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Summary 

Assessing the mechanical response of the plantar foot is 

crucial in biomechanics; however, traditional methods are 

often complex and time-consuming. To address this, a 

combined finite element analysis (FEA) and Gaussian Process 

Regression (GPR) approach is presented to model both the 

loading and relaxation phases of an indentation test, 

predicting visco-hyperelastic properties along with heel pad 

thickness. This approach effectively integrates experimental 

methods and computational modeling, with GPR enabling 

real-time estimation of material properties (within 10 

seconds), offering accuracy comparable to analytical methods 

for reliable biomechanical analyses. 

Introduction 

Plantar soft tissue is essential for foot function and overall 

biomechanics, acting as a natural shock absorber during 

weight-bearing activities. The heel pad, in particular, is vital 

for distributing plantar pressure, making its properties key to 

understanding foot biomechanics. To evaluate these 

properties, relaxation tests were chosen for their ability to 

simulate the foot’s daily mechanical effects through 

consistent deformation over time. While numerous studies 

have focused on plantar surface modeling using hyperelastic 

or viscoelastic models [1, 2], few have combined these 

methodologies to characterize foot properties fully. This study 

demonstrates the feasibility of incorporating hyperelastic and 

viscoelastic models into FEA, further enhanced by a trained 

GPR model to improve computational efficiency while 

maintaining accuracy. 

Methods 

The relaxation test was conducted using a spherical indenter 

with a diameter of 32mm, attached to a load cell with 1% 

accuracy. The test involved a 4mm indentation depth at a 

velocity of 5mm/s for 30 seconds on six subjects (Figure 1a). 

Heel pad thicknesses were measured using the portable 

MyLab Six (Esaote, Italy) ultrasound platform (Figure 1b). 

FEA was used to replicate the indentation test, incorporating 

heel pad thickness in a simplified 2D model (Figure 1c). A 

total of 1,000 training data points were generated by randomly 

varying hyperelastic constants (C10, C01, C11) and viscoelastic 

constants (g0, t0, β) (Figure 1c). Viscoelastic properties were 

directly obtained from the relaxation graph from the 

indentation test, while hyperelastic properties were estimated 

using GPR. The trained GPR model was validated by 

comparing predictions with six subjects’ parameters. 

 

Figure 1: (a) Indentation test setup; (b) Ultrasonography for heel 

pad thickness measurement; (c) FEA model showing 2D geometry, 

von Mises stress distribution, and material parameters. 

Results and Discussion 

The indentation test results, analytical model, FE model, and 

GPR estimations were compared using R2 and the 

identifiability index. For visco-hyperelastic modeling, the 

lowest R2 was 0.95, and the I-index stayed below 2 in all cases, 

confirming that the parameters were identifiable and robustly 

estimated [3]. GPR-estimated heel pad thicknesses had an 

average error of 0.067mm, further validating the model’s 

performance and reliability for the proposed applications. 

Conclusions 

This study introduces an FEA-driven GPR approach for the 

prompt and accurate estimation of visco-hyperelastic 

properties and heel pad thickness. Despite simplifications, the 

model demonstrates promising accuracy and potential for 

clinical and personalized healthcare applications, though 

fixation methods should be improved for better repeatability. 
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