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1. Introduction 
 Tissue mechanical characterization 
using shear wave velocity has been the one of the 
most important expectations in the current medical 
diagnosis system. We have proposed a novel 
method for estimating the velocity of the shear 
wave propagation inside the tissue by using 
continuous shear wave excitation (CSWE)[1,2]. We 
have also proposed an algorithm for reconstruction 
of harmonic phase modulation components in order 
to characterize the different mechanical properties 
of the tissue [3]. 

 Lots of theoretical frameworks or models 
have been introduced in order to model the 
nonlinear or hysteretic characteristics of the shear 
wave propagation [4,5]. Also many researchers had 
studied about the presence of Hookean behavior in 
the human body components [6]. But no such 
sophisticated model has been introduced till, which 
can explain the exact form of the hysteresis by 
using equations. Two different types of damping; 
viscous damping: a linear damping, and hysteretic 
damping: a nonlinear damping, are present in a 
system [7]. Viscous damping is proportional to the 
frequency of vibration and has no effect for zero 
frequency. On the other hand, hysteretic damping is 
less dependent to the frequency of vibration and, for 
this reason, nonlinear characteristic of shear 
elasticity for very low frequency is closely relates 
with the hysteretic damping. Many imaging method 
has been proposed for viscous characteristics of the 
shear elasticity [8], but only a few methods have 
been proposed for hysteretic characterization. 

 In this paper, we propose a model that 
characterizes the nonlinearity i.e. the hysteretic 
behavior of the shear elasticity. Our model assumes 
small harmonic phase modulation of displacement 
in shear wave propagation in which the hysteresis is 
independent of vibration frequency. In this static 
model, hysteresis for dc components is measured 
and is compared with texture pattern of the local 
velocity map. 

2. Harmonic Phase Modulation of 
Displacement as a Model of Nonlinearity of 
Shear Elasticity  

 We have already proposed a novel 
imaging method which uses the local velocity of 
shear wave propagation to reconstruct the phase 
modulation component [3]. Let us consider a model 
of hysteresis of shear elasticity based on the 
displacement of shear wave due to small harmonic 
phase modulation component which represented by 
the following equation. 

 (1) 

Where,  is the displacement amplitude of 
displacement, is the fundamental angular 
frequency,  is the modulation index and  is the 
order of harmonic component. 

We define two parameters,  as a parameter of 
nonlinearity of displacement wave and  as a 
parameter of hysteresis of displacement wave. By 
using these parameters, 
we illustrate the 
hysteretic behavior of 
the displacement shear 
wave due to small 
phase modulated 
harmonic components. 
Fig.1 shows the 
hysteresis loop due to 
presence of phase 
modulated harmonic 
component represented by eq. (1). 

At static condition, at time , and for very small 
phase modulation index , 

  (2) 
Parameter of hysteresis of displacement wave is: 

    (3) 
The eq. (3) shows that hysteresis of the 
displacement wave increases with the increase in 
phase modulation index.  

Applying the boundary condition for the parameter 
of nonlinearity as  i.e. for 
very small phase modulation index of , 

 (4) 

Fig.1. Hysteresis due to 
presence of phase modulated 
harmonic components. 
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Parameter of nonlinearity of displacement wave is:  

   (5) 

The eq. (5) shows that the parameter  is 
proportionally dependent on the three parameters: 
phase modulation index , harmonic order  and 
the phase . The simulation result shown in Fig.2 
illustrates the dependency of hysteretic 
characteristics of the shear wave elasticity with 
respect to  and . In case of change in harmonic 
order  , the symmetry of the hysteresis loop 
changes according to even and odd harmonic order. 

3. Experimental Results 
 The texture pattern seen in the local 
velocity mapping due to phase modulation 
component [3] also depends on mean of local 
velocity within the local velocity map. The mean 
local velocity what we called a normalized shear 
wave velocity which is defined by the ratio of 
actual velocity to the average velocity, is introduced 
in order to evaluate nonlinearity of the medium. 
Experiments were carried out on carrageenan gel. 
Under the quasi-static condition, carrageenan gel of 
different wt% (0.5wt%, 0.9wt%, 1.3wt%) are 
examined to evaluate the stress-strain curve using 
the rheometer (Shimazu, Kyoto, Japan) under the 
constant loading pressure of around 3N. Also the 
nonlinearity of the shear wave is measured by the 
skewness of the normalized local velocity map, 
which is an index of asymmetry of image 
brightness. Fig.3. shows the skewness vs. hysteresis 
plot. The correlation analyzed between the 
hysteresis and the skewness is found to be 0.97. The 
obtained correlation value shows the high affinity 

of the proposed method to evaluate the nonlinearity 
of shear wave elasticity.  
4. Conclusions 
 We have proposed a novel model of 
hysteresis which uses the harmonic phase 
modulated components of shear elasticity to 
evaluate the nonlinearity of shear elasticity. By 
using this model we discuss the relationship of the 
modulation index, harmonic order and the phase 
with the hysteretic or the nonlinearity of the 
medium. By changing these parameters, the 
nonlinearity or hysteresis can be simulated. Though 
the simulation result is a preliminary one, once the 
model is validated, it may become a powerful tool 
to relate the viscoelasticity with the hysteretic or the 
nonlinearity of shear elasticity.  
 Using the local velocity mapping method, 
which we have already proposed, we carried out the 
experiments on carrageenan gel. From the result, 
the nonlinearity of carrageenan gel and skewness of 
the texture pattern is found to have good correlation 
between them. This shows that the local velocity 
mapping is a novel method in order to reconstruct 
the nonlinearity or the hysteresis of shear elasticity. 
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Fig.3. Skewness of normalized velocity map vs. hysteresis of 
stress-strain curve for carrageenan gel experiment. 
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Fig.2. Dependency of hysteretic characteristics. (a): 
Nonlinearity due to phase modulation index. (b): Change in 
nonlinearity due to change in phase modulation index. (c) 
and (d): Change in nonlinearity due to change in phase. 
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