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Abstract—Ultrasonic guided waves have been used to assess the 

quality of long cortical bone. Skull as a shell-structure, it may also 

support ultrasonic guided waves propagation. In this study, we 

used a free plate model to analyze the guided waves propagation 

in skull phantom and identified the guided modes. Simulation was 

performed using finite-difference time-domain (FDTD) method 

and the experiment was carried out on a 3D printed skull phantom 

and a plate phantom. The experimental dispersion trajectories 

were obtained using two-dimensional Fourier transform (2D-FT). 

No significant difference can be found between the results 

obtained from the plate and the skull phantoms, which illustrated 

that the Lamb theory used in long cortical bone could also be a 

proper model for analyzing guided modes in human skull.  
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I. INTRODUCTION  

As a common waveguide, plate or tubular structure can 
support the propagation of ultrasonic guided waves. Such 
characteristic have been widely employed in industrial 
ultrasonic non-destructive testing for its long-distance 
propagating characteristic. The cortical bone has a solid plate-
like structure which also supports the propagation of guided 
waves [1]. In recent years, the ultrasonic guided waves have 
been successfully used to measure the elasticity of long cortical 
bone as well as to evaluate cortical thickness [3], cortical bone 
fracture [4], osteoporosis [6] and fatigue [7] etc. 

Similar to the long cortical bone, as a shell-structure, skull 
may also support ultrasonic guided waves propagation. 
Understanding the interaction of ultrasound waves with skull 
would contribute to achieving focused ultrasound therapy deep 
inside human brain [9]. Recent studies have reported the 
observation of ultrasonic guided waves in human skull slice 
using photoacoustic, which shows that guided wave theory has 
a prospect for the evaluation of cortical skull bone [11]. 
However, the proper model for the guided waves propagated in 
the skull still need to be investigated. 

In this study, a skull phantom is designed in a curvature-plate 
geometry, whose shape was derived from the CT data of a 
human skull. The skull phantom was made from photopolymer 
using stereolithography. Another plate phantom was made with 
the same material to verify the feasibility and effectiveness of 

applying the ultrasonic Lamb wave theory in the plate structure 
to human skull. The experiment was carried out using a 
programmable ultrasound array platform in the phantoms while 
simulation was performed using finite-difference time-domain 
(FDTD) method. In signal processing, two-dimensional Fourier 
transform (2D-FT) was used to characterize the dispersive 
energy of guided modes in frequency-wavenumber (f, k) domain, 
and the results are further compared with theoretical dispersion 
curves obtained using the plate model. 

II. MATERIALS AND METHODS 

A. Lamb Wave Theory 

Lamb wave is a general term for ultrasonic guided waves 
propagating in a plate or layered solid medium [13]. In a free 
plate with a thickness of 2h, the Lamb wave propagation can be 
obtained by 

tan(qh)  tan(ph) = − 4k2pq  (k2-q2)                      (a) 

tan(qh)  tan(ph) = − (k2-q2)  4k2pq               (b) 

where k is the wavenumber, which is the ratio of angular 
frequency w to phase velocity cp. The coefficients p and q are 
given by: 

p2 = w2 / cl
2 − k2       q2 = w2 / cs

2 − k2                   () 

where cl is the longitudinal velocity and cs is the shear velocity. 
According to the distribution characteristics of guided waves in 
space, Lamb waves can be divided into symmetric modes (Sn, n 

= 0, 1, 2, …) described by equation (1a) and antisymmetric 

modes (An, n = 0, 1, 2, …) described by equation (1b). 

B. Phantom 

The CT data of the skull are obtained from the open source 

medical datasets of the University of Iowa 

(https://mri.radiology.uiowa.edu/visible_human_datasets.html). 

The relatively regular part of the skull (all of the frontal and the 

parietal and part of the occipital) was preserved and a vertical 

section in the direction of the line through the center of the 
occipital (i.e., the Z direction in Fig. 1) was made to obtain a 

two-dimensional (2D) skull contour. Because the overall 

thickness of the skull is not uniform (with the thickness range of 

about 2 mm-8 mm), the correction is made on the inner 

boundary to obtain a 2D skull slice model with an average 

thickness of 2.5 mm. Then the slice is expanded in the z direction 

into a curving plate-like structure, as shown in Fig. 1.  
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Fig. 1. The 3D printed Skull phantom 

The 3D skull phantom is made from photopolymer using 

stereolithography, and a flat plate model with the same thickness 

was printed as a comparative sample imitating long cortical bone. 

A standard rectangular parallelepiped model block (20 
mm×25 mm×30 mm) was prepared as a sample to measure the 
material parameters of the phantom. Ultrasonic transmission 
method was used to measure the shear and longitudinal 
velocities [14]. The density is obtained by the ratio of mass to 
volume. The shear velocity, the longitudinal velocity and the 
density of the photopolymer are of 1129.01m/s, 2462.27 m/s and 
1186.76 kg/m3, respectively. 

C. Simulation 

Simulation was performed on the skull model using a 2D-
FDTD system written in Matlab code. The perfect match layer 
(PML) was applied to eliminate boundary reflection at both ends 
of the skull [15].The material parameter are listed in TABLE I. 

TABLE I.  MATERIAL PARAMETERS OF THE SKULL MODEL 

Material 

parameters 

Skull 

phantom 
Air 

ρ (kg/m3) 1186.76 1.29 

λ (MPa) 4169 0.148 

μ (MPa) 1513 0 

The Lame coefficients λ and μ of the phantom are calculated 
from the density, the shear velocity cs and the longitudinal 
velocity cl. 

μ = cs
2ρ       λ + 2μ = cl

2ρ                             () 

D. Experiment Setup 

The experiments were carried out by using the Verasonics 
Ultrasound Muti-channel Research Platform. a single-cycle sine 
wave with the frequency of 1 MHz was generated using an 
arbitrary waveform generator (Agilent 33220a, USA) and 
transmitted into the skull phantom through a power amplifier 
(AG 1021, T&C Power Conversion, Inc, USA). A 1.0 MHz 
single transducer was used as the emitter and a 22 linear-array 
with the central frequency of 1.0 MHz, bandwidth of 0.5-
1.5MHz and pitch size of 0.675mm was used as the receiver. 

III. RESULTS 

The simulated array signals are processed using the 2D-FT 
method [16]. As shown in Fig. 2, the dispersion energy can be 
obtained in frequency-wavenumber (f, k) domain. 

 

 

         

Fig. 2.  Simulated Results. The (f, k) dispersion energy calculated using 2D-

FT in (a) plate model and (b) skull model. 

The theoretical dispersion curves computed using Rayleigh-
Lamb equation were plotted in red solid lines (asymmetric 
modes, An mode) and black dashed lines (symmetric modes, Sn 
mode). S0, A1, S1, A2, S2, S3 and S4 modes were obtained in 
simulated signals of the plate model while S0, A1, S1, S2, S4

 modes 
were obtained in the skull model. 

   

 

Fig. 3. Phantom results. The (f, k) dispersion energy calculated using 2D-FT 

in (a) a plate phantom and (b) a skull phantom. 
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The extracted dispersion curves in the phantom experiments 

are shown in Fig 3. In both phantoms, A1, S2 and S3 modes were 

obtained. Similar to the simulated results, the dispersion energy 

extracted in the frequency-wavenumber (f, k) domain presents a 

good agreement with the corresponding theoretical dispersion 

curves. 

IV. DISCUSSION 

Comparing the simulation with the phantom experiments, 
both of them obtained A1, S2 and S3 modes, while S0, S1 and A4 

modes obtained in the simulation disappeared in the phantom 
experiment. Restricted by the bandwidth of the linear-array, part 
of low-frequency S0 and A4 modal energy cannot be measured in 
experiments. The energy distribution of S1 mode is close to that 
of the A1 mode, so mode overlapping occurred in the (f, k) 
domain. 

In the experiments, no significant differences can be found 
between the results of the plate and the skull phantoms. Both 
present a good accordance with the theoretical dispersion curves. 
This illustrated that skull curvature may have limited impacts on 
guided wave propagation, and that the plate model which has 
been used to interpret the guided waves in the long cortical bone, 
could also be a proper model for analyzing the guided modes in 
human skull. 

V. CONCLUSION 

In In this study, ultrasonic guided waves were excited in a 
3D-printed skull phantom. The dispersion curves were extracted 
in the frequency-wavenumber (f, k) domain by 2D-FT method. 
The dispersion curves obtained basing on the plate model 
present a good accordance with the experimental results. It is 
illustrated that skull curvature may have limited impacts on 
guided wave propagation, and the Lamb wave theory could also 
be used for interpreting the guided waves propagation in human 
skull. In future work, the sparse SVD method [17] will be 
applied to improve the dispersion curves extraction of the 
ultrasonic guided waves in the skull. Further experiments with 
real human skull are encouraged. 
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