elastic modulus as a function of frequency. Uncertainty assessment is 513 

performed according to GUM by considering the instrumental uncertainty and the repeatability. It is found that 514 

the instrumental uncertainty is negligible with respect to repeatability depending on the measurand itself. 515 

Relative expanded uncertainties, on average of about 3 %, exponentially decrease as a function of frequency. 516 

Dynamic elastic modulus results are then compared to the results obtained by means of quasi-static and 517 

dynamic standard methods. In general terms, it is shown a good agreement within the uncertainty ranges 518 
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between values resulting from the dynamic methods and those determined using the new method described in 519 

this work, whereas systematic differences are found in comparison with quasi-static measurements, as 520 

expected for such viscoelastic materials. The method presented here, providing measurements over a wide 521 

frequency range and with a high resolution, can also be used to evaluate the master curves at higher or lower 522 

temperatures, compared to the experimental one, in a narrower frequency range using the time-temperature 523 

superposition principle, as shown, by way of example, for sample 1.  524 

In the future, more polymeric soft materials will be tested with different loading-masses in order to evaluate 525 

their influence on the elastic and damping behavior, possibly with a new system to reach lower frequencies. In 526 

addition, new generations of peculiar kinds of soft and ultra-soft polymer materials mainly used in biomedical 527 

engineering (such as hydrogel, biocompatible tissue-mimicking polymers, silicon-based and latex-based 528 

materials) will be tested with this system to investigate their elastic properties since standard ones, in dynamic 529 

conditions, are not feasible for brittle and ultra-soft materials. In particular, any power dependence in the 530 

proposed methodology will be investigated. 531 

 532 
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