


re stric tions on the Dopp ler pulse-rep e ti tion fre quency. Equally im por tant, the cre ation of
crawl ing waves from op pos ing shear sources sets up a quasi-plane strain con di tion with the dom -
i nant dis place ment ap prox i mately ali





where D is the dis tance be tween the vi bra tion sources.
Eq. (2) shows that the square of the vi bra tion am pli tude has a hy per bolic co sine term that

ac counts for the at ten 



where the slow time shift is found to be Dt=2kDx/Dw.  The shear speed can be es ti mated to be

Both Eqs. (4) and (6) can be mod i fied for cases where the phase dif fer ence, con tin u ous or
stepped, rather than the fre quency dif fer ence gen er ates crawl ing waves, i.e. with

where j  is chang ing.  In this case, each frame of the movie is in de pend ent and Eq. (4) stil l ap -
plies be cause Eq. (4) is de rived for a fixed frame.  Eq. (6) would be mod i fied to be

where Dj  is the phase dif fer ence mea sured be tween the crawl ing waves at x and Dx.
These der i va tions as sume that vi bra tions of sources are con tin u ous and si nu soi dal.  This is

typ i cally the case with ap pli ca tions by me chan i cal sources.  In ap pli ca tions em ploy ing ra di a -
tion forces, the ‘push ing’ beam can only ap ply force unidi rec tion ally, not bidi rec tion ally as
in the case of me chan i cal trans duc ers.  Fur ther more, in most ul tra sound sys tems, it is de sir -
able to only ac quire pulse-echo track ing while the push ing beam is off, due to strong in ter fer -
ence ef fects.  As a re sult, the vi bra tions at each point of the me dium will  be pulse-shaped
rather than si nu soi dal and some pro cess ing of the mea sured data is needed to be able to use
Eq. (4) and (8) for lo cal shear-speed es ti ma tions.  This will be dis cussed in the next sec tion.  

III EX PER I MENTS AND DIS CUS SION

If we as sume that the sys tem shown in fig ure 2 is a lin ear sys tem where the in put is the
elec tric-ex ci ta tion sig nal and the out put is the shear dis place ments, then the sys tem will ide -
ally show both lin ear ity and shift-invariance as 



where f(t) is the ex ci ta tion sig nal for the left-side source, g(t) is the ex ci ta tion sig nal for the
right-side source, F(t) is the dis place ment due to f(t), G(t) is the dis place ment due to g(t), t is
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the de lay and L[•] means the sys tem re sponse.   Phys i cally, the lin ear ity will hold for
small-strain as sump tions; if larger strains were in duced, then the sys tem would be have in a
more hy perelas tic man ner that would be non lin ear.  In this sec tion, we first show ex per i men -
tal proof for Eq. (9) and then use the prop erty to pro cess the data to gen er ate crawl ing waves.

III.1 Ex per i men tal setup

The ex per i men tal setup shown in fig ure 3 is used.  The setup con sists of two sin gle el e ment 
5  MHz fo cused trans duc ers ( Da kota, fo cal depth 2 in, di am e ter 0.75 in) used for ra di a tion-
force ex ci ta tion, one sin gle el e ment 5 MHz scan trans ducer (Da kota, fo cal depth 2in, di am e -
ter 0.375 in) for pulse-echo mea sure ments, con trol sys tem (Na tional In stru ment NI PXI
1033), pulser/re ceiver (JSR DPR 300), dual-chan nel ar bi trary-func tion gen er a tor (Tek -
tronix AFG 3022B), broad band power am pli fier (Elec tron ics & In no va tion A 075) and an
xyz ta ble (Velmex, Uni Slide).  The con trol sys tem has three mod ules: DAQ (Data Ac qui si -
tion, NI PXI 6221), DSO (Dig i tal Os cil lo scope, NI PXI 5112) and AWG(Ar bi trary Wave -
form Gen er a tor, NI PXI 5412).  A match ing cir cuit is built be tween the power-am 
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FIG. 6 Pro cessed re sults of ex per i men tal data. (a) To ex am ine the lat eral pro file, we took a line A at a fixed depth
of 3.75 cm from the sur face.



Three sep a rate ex per i ments are done un der iden ti cal ex per i men tal con di tions: ex cit ing
left side source only, right side source only and both sources si mul ta neously.   

III.2 Ex per i men tal re sults 

The dis place ment of the phan tom is cal cu lated through sev eral pro er 





Spa tial-do main smooth ing can be done ei ther with a two-di men sional me dian fil  ter or with
smooth ing in ax ial and lat eral di rec tions, where the ax ial di rec tion is fil tered first be cause it
is more slowly vary ing than the lat eral pro fil e.   Time-do main smooth ing, on the other hand,
iden ti fies the ex pected rise and fall of a prop a gat ing wave in the form of a mo tion fil ter and
re moves drifts and other ar ti facts.  The re sults are shown in fig ure 6.   Typ i cal dis place ments
are be low 3 mm.  In stead of show ing all the frames, we will fo cus on the lat eral pro fil e at a
fixed depth of 3.75 cm from the top, shown as line A of fig ure 6 (a).  Figures 6 (b) to (e)  show
dis place ment pro fil es due to the left-side source only, right-side source only and both
sources at 5.4, 6.68, 7.96 and 9.56 ms af ter the on set of the ex ci ta tion pulse, re spec tively.  We 
ob serve good cor re spon dence in these graphs de spite some mi nor dis crep an cies.  The match
is more eas ily seen in fig ures 6 (f) to (h), where the im ages of a plane de fined in fig ure 6 (a), a
frame-lat eral di men sion im age with time on the ver ti cal axis, are shown, re spec tively, for
cases of the left-side push only, the



A Logiq 9 (GE) sys tem has been mod i fied to im ple ment the above-men tioned func tion al -
ity. A transrec tal probe ca pa ble of form ing fo cuses at 2.5 cm deep and 18 mm apart is in -
stalled in the sys tem.  De tailed in for ma tion and ex per i ments thereof will  be cov ered in a
sep a rate pa per. 

IV CON CLU SION

Crawl ing waves can be gen er ated us ing acous tic ra di a tion-force ex ci ta tion and im aged
with pulse-echo se quences for anal y sis of the un der ly ing elas tic prop er ties.  How ever, there
are prac ti cal dif fer ences be tween those crawl ing waves pro duced by me chan i cal vi bra tion
sources and those pro duced by ra di a tion-force ex ci ta tion. Me chan i cal sources can be
bidirectional, whereas ra di a tion force sources can only push in the di rec tion of the prop a gat -
ing beam.   The sim plest ap prox i ma tion to a si nu soi dal me chan i cal vi bra tion source would
be a ra di a tion force push that is on for 50% and off for 50% of the cy cle.  How ever, be cause
of the strong in ter fer ence be tween the push ing ex ci ta tion and the track ing pulses, there is a
need to bal ance the tim ing se quence be tween push ing and track ing.  Fur ther more, trans ducer 
heat ing can also limit the time or duty cy cle that can be de voted to the ra di a tion-force ex ci ta -
tion.  Thus, ra di a tion force ex ci ta tions will have a lim ited duty cy cle in the time do main.  If
the beams are highly fo cused, the source of vi bra tion will be highly lo cal ized in the spa tial
do main as well.  Be cause of these fac tors, the in ter fer ence peaks will be shorter in time and
space as com pared to the case of purely si nu soi dal ex ci ta tion.  This, in turn may re quire
higher sam pling rates, spa tially and tem po rally, in or der to ac cu rately track t
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