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Abstract

Synthetic implants, allografts and xenografts are used for repair 
and replacement of tissues in numerous surgical applications each 
year. A number of the grafts used as hernia replacements or for 
repair of other tissues require revision surgery due to modulus 
mismatches that occur at the implant-tissue interface. A variety of 
tests have been used to elucidate mechanical properties of tissues 
and implants that are not applicable to in vivo evaluations.

We have reported the use of vibrational optical coherence 
tomography (OCT) to image and measure the mechanical properties 
of both natural and synthetic polymers. In this paper we discuss use 
of this technique to match moduli of host tissues and implants. While 
skin and other soft tissues have moduli of between 0.5 and 5.2 MPa 
under physiologic conditions, polymers have moduli between 56.5 
MPa and 2000 MPa and metals have moduli up to 250,000 MPa. 
Use of vibrational OCT to image and determine the moduli of both 
host tissues and implants will lead to limiting modulus mismatches 
that contribute to implant failure. In addition, use of this technique 
will minimize the need to sacrifice animals in pre-clinical studies and 
reduce the number of biopsies needed to do differential diagnosis 
in the clinic.
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Introduction
Synthetic implants, allografts and xenografts are used for repair 

and replacement of tissues in numerous surgical applications each 
year [1,2]. Two million allografts, 10 million batches of xenografts 
and millions of synthetic implants are used each year in surgery. 
More than one third of the grafts used as hernia replacements require 
revision surgery due to mechanical mismatches that occur at the 
implant-tissue interface [3] and failures result in additional surgical costs 
of over 10 billion dollars a year. The cost of these revision surgeries in 
terms of lost work time and increased health care expenses are enormous. 
Currently, there are no non-invasive and non-destructive methods to 
evaluate moduli matches that occur between host tissue and implants. 

A variety of polymers are used in medicine and their properties 
vary extensively depending on how they are compounded and 
processed [1,2]. The strength and stiffness of materials used in sutures, 
wound dressings, vascular implants, and nerve entubulation devices 
are important parameters that need to be understood to develop new 
medical devices [1-3].

Numerous tests have been used to elucidate mechanical properties 
of tissues and implants [4-7]. Methods such as magnetic resonance 
elastography (MRE), ultrasound elastography (UE), optical coherence 
tomography (OCT), optical coherence elastography (OCE) and OCT 
with vibrational analysis have been applied to tissues and disease 
processes [5]. However, non-Hookean behavior, time dependence 
and compressibility effects that occur during mechanical loading of 
tissues and implants complicate the results [5-13]. Recently the use 
vibrational optical coherence tomography (VOCT) to measure the 
mechanical properties of synthetic and natural polymers, including 
decellularized human dermis in vitro [5,8-12] and skin and scar 
tissues in vivo has been reported [13].

VOCT is used to measure the frequency of sound at which the 
maximum deformation of a tissue or polymer occurs. This frequency 
is then converted into an elastic modulus using a calibration curve 
[5,8-13]. Moduli measurements made at the frequency at which the 
maximum deformation occurs are quasi-elastic, since the viscous 
contribution to the mechanical behavior is normally only 2% to 4% 
[8]. Although the reported moduli of extracellular matrices (ECMs) 
are strain dependent, it is possible to relate moduli measured in vitro 
to the moduli of tissues in vivo by measurement of resonant frequency 
and sample thickness [13]. 

In this paper we discuss the use of VOCT to image and measure 
the mechanical properties of both natural and synthetic polymers 
non-invasively and non-destructively. These measurements are 
needed to characterize implant materials both in vitro and in vivo as 
well to establish the effects of moduli mismatches at implant-tissue 
interfaces.

Methods
Calibration of VOCT measurements

Modulus values for control tissues and polymers were used 
to construct a calibration curve of modulus values measured using 
tensile and vibrational measurements in vitro as previously described 
[5,8-13]. The calibration curve shown in Figure 1 was constructed 
to determine relationship between tensile moduli and vibrational 
moduli measured on the same samples. 

The relationship developed between moduli values measured 
using these two techniques was reported to be approximately linear 
[10-13]. The equation of the line was found to be:

Ev 1.026 Et  0.0046= +                 (1)

Where, Ev and Et are the moduli measured using vibrational and 
tensile measurements, respectively and are in MPas. A correlation 
coefficient of 0.984 was previously reported [10-13] for these 
measurements. The material behavior was observed to be reversible 
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for strains in the low modulus and part of the high modulus regions 
of the stress-strain curve [10-13]. 

Figure 1 was determined by measuring the frequency at which 
the maximum displacement of the sample was observed [8-13]. This 
frequency is also known as the “resonance frequency” of the material. 
Sample vibrations were generated by placing a speaker under 
each specimen and then using spectral-domain optical coherence 
tomography (SD-OCT to determine the specimen movement as 
discussed previously [5,8-13]. The system uses a fiber-coupled 
superluminescent diode light source with 1325 nm center wavelength 
[8-13]. 

The resonant frequency, fn, is related to the modulus, E, by 
equation (2)







=

A
LfmE n

2)2( π                  (2)

where m, L and A are the sample mass, length and cross-sectional 
area. The observed displacements of the samples were corrected for 
any line vibrations or speaker resonant frequencies observed. 

Tensile moduli were measured using incremental stress-strain 
tests conducted by adding a strain increment to the sample and 
then measuring the load before an additional strain step was added 
as described previously [8-13]. Using a graduated translational 
stage, axial deformations were applied to the sample. Axial forces 
were measured by use of a force gage and recorded for subsequent 

calculations. The force was divided by the cross-sectional area to 
get the stress values. The strains were determined by dividing the 
change in length by the original length based on the movement of the 
translational stage after each strain increment. The tensile modulus 
was calculated from a tangent drawn to the stress-strain curve as 
described previously [8-13]. Calibration standards determined using 
these methods are listed in Table 1. 

VOCT measurements 

Image collection: OCT cross-sectional images used to determine 
the sample thickness were obtained using an OQ Labscope (Lumedica 
Inc., Durham, NC) and a laboratory spectral-domain optical 
coherence tomography device (SD-OCT) operating in the scanning 
mode [8-13].

OCT and vibrational analysis in vivo: Tissue displacements 
were generated by placing a speaker within 2.5 cm of the tissue to be 
studied and using SD-OCT to determine the tissue displacement as 
a function of vibrational frequency. For in vivo studies on skin and 
healed scar tissue a 24 mm × 14 mm rectangular speaker (Digi-Key, 
Thief River Falls, MN) was hard wired to a Samsung cell phone. Using 
a frequency generating app, the cell phone was capable of driving 
the speaker at frequencies of between 10 and 20,000 Hz. The speaker 
was taped to the skin using surgical tape and it was used to generate 
a sinusoidal sound wave that vibrated the skin. No sensation of the 
light or sound impinging on the skin was felt during the experimental 

Figure 1: Calibration curve of tensile modulus (Et) versus modulus (Ev) determined from vibrational OCT. This calibration curve was created by measuring 
the uniaxial tensile modulus versus strain using an incremental stress-strain experiment and calculating the vibrational modulus from resonant frequency 
measurements made on the same samples as reported previously [5,8-14]. Note the almost one to one relationship between these two moduli.

Material Strain Tensile Modulus (MPa) Vibrational Modulus (MPa)

Decellularized Dermis
5% 2.67 2.48
10% 5.02 4.88
15% 6.7 6.82

Treated Dermis
5% 0.33 0.39
10% 0.63 0.67
15% 0.75 0.83

Pig Skin (elastic tissue)
3% 0.53 0.58
5% 0.82 0.75

Silicone Rubber
5% 1.05 1.02
10% 1.95 1.83

Table 1: Calibration materials used to compare moduli determined from tensile and vibrational studies [8-14].
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studies. The sound intensity was only perceptible when the speaker 
was placed near the subject’s ear to make sure it was energized.

The resonant frequency of each sample was determined from 
the transverse displacement of the tissue at frequencies between 50 
and 700 Hz, in steps of 50 Hz. Once the region where the maximum 
frequency was identified, smaller steps of 10 Hz were used to more 
accurately identify the peak frequency and the actual resonant 
frequency, fn. Moduli values were calculated from a second calibration 

curve that related resonant frequency to the tissue modulus times the 
tissue thickness (Figure 2). 

Results
OCT images skin and scar were observed using the Lumedica 

OCT and are shown in Figure 3. Normal skin is characterized by the 
normal dermal papillae contained in the upper layer of dermis that 
undulate up and down (Figure 3). In comparison scar lacks clearly 

Figure 4: Modulus versus strain curve for human decellularized dermis. This curve is characteristic of the mechanical behavior of skin and other collagenous 
tissues. Note that under physiologic conditions normal skin is operating in the low modulus region (modulus about 2 MPa) while scar (modulus of 7 MPa) 
operates in the high modulus region.

Figure 2: Calibration curve of elastic modulus times sample thickness versus resonant frequency for different extracellular matrices. The modulus values 
were calculated from tensile measurements and the resonant frequency from vibrational measurements. Note the elastic modulus of decellularized dermis 
increases with strain.

Figure 3: OCT images of skin and scar. These images were produced using a Lumedica OQ Labscope (Durham, NC) operating in the scanning mode. Note 
the difference in surface texture of normal skin and scar tissues and the interface that is easily observed by OCT.
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defined papillae. Figure 4 shows a plot of modulus versus strain for 
decellularized human dermis.

Resonant frequency values were corrected for thickness 
measurements made in vivo and compared to a calibration curve for 
ECMs shown in Figure 2. The displacements of skin and scar tissues 
showed peaks at 90 to 100 Hz (normal skin) and 220 to 230 Hz (scar 
tissue). These peaks resulted in calculated moduli of about 2.0 MPa 
and 7.0 MPa (scar), respectively as tabulated in Table 2. Moduli 
values for decellularized dermis at 5% and 15% are close to those of 
skin and scar tissue, respectively (Table 1).

Low and high modulus regions are observed when the moduli 
determined from vibrational studies are plotted versus strain for 
decellularized dermis as shown in Figure 5. From measured values 
of the modulus of skin in vivo (2 MPa) it appears that normal skin 
is operating in the low modulus region while scar (7 MPa) tissue 
operates in the high modulus region.

Figure 6 and Table 2 show a comparison between the modulus 
of common synthetic implant materials and several soft tissues 
including skin. Note, since skin operates at a modulus of about 2 

MPa under normal physiologic conditions, synthetic materials with 
moduli above 2 MPa will lead to stress-concentration at the interface 
and possible up-regulation of mechanotransduction that could lead 
to the deposition of fibrous scar tissue and implant failure [14,15].

Discussion
The ability of medical scientists and implant designers to image and 

measure the mechanical properties of both host tissue and implants 
is needed to understand why failures occur in hernia, vascular and 
orthopedic applications. It has been reported that about one third of 
hernia grafts fail by mechanical mismatches that occur at the graft-
host interface [3]. In addition, intimal hyperplasia and graft stenosis 
occurs in vascular prostheses also due to mechanical mismatches 
[1,2,15]. Aseptic loosening that occurs in orthopedic implants 
involves mechanical mismatches between the host and implant when 
there is a space between the implant and bone [1,2,15]. All of these 
conditions are mitigated by matching the moduli at the graft-host 
interface since this will limit up-regulation of mechanotransduction 
[15]. Much progress has been made in understanding the strain-rate 
dependence, strain dependence, non-linearity and compressibility of 
soft tissues [5,8-15]. 

The use of VOCT to identify the differences between skin and scar 
tissue in vivo has been recently reported [13]. The correlation between 
modulus measurements made on extracellular matrix components 
measured using standard tensile testing in vitro and vibrational OCT 
in vitro suggests that measurements made using vibrational OCT 
give results that are consistent with tensile testing, a “gold standard 
method” for measuring mechanical properties of tissues [8-14]. 
Comparison to a standard technique is required to interpret moduli 
measurements made with new methods such as VOCT. In addition, 
modulus measurements made at the frequency where the maximum 
displacement occurs (resonant frequency) are almost purely elastic 
[8] and therefore represent a “materials constant” at a particular 
strain.

The ability to image tissues in vivo and measure the modulus using 
VOCT will allow the identification of individual tissue components 
and stress concentrations that occur at interfaces. The ability to 
identify collagen, elastic tissue and fat in different ECMs based on 
images and moduli measurements provides a method to evaluate 

Figure 5: Bar graph comparing the modulus of several common synthetic materials and that of soft tissues containing collagen. Note since skin operates at a 
modulus of about 2 MPa under normal physiologic conditions while synthetic materials have moduli above this value: this would lead to stress concentration 
at the implant-tissue interface. This may lead to an increased up regulation of mechanotransduction and the incidence of implant failure [15].

Tissue or Implant Modulus (MPa) Reference
Alloderm 1.35 [18]
Aorta 0.5 [16]
Femoral Cartilage 5.2 [14]
Cobalt-Chromium 250,000 [23]
Cortical Bone 2000 [23]
Decellularized Dermis 2 [10]
Ear Cartilage 1.4-2.1 [19]
Eyelid 1.73 [17]
Polyethylene 65.5 [20]
Polyethylene terephthalate 2800 [21]
Polytetrafluoroethylene 500 [21]
Poly(lactic) Acid 2000 [22]
Silicone Rubber 1-2 [11] 
Skin 2 [13]
Stainless Steel 190,000 [23]
Titanium & Alloys 110,000 [23]

Table 2: Moduli of biological tissues and implant materials.
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tissue histology and mechanics without having to sacrifice animals or 
to do tissue biopsies. As shown in Figure 6, the modulus of fat (0.03 
MPa) is much lower than that for elastic tissue (0.8 MPa), collagen in 
skin (2.0 MPa) and femoral cartilage (5.2 MPa). If the moduli for fat, 
elastic tissue, decellularized dermis and cartilage are plotted versus 
the ratio of resonant frequency and tissue thickness for skin and scar 
tissues, it is possible to see that each of these tissues has a characteristic 
ratio of resonant frequency per unit thickness.. Based on the data 
shown in Table 2 it is possible to determine the macromolecular 
components present in soft tissues from the calculated modulus. 

Stress concentrations at the interface between tissues and 
implants arise from the modulus matches that occur when polymers 
and metals are in contact with tissues. While skin and other soft 
tissues operate with modulus values between 0.5 and 5.2 MPa under 
physiologic conditions [16-19], polymers have moduli between 
56.5 MPa and 2000 MPa [20-22] and metals have moduli up to 
250,000 MPa [22,23]. These modulus mismatches must be carefully 
considered if implant failure occurs such as in hernia repair. 

Conclusion
Use of VOCT to image and determine the moduli of both host 

tissues and implants will lead to limiting modulus mismatches that 
contribute to implant failure. In addition use of this technique will 
minimize the need to sacrifice animals in pre-clinical studies and 
reduce the number of biopsies needed to do differential diagnosis in 
the clinic since observations of tissue structure and properties can be 
made non-invasively.
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