14

INJURY BIOMECHANICS RESEARCH
Proceedings of the Thirtieth International Workshop

Material Characterization of Ligaments Using Non-contact
Strain Measurement and Digitization

D. Bosg, P. Sanghavi, J. R. Kerrigan, N. J. Madeley, K. S. Bhalla,
and J. R. Crandall

This paper has not been screened for accuracy nor refereed by any body of scientific peers
and should not be referenced in the open literature.

ABSTRACT

Area and strain measurement pose special problems in experiments designed to characterize the
constitutive response of ligamentous tissue. Contact area measurements tools yield inaccurate
results because the specimen is easily deformed. In this study, a 3D non-contact optical digitizer
that relies on the principle of structured lighting is used to develop geometric models of all the
ligaments of the knee joint, from which accurate calculations of cross-sectional area can be made.
Smilarly, it is important that the strain measurement technique used does not disturb the strain
state of the specimen. Furthermore, full-field strain measurements are necessary because
ligamentous tissue is inhomogeneous and local strain measurements can be misleading. Thus, this
study demonstrates the application of a full-field 3D non-contact strain measurement system that
relies on principles of photogrammetry and pattern recognition to compute the surface strain
distribution on the Medial Collateral Ligament (MCL) of the human knee joint.

INTRODUCTION

esigning experiments for material characterization of knee ligaments poses several problems

and has therefore been a subject of much debate. Two issues, in particular, are the
measurement of specimen cross sectional area for the computation of stress and the measurement
of surface strain. Consider, for instance, the results shown in Figures 1 and 2. In these tests, bone-
ligament-bone (BLB) specimens of knee ligaments were loaded in anatomical distraction at loading
rates ranging from 1/60 mm/sec to 1600 mm/sec. The force-displacement response shows many
characteristics reported in past experimental investigations (Noyes et a., 1974(a), Noyes et
a.,1974(b), Woo et a., 1990, Crowninshield et al., 1974, Schenck et al., 1999) and provide useful
insight into the rate dependent response of the various knee ligament structures. However, in order
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to develop a constitutive model, the stress-strain response of the tissue is required. Thus,

methodologies capable of measuring ligament cross-sectional area and surface strain distribution
are necessary.

Traditional area measurement methods, such as using calipers and projection techniques,
cannot be used because the ligament is easily deformed by contact, and these approximations do
not account for the complex cross-sectional ligament geometry. In this study, an optical non-
contact digitizer is used to build high resolution solid models of the ligament surface from which
cross-sectional geometry and area are easily obtained.

Similarly, conventional strain measurement techniques, such as using extensometers,
disturb the strain state in the ligament and result in point measurements that do not account for the
vastly varying strain distribution resulting from material in-homogeneity. This study addresses
these issues by making full-field measurements using a 3D non-contact strain measurement system.

In the following sections, the non-contact area and strain measurement systems are
described first. This is followed by a review of the literature for ligament strain and area
measurement techniques and an application of the non-contact methods.

300

——1/60 mm/s
160 mm/s

250 = = 1600 mm/s ’

|
.
[]

= = )
o Ul o
o o o
| | |
-~
-
.

Ligament Load (N)

a
o
I

Actuator Displacement (mm)
Figure 1: Force-displacement response of the LCL of the human knee joint at varying strain rates
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Figure 2: Force-displacement response for the LCL, antero-lateral bundle of the PCL (aPCL), postero-lateral
bundle of the ACL (pACL) (left) and MCL (right) at quasi-static loading (1/60 mm/sec)
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NON-CONTACT DIGITIZATION AND STRAIN MEASUREMENT

In this study, non contact optical methods have been used for ligament area and strain
measurement. A three dimensional non-contact surface digitization system (ATOS™: Advanced
TOpometric Sensor) was used to digitize the ligament surface and obtain cross-sectional geometry.
The principle of structured lighting is used to obtain explicit information about the object. The
system has been widely used for digitization of non-biological objects for use in CAD and rapid
prototyping (Capture 3d, 2002).

A 3D measurement volume is first calibrated using calibration templates. Then a series of
phase shifted fringe patterns are projected on the ligament and imaged using two CCD (Charged
Coupled Devices) cameras to yield spatial coordinates of the surface. The specimen is then rotated
and imaged again. Reference markers on the ligaments are used to ensure overlap between
successive measurements. The schematic of the set-up is shown in Figure 3. The system yields
detailed point cloud data, which can be processed to develop a solid model of the ligament. The
measurement volume of the system ranges from 45 X 36 X 20 mm®to 200 X 160 X 150 mm®. The
resolution of point spacing in the digitized model ranges from 0.03 mm to 0.15 mm.
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Figure 3; Schematic showing the non contact digitization system, consisting of 2 CCD cameras, a projection
unit and a computer for data acquisition

For strain measurement, a 3D photogrammetric device (ARAMIS™) was used for non-
contact surface strain measurement (Tyson et a., 2002). A random speckle pattern is painted on the
surface of the ligament. The ligament is sequentially imaged with increasing strain by two CCD
cameras and pattern recognition is used to track the speckle pattern (facets) from image to image.
3D photogrammetry is used to calculate the displacement field from facet deformation, which is
differentiated to obtain the surface strain field. The set-up for strain measurement is similar to the
digitization system shown in Figure 3, except there is no need for a projection unit. The system is
capable of using cameras with different lenses (17mm, 23mm and 50mm) which permit
measurement volumes ranging from 10 X 8 X 4 mm?® to 350 X 280 X 140 mm. In the experiments
described here, 2 100mm X 80mm X 80mm measurement volume (50 mm camera lens), was used.
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The CCD cameras used have a resolution of 768 X 572 pixels, and the frame grabber is suited for
static tests only. Strains of at least 0.5% need to be generated in order to get accurate strain

AREA MEASUREMENT OF KNEE LIGAMENT BUNDLES

Traditional measurement tools, such as calipers, cannot be used to make accurate width
measurements on ligaments since they deform the tissue, underestimate the dimensions and yield
inconsistent results (Lee et a., 1988, Allard et al, 1979). This problem is partially solved by the use
of pressure-limited micrometers, which makes the measurements repeatable. However, in order to
make these measurements comparable across several studies, it is important that researchers
standardize the contact pressure (Butler et a., 1985).

Ideally, the area measurement technique should not disturb the surface of the specimen.
Non-contact projection methods, such as laser micrometers, provide such a procedure. Repeated
measurements using laser micrometers have been used to estimate cross sectional area and shape
(Lee et d., 1988, laconis et al., 1987). While such measurements take considerably longer time
than other methods, they provide significantly improved accuracy. However, since projection
methods rely on a series of width measurements to approximate area, they do not account for
surface concavity. Digitizing the surface of the ligament using non-contact techniques, as described
in this paper, accounts for these drawbacks.

The non-contact optical digitizer, described in the previous section, was used for area
measurement of the collateral and cruciate human knee ligament bundles. The knee specimens used
for testing were obtained from human cadavers donated by the individual pre-death, or post-
mortem by consent from next-of-kin, in accordance with the University of Virginia, Center for
Applied Biomechanics and the State of Virginia Anatomical Board requirements. Bone-ligament-
bone (BLB) complexes of the MCL, LCL, ACL and PCL for cadaveric knees were prepared by an
orthopedic surgeon. These were potted using a polyester fiberglass resin, BONDO™, preserving
the relative alignment and angle of the ligament insertions allowing forces to be applied along the
anatomical axis of each ligament. Since, the cruciate ligaments have wide insertion sites, the ACL
was divided into its functional antero-medial (aACL) and postero-lateral (pACL) bundles and the
PCL was divided into antero-lateral (aPCL) and postero-medial bundles (pPCL). Specimens were
kept moist using a physiological saline solution. Figure 4 shows a potted specimen kept in a saline
bath.

Figure 4: MCL specimen potted at both bone ends kept in saline solution

One end of the prepared specimen was rigidly attached to the actuator of a biaxial servo-
hydraulic test machine (Instron Model 8874), while the other end was attached to the base through
a rotary bearing. This permitted the BLB specimen to be rotated about its anatomical axis for
digitization. The cruciate ligaments were digitized once as whole (ACL, PCL) and then after
separating into bundles (aACL, pACL, aPCL, pPCL).
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Figure 5 shows a ligament mounted on the test machine. A metal ring was placed around
the ligament to which reference markers were attached. Stray lighting was minimized and shiny
metallic parts in the fixtures were covered with dull brown paper to minimize reflections. The
reflective characteristics of the specimen surface itself determine the quality of the measurement
and data points collected by the system. Idedly the surface should have a dry, dull and grey
appearance. However, since it is important to keep the ligament surface wet with saline solution,
water droplets present on the surface result in reflective surface and minimal local data loss, which
can be accounted for by using averaging methods.
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Figure 5: Actual and schematic set up for digitization of an LCL specimen mounted on the testing machine

Theinitial data that is obtained from the system is a cloud of data points defined in a global
coordinate system. From this a polygonized model consisting of triangular facets is constructed.
This surface model can be exported to STL format and read by many CAD software packages and
be used for finite element meshing or other computational modeling. Figure 6 shows the flat
shaded models for the four major ligaments. The polygonized model was sliced (Figure 7) along
the anatomical axis to compute cross sectiona areafor stress calculation.

Next, Green's theorem was used for computing the area enclosed by the curve using the
coordinate values of each point. For aseries of points describing a closed curve, areais given by

12
Area=§a (X, Vi - Xi+1yi)-
i=1

where x and y are the co-ordinates of each vertex of the polygon counted in a
counterclockwise way by the index i. Thus, the area of the cross section, computed as shown, can
be used for converting measured force values to stress.
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Figure 6: Digitized models of four major knee ligaments
(Subject specifications: Age 70yrs, height 510", weight 171lbs)

Figure 7: The digitized model (left) is dliced to obtain cross-sections (right) that are parallel to the axis of the

ligament

LIGAMENT SURFACE STRAIN MEASUREMENT

The simplest way to measure global strain is to compute it based on the displacement of
the machine crosshead. However, this can lead to inaccurate results due to slack in the loading
system, clamp compliance and slippage of ligamentsin the clamps (Butler et a., 1984). In addition,
usually BLB specimens are used in ligament testing and the cross-head displacement measured
includes the deformation of bone. Some of these problems are avoided by digitizing the ligament
insertions sites using Roentgen graphic techniques: instrumental spatial linkage (Hollis et al., 1991)
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or caipers (Wang et al., 1973). However, assigning a single averaged value of strain in the
ligament ignores the inhomogeneous strain distributions that develop across the surface of the
ligament. Local strain measurements using traditional strain gages and extensometers are not
accurate because they can affect the strain field due to the relatively low stiffness of ligamentous
tissue. However, accurate measurements have been obtained by using liquid metal strain gauges
(Bach et al., 1997, Kennedy et a., 1977, Edwards et al., 1970), Hall-effect strain transducers (Arms
et a., 1983, Arms et a., 1984, Renstrom et al, 1986, Wang et a., 1973) and differentia variable
reluctance transducers (DVRT) (Yamamoto et a., 1998). However, these methods only provide
strain measurements at a limited number of points and do not measure the full field surface strain
distribution.

Most of the problems addressed above can be avoided by using non-contact strain
measurement techniques. The video dimensional analyzer was originally described by Yin et a.
(1972) and used by Woo et al. (1982), for measurement of ligament strain. This method uses a
video image of the specimen and tracks reference lines drawn on the ligament surface. Mation
analysis studies have been done on such video recording of testing using small contrast markers
(Weiss et al., 1992). Two dimensional motion analysis has been extended to three dimensional
strain measurements using Direct Linear transformation from multiple two dimensional views
(Shapiro et a., 1978). Other optica methods have included experiments based on photo-elasticity;
the results of which were compared with DVRT measurements, and found to produce valid and
accurate data of the strain distribution in ligaments (Y amamoto et al., 1998).

In this study, the non-contact strain measurement system described earlier was used for
evaluating surface strain distribution in knee ligaments under tensile loading. BLB specimens were
prepared for testing. A random speckle pattern with good contrast was spray-painted with an
acetone based black industrial coating (RUST-OLEUM™) on to the ligament specimen. Figure 8
shows the prepared specimen mounted on the testing machine.
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Figure 8: Actual and schematic set-up for strain measurement of a MCL specimen mounted on the test
system
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Figure 9: Measurement area of the MCL specimen used for non contact strain measurement

Once the specimen was mounted on the machine, quasi-static loading steps were applied
and images were acquired by the system at each step. Figure 9 shows aloaded MCL ligament. As
the ligament is stretched, folds separate and unsprayed surfaces of ligament are exposed. These
folds represent discontinuities in the displacement field across where strain cannot be cal cul ated.

Figure 10 shows the vertical strain map (s,y, wherey is the vertical direction) for the MCL
specimen shown in Figure 9, along with the photograph of the failed specimen on the left. As can
be seen from the photograph, the ligament failed at the mid substance where the strain map shows a
high strain value (also indicated in the figure). The top end of the strain map, the femoral insertion,
also shows a high strain value. This agrees with Butler et al., (1985) who reported similar trends of
smaller mid-region strains than at the attachment site. Parts of the specimen which were not |oaded
along with the ligament, like the bone meniscus (shown in the figure) showed corresponding low
strain values in the map.

There are other various reasons for the widely varying strains observed on the surface of
the ligament. Material in-homogeneity results in some parts of the ligaments (such as attachment
sites), being much softer than others. Furthermore, the MCL has a large insertion site with
distributed attachments leading to a varying strain field. It is aso important to note that these
strains are measured on the visible surface of the ligament. Thus, patches of partially attached soft
tissue on the ligament surface may not strain with the ligament resulting in misleading strain
results.

Figure 11 shows the vertical displacement field in the ligament. Since during the
experiment the lower end of the BLB specimen is fixed and the top end moves with the actuator, an
increasing displacement gradient is observed in the upward direction.

Figure 12 (left) shows the vertical displacement values of a horizontal line positioned at
the mid free length of the ligament. The variation in displacement along the width (31.8%) is
attributed to material inhomogeneity as described before. On the right figure, the vertica
displacement along the length of the ligament is shown, showing similar variation as seen in figure
11.
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Figure 10: Actua image of the ligament at failure and the corresponding vertical strain (s,,) map for MCL.
Marked region shows high strain value where the specimen failed eventually
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Figure 11: Vertical displacement map for the MCL specimen
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Figure 12: (Left) Variation of vertical displacement along the width of the ligament (at mid substance),
(Right) variation of vertical displacement along the length of the ligament (along the center)

DISCUSSION

Material characterization of biological tissue poses many challenges for experimentalists.
Among these, accurate measurements of the dimensions of the sample tested, and accurate
characterization of the induced strain, are perhaps the most important. For cross-sectional area
measurements, researchers have devised many novel techniques, yet the accuracy of these methods
cannot be quantified without knowledge of the correct cross sectional geometry.

In this study, high resolution geometric models of the knee ligaments are built with the
help of data collected from a non-contact optical digitizer. Contours obtained by dlicing these
models accurately describe the cross-sectional geometry and permit precise computations of cross
sectional area. However, there are severa limitations of such a measurement system. While it is
clear that hidden surfaces cannot be digitized, it should also be noted that only parts of the
specimen that are simultaneoudly in the field of view of both cameras can be digitized.
Furthermore, the specimen needs to be rotated about its axis so that all sides are imaged. These
requirements impose several constraints on the design of fixtures for the experiments. In addition,
such measurements are more expensive and time consuming than traditional methods, such as
calipers and area micrometers, and thus may not be practical for many experimental studies of
ligament behavior. However, since cross-sectional contours obtained from ligament digitization
represent the true cross sectional geometry, they can be used as a standard against which the
accuracy of other area measurement techniques can be validated.

As with area measurement techniques, it is important that the strain measurement sensor
not disturb the loading environment in the tissue. Thus, non-contact techniques are essential for
accurate strain measurements. In addition, ligaments are in-homogenous materials and thus full-
field strain measurements are necessary. In the current study, a 3D non-contact strain measurement
system is used to map the strain and displacement field on an MCL. While the system provides the
ability to characterize the entire strain field, the application to biological tissue creates problems.
The gpatial resolution of the measurement is limited because it can be difficult to deposit a fine
pattern on a wet tissue sample. Thus, while the methodology works well for wide ligaments, such
as the MCL, it is difficult to deposit enough speckles along the width of the narrower, rope-like
ligaments, such as the LCL, to caculate a strain distribution. However, for such ligaments,
longitudinal strains are more important and these are easily computed from a one-dimensional
strain analysis of the sprayed speckle patterns.
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DISCUSSION

PAPER: Material Characterization of Ligaments Using Non-contact
Strain Measurement and Digitization

PRESENTER: Kavi Bhalla, University of Virginia

QUESTION: John Garner, Maclnnis Engineering
One thing on the ligament strain testing | wanted to ask is if you did any measurement of an
initial strain distribution?

ANSWER: Do you mean the strain change from the in-vivo state to the relaxed unloaded state?

Q: Yeah, because there is a lot of strain present in a relaxed knee, and it's a very non-uniform
strain. Soif you start out with an assumption that it's zero everywhere—

A: We haven't measured in-vivo strain. But that’s a very interesting question and | would be
very interested in actually doing that. Thank you.

Q: Guy Nusholtz, Daimler/Chrysler
How are you getting the stress state across the surface? | understand you're making area
measurements and you’ re getting force, but you don’'t know what stressis on which filament.

A:  We'renot. We don't know what the stress is at each point. All I’'m trying to do to convert
the force measurement and do a stress measurement at a certain cross section.

Q: So,it'san average stress.

A: Yes, It'san average stress.

Q: Okay. Soyou ve got the strain map, but you don’t have the full stress map.

A: Right.

Q: Okay. Thank you.

Q: Dave Meaney from U. Penn
| thought it was an interesting paper. | had two quick questions. First relates to noise in the
measurement technique, and | assume that the contour images that you had are principle
strains that were cal culated?

A: Those were strains along the longitudinal axis.

Q: Oh, longitudinal axis. Okay. With the speckle pattern and the spacing between individua
speckles, isthere arecommended distance above which you used to calculate?

A: Thereis a recommended distance, but that is related with the resolution of the cameras that
we're using. Our system used images consisting of 640 x 480 pixels, subdivided into facets
consisting of a collection of pixels. Each facet needs to have at least enough pixelsto discern a
pattern. So yes, there is a scaling that goes with it. If you had a very high-resolution camera,
we could, theoreticaly, apply a very fine speckle pattern and accurately measure local strain
distributions.

Q: Okay. And then, the second question is the out-of-plane displacement? Do you have plans on
possibly taking that into account in your analysis?
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A: We do measure out-of plane displacement of the surface and we do see significant out-of-
plane movement. But | don't know what to tell you about how to account for it in strain
analysis at this point in time. But yes, we do measure it.

Okay.
A: Thank you.

Q
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