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SUMMARY 
Analysis of the anisotropic and viscoelastic mechanical 
properties of living human muscle tissue requires detailed 
non-invasive measurement of biomechanical boundary 
conditions such as tissue architecture, geometry, loading 
conditions and tissue motion and deformation. In addition 
inverse computational analysis is required. This paper 
describes indentation experiments of the upper arm of 
volunteers and the use of novel MRI methods to measure 
dynamic 3D soft tissue deformation. In addition a constitutive 
modeling framework is presented for muscle tissue in 
compression.  
 
INTRODUCTION 
Non-invasive identification of the anisotropic and viscoelastic 
mechanical properties of living human muscle tissue has many 
applications (e.g. impact biomechanics) and can be achieved 
through inverse Finite Element Analysis (FEA) of 
experimental boundary conditions of dynamic indentation 
tests on the upper arm of volunteers. This requires the non-
invasive and high speed dynamic measurement of soft 
deformation and indentation force. However, so far only 
quasi-static measurements have been demonstrated in-vivo 
[1]. In addition a suitable constitutive formulation is required 
for inverse FEA optimisation. Although advanced 
formulations have been developed [2,3], these are not readily 
implementable for FEA. This paper therefore describes 1) 
novel high speed MRI based methods for dynamic 3D soft 
tissue deformation measurement and 2) the implementation of 
a frame-invariant constitutive formulation suitable for inverse 
FEA. In order to create an appropriate starting point for 
inverse FEA based constitutive parameter identification, 
parameters for porcine skeletal muscle tissue are determined 
following fitting to uniaxial compression data [2,3].  
 
METHODS 
The current study uses indentation experiments on the upper 
arm of volunteers inside an MRI scanner (Figure 1A). 
Compressive loading is induced using an MRI compatible 
indentor equipped with a high speed optical force sensor [1]. 
The resulting non-linear and dynamic 3D tissue deformation is 
measured using novel methods based on SPAtial Modulation 
of the Magnetization (SPAMM) tagged MRI [1]. In SPAMM 
tagged MRI tissue is temporarily magnetically labelled using a 
SPAMM pre-pulse which imposes dark surface patterns (tags) 

on the tissue signal (visible as dark lines in Figure 1B-C). Tag 
deformation reflects the motion that occurred during the delay 
introduced (here 123ms) between the pre-pulse (5ms) and high 
speed 3D read-out (177ms). In order to derive dynamic 3D 
deformation tag surfaces were tracked in consecutive 
dynamics (6/motion cycle) for 3 repeated motion cycles, 
during which data was acquired for 3 mutually orthogonal tag 
orientations (using methods outlined in [1]). For validation 
purposes indentation was also applied to a cylindrical silicone 
gel soft tissue phantom (Figure 1B). The phantom contains 
trackable markers providing an accurate reference measure of 
deformation [4].  

 
Figure 1: Indentation of volunteer upper arm using MRI compatible indentor 
(A), tagged MRI of indented phantom (B), tagged MRI slice of volunteer (C), 
muscle fibre architecture derived from Diffusion Tensor MRI (D).  
 
High resolution anatomical MRI data and Diffusion Tensor 
MRI data (figure 1D) provided the FEA geometry and muscle 
fibre architecture [5] respectively. The later forms an 
important input for the anisotropic material behaviour in the 
FEA model.  
In order to model the non-linear elastic behaviour of muscle 
tissue a transversely isotropic formulation of the Fung 
orthotropic [6] was used for which the Second Piola-Kirchhoff 
stress can be defined as:   
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Here Edefines the Green-Lagrange strain tensor and 
0 0 0
a a a= ⊗A a a

 the texture tensor where 0
aa are the material 

texture directions in the reference configuration (obtained 
from Diffusion Tensor MRI). The parameters c, µa and λab are 
material constants and were determined via fitting to 
unconfined uniaxial quasi-static compression data for cubic 
porcine skeletal muscle tissue samples [2]. The gray curves in 
figure 3 demonstrate the stretch-stress behaviour for 5 fibre 
orientations (angle α with respect to the loading axis) tested: 
0º, 30º, 45º, 60º and 90º.  
The viscoelastic behaviour of muscle tissue was modelled 
using the theory of discretised Quasi-Linear Viscoelasticity [4] 
whereby the second Piola Kirchhoff stress can be written as 
follows: 
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Here eS represents the pure (instantaneous/final) elastic stress 

contribution and the parameters iγ  and iτ describe the visco-

elastic behaviour. The viscoelastic parameters were 
determined by fitting to unconfined uniaxial stress relaxation 
data [3]. The gray dotted curves in figure 4 demonstrate the 
viscoelastic behaviour for 4 fibre orientations and 4 loading 
rates tested: 0.5%, 1%, 5%, and 10% strain/s.  
 
RESULTS AND DISCUSSION 
The 3D dynamic displacement vector field derived from the 
phantom SPAMM tagged MRI data, is shown in Figure 2. The 
curved motion paths and varying magnitude demonstrates the 
non-linearity of the motion and its history. The mean 
displacement difference with respect to marker tracking was 
0.08 mm (standard deviation 0.63 mm). The MRI contrast and 
resolution achieved in-vivo (Figure 1C) was similar to that of 
the phantom data. 

 
Figure 2: The 3d dynamic displacement vector field derived for the phantom 
(vector arrows coloured to magnitude in mm) and the original, predicted and 
real marker locations (black, dark gray and light gray points respectively) 
 
Figure 3 demonstrates that the Fung model stretch-stress response as 
a function of the fibre angle is in good agreement with the uniaxial 
compression data and errors under 0.09kPa were observed. Figure 4 
shows the results of the viscoelastic modelling and good agreement 
with experimental uniaxial compression and thus accurately captures 
both the elastic and viscoelastic response of muscle tissue.  

 
Figure 3: The Fung model compressive stretch-stress behaviour as a function 
of the fibre angle range 0~2π (surface coloured towards difference with 
experimental data), overlaid (gray) are the experimental uniaxial compression 
curves [2] for the angles 0~0.5π. 

 
Figure 4: The experimental uniaxial stress relaxation (dots) and fitted 
viscoelastic model curves (solid) 
 
CONCLUSIONS 
Novel high speed (177ms read-out) tagged MRI methods have 
been presented allowing accurate high speed dynamic 3D soft 
tissue deformation measurement. Together with the presented 
constitutive modelling framework suitable for the inverse FEA 
these techniques allow for the non-invasive analysis of the 
anisotropic and viscoelastic mechanical properties of human 
muscle tissue. 
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