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Abstract. Soft tissues of the body are composite, typically being made
up of collagen and elastin fibers with high water contents. The strain
measurement in soft tissues has proven to be a difficult task. The
digital speckle method, combined with the image processing tech-
nique, has many advantages such as full field, noncontact, and real
time. We focus on the use of an improved digital speckle correlation
method (DSCM) and time-sequence electric speckle pattern interfer-
ometry (TSESPI) to noninvasively obtain continual strain measure-
ments on cartilage and vessel tissues. Monoaxial tensile experiments
are well designed and performed under constant temperature and the
necessary humidity with smart sensors. Mechanical behaviors such as
the tensile modulus and Poisson ratio of specimens are extracted

based on the deformation information. A comparison of the advan-
tages and the disadvantages of these techniques as well as some prob-
lems concerning strain measurements in soft tissues are also dis-
cussed. © 2005 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction maintained to keep the specimen to be held stationary and

Due to the complexity of biological systems as well as the €nable plane imaging to satisfy the plane-strain state.
lack of knowledge about biomaterials, the experimental The obvious advantages of the digital speckle correlation

approach to obtaining biomechanical behaviors of soft tissues Method (DSCM), such as the applications of direct surface
is essentiat=3 Until now, many different techniques have texture, the variable measuring sensitivity, and the autoremov-

been proposet:’ To avoid interfering with the strain to be able rigid-body movement, provide its suitability in the strain
measured, most optical methods such as x #dyghoto- measurement of a biological sample. Based on this technique,
graphy®! video dimension analysi;*® and holographt? speckle patterns can be obtained under white light illumina-
have aimed at being noncontact and noninvasive in the straintion, and the heavy dependence on the test environment is
measurement of soft tissues. However. few of them can be then reduced. Compared to DSCM, traditional electronic
employed for measuring the displacement and the strain in speckle pqttern interferomet(zSP) extracts t.he deformation
both a full field and real time, with none of the techniques through fringe patterns generated by laser interference. It can
being widely acceptetf. In addition, to thein vitro experi- prov_lde complete spa_t|al |nfo_rmat|on with the possibility of
ment itself, the following factors can be significant, including Contiguous temporal information, and such data are absolute
the preparation and storage of the speciriédtemperature and do not require any form of calibration since the fringe
and humidity!*1°and the experiment setdpThe strain mea- spacing is a function of the defined and stable laser wave-
surement of living tissues has been proven to be difficult.  €ngth. Nevertheless, the high cost of computation by DSCM

Digital speckle methods, unlike many optical methods that IS still a problem, and the |_nt_erpretat|on of fringe patterns in
aim at the strain measurement only based on marked points of=SP! has proved to be a difficult and arduous task. All these
dye lines, can be used to determine the deformation with a full disadvantages bring difficulties for realizing the real-time
field. However, when using speckle techniques, additional Meéasurement.

problems posed by the deformation of specimen are notewor- 1€ purpose of this paper is to report the applications of
thy. First, the large displacement with internal strains may WO speckle methods in the noninvasive and real-time strain

lead to speckle decorrelation or poor tracking. Second, the mea_lsurements_for extracting_the full field and dynamic defor-
tracking of full-field displacements greatly depends on the Mation of soft tissues. Experiments are performed under qua-
quality of speckle patterns on the surface of soft tissues underSStatic loading to maintain the static deformation. Smart sen-

either white light or a laser. Third, static deformation must be SOrS and antivibration tables are used to improve the
sensitivity and reduce the negative impact on the accuracy by

Address all correspondence to Dr. Jun Zhang, Tsinghua University, Department

of Engineering Mechanics, 100084, Beijing, China. 1083-3668/2005/$22.00 © 2005 SPIE

Journal of Biomedical Optics 034021-1 May/June 2005 = Vol. 10(3)



Zhang et al.: Strain and mechanical behavior measurements . . .

vibration and air turbulence. Speckle size is controlled to based DSCM technigdeand the TSESPI method are intro-
some extent by varying the aperture of the observing system.duced in Secs. 2.1 and 2.2 for strain measurements of carti-
Based on a series of instantaneous speckle patterns capturethge tissugSec. 3.1 and vessel tissugsec. 3.2, respectively.

in sequence, an improved gradient-based DSCM is introducedStrains are derived from displacement functions.

in cartilage measurement to obtain strains of every state by
simply calculating the relative displacement between two suc- .
cessive states without the “pixel-level” tracking and the “ab- 2-1  CF adient-Based DSCM

solute displacement” solving. The detection speed is in- The basic principle of DSCM is to match two speckle patterns
creased sufficiently and the poor tracking for large before and after deformation. The displacement relationship is
displacement is therefore avoided. In addition, a time- assumed as following:

sequence ESRTSESP) technique with the phase unwrapped

only in the time domain is used in the vessel tissue measure- r*=r+D(r)+d(r), (1)
ment, which is capable of quantitatively measuring continual
deformation simply utilizing a conventional ESPI system
without pha}se shifting or a carrier. Based on an automated target imageg(r*), andd(r) are the corresponding subpixel
computer-aided specklegram system, the relatively low COStSdispIacements.

of the two methqu enabled the strain measurement to become The speckle pattern is characterized by a random intensity
an automatic, high-speed, and real-time process.

where D(r) is the integer-pixel displacement vector fram
=(x,y)" in the initial imagef(r) to r*=(x*,y*)T of the

distribution that may be described by statistical means. Defin-
ing IT as the cross-correlation functional with the first-order
2 Method Taylor expansions af(r*) after neglecting high-order terms,
Theories of DSCM and ESPI have been well developed and and settingD(r) to be zero in the subpixel registration, we
are widely used in many studiés.?%In this paper, a gradient-  have

_ (S cs{(F(N—=1){[g(r)+Vg(r)-d]-[g+Vg(r)-d]}})?

11(d) -~ — s @
Zreslf(N =117 2, cs{lg(r)+Vg(r)-d]-[g+Vg(r)-d]}
|
where
A=22 (F:Gy): 2, (G-Gy)= 2 (G Gy)
g(r*)=glr+D(r)]+Vg[r+D(r)]-d, < < <
T 2, (F-G)-2 (G:Gy- 2 (F-Gy, (7)
— i — ii reS reS reS
ar ax ay)’
andsS is the givenM X N subset centered at pixgj. _ _
To the real subpixel displacements the similarity be- An= 223 (F'Gy)'gs (G-Go Es (Gx-Gy)
tween f(r) and g(r*) in the subset region will reach the
maximum, that is, E (F~G)—Z (G'Gy)'E (F-G,), )
reS reS reS
oIl
Aj= F-Gy)- G-G,)— G,)?% F-G),
The solution of Eq(3) can be obtained by 2 gs (F-Gy) gs ( ) gs (Gy) gs (F-G)
€)
d=A"1C, (4)
whered is the displacement of the subset center, ArehdC Ci= E (G-Gy)- z (F-G)— Z (F-G,)- E (G)2
are the constant coefficient matrixes given by res * TS res s '
(10)
A A C
:{Au A12 and Cz[cl, (5)
wit
(11
An=2 (F-Gy)- > (G-G)— > (G2 D (F-G), where_F(r)zf(r_).—f; G(r)=9(r)—g; Gu(r)=0gx(r)—9x
res res res res Gy(r)=gy(r)—g,; andf, g, gy, andg,, are the ensemble
(6) average.
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Fig. 1 Specimen dimension between clamps.

Based on the displacement field, the strain figld) can Loadseasor  Specimen
be determined by

Load recorder Container with physiological saline Electric motor

E(r)=V[D(r)+d(r)], (12)
whereE(r) is a matrix vector and defined as

Fig. 3 Schematic of the deformation measurement system for DSCM.

E(r) aulax  duldy

r= . 7 (X,Y,t) — lo(X,

( dulox  dvlay ¢’(X:y,tk):amco% A k=1,23,..1,
Im(X,y)

2.2 Time-Sequence ESPI (16)

For the in-plane displacement measurement, two parallel laserwhere
beams illuminate the measuring object symmetrically. In the N
tiny time intervalsAt during the continuous loading period, E 1" (x, y, ty)
the changes of the amplitudes of two beams are quite slow!o <o
compared with the phase functiap(x,y,t), therefore, the
effect of time factor can be omitted. After the object de- andl.(xy) is the maximum intensity value of thgx,y)
formed, the interfering intensity’ can be rewritten as position of all thel ' (x,y,t) with k=0,1,2,...n.

The real phaseb(x,y,t,) can then be obtained by unwrap-

'(X,Y,t)=1o(X,¥) + I m(X,y)COSP(X,Y,1), (13) ping the theoretical phase vaffiep’ (x,y,t,) and the strain

can be obtained by

v Im(6Y) = ha%Y) = o(X.Y),

wherel, andl,, are the average intensity and the modulation
factor of the temporal speckle interference pattern, respec-

I
tively; and ¢(x,y,t) is the time-dependent phase function and d=——+—A¢ andE(r)=[ad/ox adlay]",
defined as 4msing
(17)
d(X,Y,1)=P1(X,Y,t) — Po(X,V,1). (14 whered is the in-plane displacemend,is the angle between

the illuminating and view directions\ is the laser wave-

With the series temporal speckle patterns captured by length, andE(r) is the corresponding strain distribution.

CCD, the phase maps can be unwrapped in time domain
through scanning the intensity fluctuations of interference pat-
terns and calculating both the average intensity and the modu- .
lation. For simplicity, the results are given as follows: 3 Experiment
3.1 Monoaxial Tensile Experiment of Cartilage Tissue
1"(X,Y,tg) — lo(X,y) Using DSCM

[ m(X,Y) ' (1) The articular cartilage was obtained from an intravital por-
cine, removed from adherent muscle tissues and cut from a
near planar part into a rectangular test piéEey. 1). The
specimen was sprayed with very minute water-insoluble black
paint on its surfacé€Fig. 2), put into a container with physi-
ological (0.9% saline solution to maintain the necessary hu-
midity, and then attached to a motor-driven monoaxis loading
instrument(Fig. 3). To fix the specimen firmly, the clamping
chucks were designed to be adjustable through bolting, and
two pieces of raw emery papers were padded between the
specimen and the chucks to reduce the direct damage to the
specimen by metal as low as possible. The monoaxial tensile
experiment was performed quasistatically at room tempera-
ture (18°C) with the loading speed of 0.04 mm/15 s. Finally,
speckle patterns were captured by a CCD under white light
Fig. 2 Specimen surface with speckle pattern. and digitized by a frame grabber with the resolution of 59.56

gb(x,y,to):arcco%
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tudinal stress, and (d) tensile modulus relative to longitudinal strain,

The results of longitudinal strain, lateral strain, Poisson
ratio, longitudinal stress, and tensile modulus are presented in
Fig. 4. Generally, the strain-stress plot shows linear relation-
ship, which reflects the fact that the deformation of the speci-

displacement between two successive states is almost subimen is elastic. The values of Poisson ratios fall in the 0.3 to
pixel magnitude and can be determined by the gradient-based0.4 range and partly in the range of 0.36 to 0.5 mentioned in
method directly without integer-pixel tracking. Moreover, some connective worl3!Compared with the tensile modu-

with the series of speckle patterns, only the relative strain of lus, we obtained ranges from 12.3 to 14.85 MPa. A simple

thei'th speckle pattern to th@ — 1)’'th speckle pattern must
be determined by Eq(l2). The absolute strain of thiéth

summary of the tensile moduli of cartilaginous tisstie¥ is
given in Table 1, which shows a different range of the tensile

speckle pattern is deduced based on the known relative straindata distribution for each cartilage type.

by

Eizfi_1+ej(l+6i_1) i:1,2,...n, (18)

where € represents the absolute strain witdg=0, and e
means the relative strain.

3.2 Monoaxial Tensile Experiment of Vessel Tissue
Using TSESPI

The inferior vena cava of a rabbit was preserved in the physi-
ological (0.9% saline solution after being extracted and used

Two mechanical parameters, Poisson ratio and tensile@s the specimen in the monoaxial tensile experiment. The

modulus, are extracted by the following equations

P
I €ix
relative to thei'th speckle patterny; andE; are the Poisson
ratio and the tensile modulus;, ande;, are the longitudinal
strain(parallel to the tensile directigrand lateral strairinor-
mal to the tensile directionando; is the longitudinal stress.

i
and E=—, (19

IX

Journal of Biomedical Optics 034021

same loading instrument was used to attach the specimen after
the container was removed. Soft emery papers were also pad-
ded into surfaces between the specimen and the grips to re-
duce the direct damage.

Note that it is very difficult to obtain the total precise di-
mensions for some soft tissues such as blood vessels, nerves,
and tendonén vivo. It remains difficult to determine the origi-
nal state the same &s vivo of such soft tissues and to mea-
sure the 3-D dimensions, especially the thickness, during

4 May/June 2005 * Vol. 10(3)
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Table 1 Tensile moduli of cartilaginous tissues.

Tissue Modulus Refs.
Bovine articular cartilage 2-2.6MPa Woo et al.3?
Human articular cartilage 1-20 MPa Akizuki et al 3 Fig. 6 Specimen surface with speckles under laser interference.

Human articular cartilage  0.68-12.49 MPa Huang et al.34

Canine articular cartilage 26 MPa Narmoneva et al.3 tical inspection to be combined with equipment to try and
overcome some traditional problems in the strain measure-

Porcine articular cartilage  18.0-19.5 MPa Chae et al % ment of soft tissues. For speckle metrology, high data densi-

Articular cartilages 1-43 MPa Mow and Ratcliffe?” ties become available due to the possibility of generating very

small scale speckles through manmade or laser interference,
which make it possible to obtain the speckle patterns with a
) ) ) _ . very high spatial resolution. Moreover, the rapid development
vitro experiments. In this study, we assumed that the original of computer techniques has made it much easier to transfer
zero-strain condition for the vessel was the condition when e quantitative information into the computer memory when
the force recorded by the smart sensor changed from zero.gpeckle patterns are observed with standard CCD cameras.
The thickness was the mean value measured in different po-pjrect optical data capture, input, and analysis open the way
sitions when the specimen was dissected along the longitudi-y, the storage of a large amount of experimental information
nal direction after the experiment. The corresponding trans- 54 further make real-time measurement possible.
verse section was supposed to be an annulus sifages). The DSCM technique has quickly developed during the
The surface of the vessel was wetted with physiological |ast decade. Utilizing features of its easy test setup and low
saline solution in the time prior to subsequent experiments. genendence on the environment, it is convenient to combine it
During loading, 5000 frames of the speckle patte(fig. 6 with a microscope or a scanning electron microscope for the
were captured by a CCD with a speed of 25 frames/s and thenyicrg-object operation even in nanometer-scale measurement,
digitized by a frame grabber with a resolution of 35.54_p|xels/ which can greatly improve the accuracy of measurement, to
mm. On the other hand, the load recorder was placed in a darksome extent on the basis of the very high resolution of speckle
box and illuminated by a spotlight, and a total of 13 frames of atterns. The gradient-based algorithm for DSCM in this pa-
the load readings were captured and digitized by another setper with which only the first-order partial derivatives of the
of CCD and frame grabber with a speed of 1 frame per 15 s. given functional are required to be calculated in a subset re-
The two data acquisition systems work synchronistically. A gion, is more suitable for subpixel registration measurement
very smart sensor with the sensitivity b was introduced in ith a sensitivity higher than 0.01 pixel, and the computa-
the tensile experiment. Finally, the strain filed was obtained tona| cost is far less than interpolation or differential iteration
by Eqg.(17) with A=560 nm andf=0.6608 rad. A schematic  methods. Moreover, for the quasistatic deformation measure-
of the deformation measurement system for TSESP!1 is shownyent, the final deformation can be obtained based on the su-
in Fig. 7. _ perposition of tiny deformations of successive states by this
Figure 8 shows the results for stress versus strain andiechnique instead of being calculated directly; therefore, the
modulus versus force of the vessel. During the linear and gecorrelation caused by large deformations is avoided. Com-

elastic deformation of the specimen, the tensile moduli range pared to DSCM, the interferometric technique ESPI has strin-
from 4.8 to 5.9 MPa, which is higher than that of 1 MPa

(Riley et al®®) and 2.4 MPgStein et af®) in vascular tissues

measurements. Smart

Load apparatus (sensur Load CCD

Electric motor
5 recorder camera

4 Discussion and Conclusion
Digital speckle methods, such as the white light speckle

method and the laser interference speckle method described in
this work, were used to enable the special advantages of op-

Specimen

....................................................

0.42 mm 34.30 mm
o) Computer with Laser Computer with
frame grabber frame grabber
Fig. 5 Specimen dimensions between clamps. Fig. 7 Schematic of the deformation measurement system for TSESPI.
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Fig. 8 Relationship curves for (a) stress versus strain and (b) tensile modulus versus tensile force.

gent requirements for system stability. The measuring range ismation for the design criteria and validation of tissue engi-
fixed on the laser wavelength levélising a HeNe laser, neering attempts.
A=0.6328 um). The extended TSESPI technique, which is There is no doubt that many problems remain to be solved
actually a kind of “time-carrier” technique where the carrier in this work on the strain measurement of soft tissues using
can be introduced by the consecutive object deformation in- speckle techniques. First, the effect of paints or dyes on the
stead of changing the angle between the object beam and themechanical properties of the tissues has not been assessed,
reference beam. It can be used to evaluate the phase maglthough it is normally necessary to mark the specimens in
directly and further determine the continual deformations some way when using an optical method to monitor move-
based on a temporal series of speckle patterns without phasenent. Second, since standard mechanical extensometers or
shifting or tedious fringe analysis. When using this technique, clamps usually have sharp spring-loaded knife edges to grip
a high-speed digital camera is recommended and enoughthe specimen and may typically slice soft tissues, the clamp-
frames of speckle patterns must be grabbed to ensure obtaining chucks we utilized were designed as of a bolt-loaded and
ing enough information for the temporal unwrapping. In ad- rough rectangular interface holder. Nevertheless, clamping ar-
dition, the total displacement measured by TSESPI is much tifacts will still damage tissues and induce high strains in the
greater than that obtained using conventional ESPI with the grip zones during loading. Although only the midsubstance
same testing system, and a displacement as small as half of atrains were measured for the derivation of meaningful me-
wavelength of the laser beam can also be resolved. chanical properties, the necessity of lessening the disadvan-
Employing the DSCM and TSESPI techniques, we ex- tages caused by the local distortion of the test piece was re-
tracted the mechanical behaviofBoisson ratio and tensile inforced. In addition, the experiments revealed the
modulug of typical tissues based on noninvasive strain mea- fundamental difficulty of defining zero strain in such pre-
surements. In the monoaxial tensile experiments for the carti- stressed and viscoelastic tissues; different definitions will lead
lage tissue deformation ranging from 0 to 15%, values of the to different results for the strain measurement. How to avoid
average error were found to be 0.052 to 2.5% of obtained strains to be measured relative to an arbitrarily defined zero
strains. The corresponding parameters of mechanical behav-strain for tissue becomes more and more important, which has
iors are extracted based on the strain information, where thenot been of great concern to dateiimvitro measurements.
Poisson ratios are in the range of 0.3 to02434%, and the Until now, most of the experiments on living tissues are
tensile moduli fall are from 12.3 to 14.85.88% MPa. On performedin vitro due to the lack of reliable noninvasive
the other hand, based on the strains ranging from 0 to 0.017techniques for a diredin vivo strain measurement. For the
with the average errors from 2.8 to 6.7% for the vessel mea- two speckle methods themselves, however, there is no limita-
surement, the obtained tensile moduli fall are 4.8 to 5.9 MPa tion to in vivo measurement. Under certain conditions, the
+3.5 to 6.3%. Overall, zero strain definition, local distortion fiber technique combined with DSCM may be a better choice
of specimens, and random noises can be considered to be théor in vivo testing. The correlation operation of the speckle
major contributions to the measurement errors, while the sys-images extracted by optical fibers at different times or under
tem errors generated by the heavy dependence on the system'different conditions may make it possible to obtain more ac-
stability in ESPI is one of the main reasons for the higher curate and useful information, which shows promise in future
error. Nevertheless, the majority of measured values with er- in vivo measurement. A relative experiment is in progress.
rors less than 5% can reasonably be acceptable. In addition,
since cartilaginous and vascular tissues always show instanta-
neous mechanical behaviors during testing due to their vis- ACknowledgments
coelastic nature and different cell types and test portions, it is The authors would like to acknowledge the National Natural
difficult to make a direct comparison with some results in the Science Foundation of ChindSFQ Grant No. 19972033
literature. However, these tensile findings suggest the similari- and the Tsinghua University Fund Grant No. GC 2001031 for
ties and differences between species and provide more infor-this research work.
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