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NUMERICAL SIMULATION OF INTERACTION OF
ULTRASONIC WAVE WITH BONE
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Teknik Informatika Universitas Atma Jaya Yogyakarta
JI. Babarsari 43 Yogyakarta 55281 Indonesia
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Abstract. Better understanding of the mechanism in which ultrasonic wave interacts with bone is
important in therapy and diagnosis alike, such as extracorporeal shock wave therapy (ESWT). In
this paper, numerical simulation for investigating the interaction of ultrasonic wave with bone is
presented. The elastodynamic equations was used as the governing equations. A nodal high order
discontinuous galerkin finite element was used for the spatial discretization while an explicit low
storage fourth order Runge Kutta scheme is used to march in the time domain. This paper

demostrated the power of numerical method for biomedical research, which deals with ultrasonic
wave propagation in human body.

Keywords: ultrasonic wave, bone, discontinuous galerkin

L. INTRODUCTION

Interaction between ultrasonic wave propagation with bone occurs in many
biomedical treatments, such as extracorporeal shock wave therapy (ESWT). The ESWT is
a noninvasive treatment for a variety of musculoskeletal ailments. The ultrasonic shock
wave is generated by a spark plug source (lithotripter) in water and then focused using an
acoustic lens or reflector so the energy of the wave is concentrated in a small treatment
region (Fagnan, 2010).

Figurel. Lithotripter

Better understanding of the mechanism of the interaction of the ultrasonic wave with
bone is important for the biomedical treatment. In this paper, numerical simulation
approach for investigating the mechanism was proposed.. The bone was assumed as
elastic solid material and the water as inviscid fluid. The water can be treated as solid
with zero shear stress. Therefore a single partial differential equation system, called
elastodynamics equations, can be applied as the governing equations for both materia'ls.
Then the governing equations is formulated in terms of velocity-stress in both media.
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Many numerical method were proposed for the solution of the governing equations [&
finite difference time domain (FDTD) or finite element methods (FEM)]. The FIX
method (Kaufmann et al., 2008; Matsukawa et al., 2008) is limited for simple spz
domain only and the conventional FEM (Protopappas et al., 2007; Nguyen et al., 208
has a high dispersion error. A nodal high order discontinuous galerkin (DG) fin
element is used for the spatial discretization while an explicit low storage fourth or
Runge Kutta scheme is used to march in the time domain. The DG method can apllied !
irregular domain and has low dispersion error.

The simulation of ultrasonic wave by discontinuous galerkin method in unbo
domains requires a specific boundary condition of the necessarily :
computational domain. We propose an absorbing boundary condition called perfed
matched layer (PML). Presented in time domain electromagnetic simulations (Bereng
1996), PML has since been used extensively in that field. PML has also been incorporat
into a variety of wave propagation algorithms. Colino and Tsogka (2001) have formulat
and demonstrated PML in the P-SV case via Virieux (1986) finite difference scheme a
mixed finite element algorithms.

2. GOVERNING EQUATIONS

Starting with the system of governing equations, each equation is split into a parall
and perpendicular component, based on spatial derivative separation. That is, &
perpendicular equations contains the spatial derivative term which acts normal to 8
coordinate plane of interest and a damping term, and the parallel equation contain &
remaining spatial derivative terms. Finally, an additional equation is required to sum &
results of the split equations

v 197 avn. i 97,
e A =X 4 : _'- + = el
a i o.(x)v.tx p ax fr o-(y)v.ty p ay
dv 1 o7, 1 ar,,
— = . —2 L& =
ar av a
e A+2u)—= ]
2= 4 (e = (1+20) 5 of
a7, v, a T
a ¢ (x Jpx 2’ ax ? a»y + O-(y)f_t;) (Z’ + 2# )
arm avy ar, ov
£ 3 ; ' , -
1)
Vi =Vy + va ! vy = vyx + vxv' r T ST s T-m' g T}}' = ry_w 4 T.m' ¥ rx_v = rx_\w + T—W‘

In the absorbing layers we use the following model for the damping parameters:

G(x)=do[§f ; d(y)=do[§r and d, =iog[ﬂ3i

2y
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where & is the length of the layer and dp is a function of the theoretical reflection
coefficient (K)

3. DISCONTINUOUS GALERKIN METHOD

For simplicity, the split equations (2) are writen in vector form as follows:

9 +A | +B 9 =f (2)
ot ax dy
Where q = [v.r.t v.r_s' v_la: v_\}' T.t.r.t r.\'.\'_:' T_m't r_lj\j‘ z-.\'y.\' r.\')jl' ]f

The spatial derivatives are discretized by using a discontinuous galerkin method.
The simplified of Eq.(2) according to Galerkin’s procedure using the same basis function
¢ within each element is defined below (Hesthaven & Warburton, 2002; 2008).

¢,a—q+ A§ﬂ+Big- =0
ot ox ay
®)

o (6:22) +lo.ana o), - 3-(ashal —{aa—y(mq]_ =0

Here (..) represents the normal 2 L inner product, the second term is flux vector and
(n_‘r 31, ) are normal vector. The mathematical manipulation of the flux vector is calculated

as below:

dq dq dq T—
,—+A—+B— LA Na- =
(ca 5 A5 tBS, L+(¢> n,+Bn NG-q ho =0 (5)

where q"'Ern =q (q' A" 1 and the last term of equation (3) is called numerical flux.

1

Here, we took the Kornwinder Dubiner function on straight sided triangle as the
basis written in equation 4 (see Figs. 1 and 2):

il 2I+I\F’+2"+2P,°‘° 2(1+»~)_l P10 ) @)
L 2 2 !
K

(1-5)

where, P“” is orthogonal Jacobi polynomial

All straight sided triangles are the image of this triangle under the map:

NECIMECEHICIN

The set of points in the triangle, which we can build the Lagrange interpolating
polynomials, can be viewed as Gauss-Legendre ~Lobatto (GLL) points.
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Figure 3: Seventh Order Gauss Lobatte
Figure 2: Coordinate Transformation Quadrature Nodes
The vector q is expanded using equation (4), we take expansion of v_ as example:
N N=i
'S)= ZZ¢]} (r,S)’x” (6)
=0 j=0
m=M
vx (rn bl Sn ) = Z Vnmﬁx mn
m=1
m=M (7)
= -1
v.rm = Z (V )m;vx (r,l ’S;' )
m=1
N N —i a
(r.s) zz by 5P, =D’V (rs) pr=92
i=0 y=0 ) ar
N—i ¢ . . a
'f-* xif _D V-] ( ) D’ =_¢
i=0 j=0 aS

where V, and N are Vandermonde matrix dan the order of Jacobi polyn

respectively.

The semi discrete Eq. (3) is integrated in time marching by using five stage of fou
order 2N-storage Runge-Kutta scheme as developed by Carpenter & Kennedy (1994).
final equations are found as written in Eq. (8).

dq

= Llt.qlt 8
— = Lal)] ®)
dq,=4,4dq,_ +dIL(qJ.)

q_, = q.r‘—I * B..f + dqj

where 4t is the time step. The vectors A and B are the coefficients that will be used
determine the properties of the scheme. The maximum time step is (Hesthaven
Warburton, 2002):
At < Lz 9
¢c,(N-1)

where ¢ is primary wave velocity and & is the smallest edge length of the element
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4. RESULTS AND DISCUSSIONS

In this section we present two numerical examples. The the first example aims at
showing the accuracy of DGM compared to analytical solution and Fem whis proposed
by Diaz and Patrick (2005) and the second example aims at showing that DGM can easily
handle problems with complicated interface.

41 Numerical Example I

The first example has a simple configuration: two half-planes separated by a straight
interface, one constitutes the fluid medium and the second one constitutes solid medium.

The material properties for the fluid are ¢, =1500 ms', ¢, =0ms™ and p =1000kgm™
and the material properties for the solid are ¢, =4000 ms', ¢, =1800ms” and

p =1850kgm™. The size of each medium is 20 mm x 5 mm. We added absorbing layer
surrounding the domain with the thickness of the layer equals 1 mm and total number of
triangular elements is 15060. The polynomial degree is N =3 and the time step
At =105 . The source function is a point source located in the fluid at 2 mm above the
interface, the time variation of the source is given as Gaussian with dominating frequency
is 1 MHz Snapshots of the first example can be seen in figure 4a - 4b.

%10

008 -00068 -G004 0002 g DME G004 0006 OQOC8

€001 0008 D006 -0004 -DO02 . 0002 0004 OO0 0008 001 Xt
Figure 4a: Velocity fields of 15t example Figure 4b: Velocity fields of 1%t example
at 0.36 s at 0.54 us

To validate the DG method, we compare the numerical DGM (the green curve)
solution to the FEM solution (the red curve) and analytical solution (the blue curve) which
are provided by Diaz and Patrick. (2005). the two components of the numerical and
analytical velocity are shown by figure 5a and 5b. The curves are perfectly superimposed,
showing the good accuracy of DGM. From 4b we can see no reflection on the left, right
and bottom edges. The PML absorbed the outgoing waves well.
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Figure 5a: Horizontal velocity (v‘_ ) Fieure 5b: Vertical velocity (v_ ]

4.2 Numerical Example II

In this example, the interaction of ultrasonic wave propagation, which generated bs
lithotripter, with human skull. The contour of human skull was extracted from MES
scanned image by using level set segmentation, as shown in figure 6. Figure 7 shown the
whole of physical domain, including lithotripter and absorbing layer. The major ané
minor axes of the ellipsoid of the lithotripter are 2 = 70 mm and b = 40 mm. The domain &
dicretized into triangular 7433 elements. The material properties for the water amse

#=0GPa, A=22GPa and p=1000kgm™ and the material properties for the bome
are (1 =94GPa, A=20GPa and p =2000kg m™~. The polynomial degree is N =4 ané

the time step Ar =10"s. The source function is a point source located at the focus e
ellipsoid, the time variation of the source is given as Ricker (i.e., the first derivative of &
Gaussian) with dominating frequency is 0.5 MHz

Figure 6. Horizontal section of human head and the bone segmentation

(https:/ / www.msu.edu/~brains/brains/human/horizontal /1400 _cut.html)
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Figure 8. Mesh of the 2nd example, red crosses

T = 0050 ms

2 oo 2.08 o1 015 02
X (m}) K {m)
Figure 9a: Velocity fields of 2 " example Figure 9b: Velocity fields of 2 d example
at 20us at 50us

Tievw = 3 G700 ms Tirme = 0 080 ms

Y {m)

Figure 9c: Velocity fields of 2 nd example Figure 9d: Velocity fields of 2 "d example

at 70us at 090us



Tirne = 0,120 ps

¥ o5 ki o .

[}

X {m}

Figure 9e: Velocity fields of 2 "¢ example
at 120us

Timee = 0 180 ms

¥ {m)

905

Figure 9g: Velocity fields of 2 nd example
at 160us

Figure 10.a and 10.b contain the traces recorded at receiver position = (0.1, 0.05), and
figure 10.c contains the traces recorded at all receiver position. As one can see from the
figurer, the solutions obtained from discontinuous galerkin methods has smooth solution

contained no numerical oscillation.

3 Horizontal velocity at x = 0.1 & y=0.05

-1.6

il £ \ i A i ]
20 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (s) x10”

Figure 10a: Horizontal velocity (v_w ) recorded at

receiver position x =0.1 and y = 0.05 m

008

B -0 0% 005 g1 015
X (m)

Figure 9f: Velocity fields of 2 " exz
at 140us

Time = 0.200 ms

008

X{m)
Figure Sh: Velocity fields of 2 nd exam
at 200us

x 16" Vertical velocity x = 0.1 & y=0.05

o 0z 94 o o5 1 a2 14 i 18
Time {3}

Figure 10b: Vertical velocity (v )at receive

X

position x =0.1 and y = 0.05 m
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Vertical Distance (m)
406 004 002 0

Time (s)

x 13-‘.-._ F_ 2
Figure 11: Vertical velocity (v_\_ ) at allreceiver positions x =0.1 and y =-0.05
thronoh u=005m

5. CONCLUSIONS

In this paper, numerical simulation for investigating the interaction of ultrasonic wave
with bone based on discontinuous galerkin method is presented. To model the interaction
ultrasonic wave with bone, bone material was considered as a elastic solid medium
immersed in an acoustic fluid. The discontinuous galerkin method provides stable and
accurate methods for simulating the interaction ultrasonic wave with bone. It is shown that
numerical simulation is a valuable tool for investigating ultrasonic wave interactions with
bone. Numerical simulation can provide important insights that can lead to many
practical advantages, dealing with ultrasonic wave propagation in human body.
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