A fiber optic buckle transducer for measurement of in vitro tendon
strain
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ABSTRACT

The purpose of the present study is to present a prototype of a fiber optic based buckle transducer suitable for measuring
strain caused by stretching of a tendon. The device has an E-shape and its central arm is instrumented with a fiber Bragg
grating (FBG) sensor. The tendon adjusts to the E-form in a fashion that when it is stretched the central arm bends
causing a shift of the Bragg’s wavelength (Ag) that is proportional to the amount of strain. This prototype is presented as
an alternative to conventional strain gauge (SG) buckle transducers.
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1. INTRODUCTION

The study ligament or tendon strain is a main topic in medicine and sports. Ligaments connect bone to bone. They resist
stretch to assure the stability and congruency of a joint or a group of joints. Ligaments act like joint controllers of the
range of motion. Tendons connect muscle to bone transferring to them the force generated during muscle contraction.
Thus, studying the strain and forces acting in these tissues will contribute to understand some of their main functions.
Usually, in situ strain measurement of tendons is measured with strain gauge (SG) based transducers. The buckle
transducer, introduced by Salmons [1], has been the most used. The buckle can present several different shapes, such as a
rectangular or oval form [2-5] or an E-form [6, 7]. Buckle dimensions depend on tissue geometry [8]. Fiber optic sensors
(FOSs) have a more recent history than SG but they seem very promising for biomechanics and biomedical applications
[9, 10]. In particular, fiber Bragg gratings (FBGs) are in good position to substitute or to be used as an alternative to SGs.
Compared to them, they are smaller, easier to implement, minimally invasive, with lower risk of infection, highly
accurate, well correlated, inexpensive and multiplexable [11]. FBG sensors have a linear response to axial strain and
provide direct and absolute measurements [12].

2. MATERIAL AND METHODS

A PMMA E-form buckle transducer was manufactured and instrumented with a FBG with a Bragg wavelength (Ap)
centered at 1541 nm and with a length of 5.0 mm. The FBG was glued to the central arm of the buckle (Figure 1).
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Figurel - Schematic representation of the E-buckle sensor. The FBG was glued to the central arm.
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A fresh bovine tendon sample was used for strain measurements. As can be depicted from the previous figure when the
tendon is stretched it causes the central arm to bend. The bending strain was measured in the compressed side of arm by
a shift of A using an optical spectrum analyzer. To minimize the temperature effect the experiment was performed at
constant temperature (=20°).

A linear translation stage was used to stretch the tendon (Figure 2). One end of the tendon was held fixed with a clamp
and the other clamped to the moving platform of the translation stage. The length of the tendon between the clamps was
90.0 mm (L,). A precision adjustment screw with a micrometer head (resolution of 1 pm) was used generate
displacements of 10 um (step) up to 0.2 mm.
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Figure 2 - Schematic drawing of the setup used to stretch the tendon.

Data from five repetitions was collected and tendon strain (pe) versus the average Bragg wavelength shift (nm) was
plotted for analysis of buckle sensitivity.

Finite element analysis (FEA) was also performed to compare strain distribution in the buckle with strain measured by
the FBG. Both, experimental and finite element models had the same geometry. The finite element model was
constructed with 8 nodes hexahedral linear elements (figure 3). For PMMA a Young modulus of 3.0 GPa and 0.3
Poisson coefficients have been defined. The tendon was modeled as a uniform round corner rectangular section with
dimensions similar to those of the experimental tendon (Smmx1.5mm) (figure 3). A Young modulus of 2GPa and 0.45
Poisson coefficients have been defined for the tendon [13].
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Figure 3 - CAD model of the E-form buckle transducer and tendon.

The boundary condition was an imposed displacement of 0.2mm for the tendon in one side and considering no
translation in buckle transducer in perpendicular direction of tendon imposed displacement. The contact between the
tendon and the buckle was defined as touching with a friction coefficient of 0.01.

3. RESULTS AND DISCUSSION

The results from five repetitions are plotted in figure 4.
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Figure 4 - Wavelength shift (nm) versus tendon strain (pe).

The Agp shift for each displacement step was 0.020 + 0.005 nm (mean + standard deviation). The standard deviation was
one order of magnitude less than the mean value. However as can be observed from the previous figure the error seems
to increase with the applied strain.

In order to calculate the wavelength sensitivity to tendon strain a linear fit was performed (equation 1). The mean
sensitivity obtained was -0.2 pm/pe.

y(nm): ~1.97591x107* x x(,ug) (1

In figure 5 the results of FEA for strain distribution along in the central arm of the buckle are plotted.
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Figure 5 - Axial strain deformation in line

As expected, the maximum value of strain (-822 pe) for an imposed displacement of 0.2 mm was observed at the
junction between the central arm and the stem of the buckle (13.15 mm from the origin of the line of measurement)
(figure 5). For the same imposed displacement of 0.2 mm the average strain measured in the region of the FBG (Smm
length) was -327.60 pe. Using a conversion factor of 1.2 pm/pe a similar value (-365.4 peg) was obtained for the FBG. In
the near future smaller and multiplexed FBGs will be used to better correlate experimental and FEA strain measurements
along the central arm of the buckle.

4. CONCLUSIONS

A fiber optic based buckle transducer suitable for measuring tendon stretch was proposed. Future developments will
include use of multiplexed FBGs, the implementation of new geometries and buckle materials, and sensor optimization
for in situ and ex vivo measurements.
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