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Abstract

A novel noncontact indentation system with the combination of an air jet and optical coherence

tomography (OCT) was presented in this paper for the quantitative measurement of the mechanical

properties of soft tissues. The key idea of this method is to use a pressure-controlled air jet as an

indenter to compress the soft tissue in a noncontact way and utilize the OCT signals to extract the

deformation induced. This indentation system provides measurement and mapping of tissue elasticity

for small specimens with high scanning speed. Experiments were performed on 27 silicone tissue-

mimicking phantoms with different Young’s moduli, which were also measured by uniaxial

compression tests. The regression coefficient of the indentation force to the indentation depth (N

mm−1) was used as an indicator of the stiffness of tissue under air jet indentation. Results showed

that the stiffness coefficients measured by the current system correlated well with the corresponding

Young’s moduli obtained by conventional mechanical testing (r = 0.89, p < 0.001). Preliminary in

vivo tests also showed that the change of soft tissue stiffness with and without the contraction of the

underlying muscles in the hand could be differentiated by the current measurement. This system may

have broad applications in tissue assessment and characterization where alterations of mechanical

properties are involved, in particular with the potential of noncontact micro-indentation for tissues.

Keywords
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1. Introduction

In many tissue pathologies such as fibrosis, edema and cancers in breast, liver and prostate,

change of mechanical properties [1–4] is a common phenomenon observed by clinicians or

patients themselves using hand palpation. However, the hand palpation method is qualitative,

at most semi-quantitative (such as the scoring system from the palpation impression), thus

limiting its use in quantitative and objective studies. In the last two decades, in order to find

optimal modalities for disease diagnosis and tissue assessment, more and more researchers

have put efforts in developing quantitative and objective approaches in the field of elasticity

measurement and imaging based on ultrasound [5–15], MRI [16] or optical [17–22]
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measurements with the help of some kind of mechanical disturbances caused to the tissues

including compression, indentation, suction, vibration or acoustic radiation.

Indentation is currently one of the most frequently used techniques to measure the

biomechanical properties of soft tissues [23,24]. Indentation, due to a small contact area with

the tested objective, has the advantages of no necessity to excise the particular tissue, which

is almost impossible for a standard uniaxial compression test, thus allowing its especial use

for in vivo applications. A traditional indentation system used a rigid indenter to compress the

tissue in order to characterize the mechanical properties of soft tissue using the relationship

between force and deformation. However, usually no thickness information could be obtained

directly from the indentation test. Tissue thickness is an important parameter for the diagnosis

of some tissue pathologies such as cartilage degeneration [25], and is also an important factor

for the calculation of tissue stiffness because this is included in the boundary condition of the

theoretical analysis of the indentation test [23]. The thickness was usually measured by extra

post-test methods such as the needle probe penetration [26]. To address this issue, Zheng and

Mak [7] developed a portable ultrasound indentation system, which used the ultrasound

transducer itself as an indenter. The system is capable of measuring both the initial thickness

and stiffness. Due to its easy operation and a relatively compact profile fit for clinical

operations, this ultrasound indentation system has been successfully applied in the assessment

of a variety of tissues in vivo, including muscular tissues [27], residual limb tissues [28],

diabetic foot plantar tissues [29], neck tissue fibrosis induced by radiotherapy [30,31],

hypertrophic scar tissues [32,33] and carpal tunnel ligament [34]. Similar ultrasound

indentation has also been used for the assessment of articular cartilage [35,36].

Typical ultrasound indentation uses an ultrasound transducer with the central frequency of 2–

10 MHz for which the resolution is quite limited for small specimens such as the skin and

articular cartilage. For transducers with a higher frequency, the end is normally concave for

better energy focus and larger penetration depth. In this case, the transducer tip cannot be used

directly as an indenter. Introduction of a bolster at the transducer tip for a planar indentation

surface may possibly induce a poor coupling of the ultrasound signal and significantly attenuate

the ultrasound signal, which severely affects the ultrasound measurement [36]. In addition, a

rigid indenter is limited in achieving a fast scanning speed because of the requirement of

pointwise measurement. To address these issues, a water jet indentation system was developed

[37,38]. In this system, the water jet serves as both the indenter and the coupling medium, thus

significantly improving the speed in a C-scan test, i.e. the imaging plane is perpendicular to

the ultrasound beam [38]. Phantom tests showed that this system was capable of measuring

the soft tissue elasticity quantitatively and reliably and also providing a fast C-scan mapping

of the tissue elasticity. It was further applied for the study of cartilage degeneration in a bovine

patella model [39] and bone–tendon junction healing in a rabbit model [40] in vitro. The

noncontact fluid indentation method also has the advantage of lowering the potential or risk

of causing damage to the tested soft tissue, especially in tissues such as in scars or wounds

where the contact indenter may cause inflammatory effects. Almost at the same time, another

group reported a similar system using a water jet for the assessment of articular cartilage

[19]. They used an optical technique to detect the deformation applied by the water jet on the

cartilage surface. Briefly, an optical beam with a constant intensity was illuminated onto the

cartilage surface, and reflecting light was collected and its intensity was related to the local

surface curvature, which was caused by the compression of the water jet.

One inconvenience in using the water jet indentation is that the water will spill all over during

the test. If it is used for tissues located inside a body, the water or saline needs to be removed

by another instrument. Another important factor for the widespread applications of prototype

biomedical instrumentations to clinical situations is the potential of device miniaturization

[41]. Even though miniaturization of ultrasound transducers is possible, such as those used for
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an intra-vascular ultrasound imaging system, it is very expensive and the resolution is

inherently limited. The water jet optical measurement system [19] used the intensity of the

reflecting light to measure tissue deformation, but it is not accurate, particularly when the

deformation is large or the tissue surface has different colors and textures.

In various optical methods, optical coherence tomography (OCT) is a recent and fast

developing technique that has acquired more and more widespread use in biomedical research

[42]. The principle of OCT itself is analogous to that of pulse-echo ultrasound imaging. It

collects backscattered signals from the optically scattering tissues for the purpose of cross-

sectional imaging. The difference with respect to ultrasound is that OCT uses the optical

interferometric rather than the absolute time of flight technique to resolve the spatial

information. OCT uses an optical interferometric method with a small coherence length of the

light source and can achieve a high resolution. Axial and lateral resolutions in a range of several

microns can be achieved, thus making the optical biopsy a unique and attractive characteristic

of this technique [43–45]. Similar to the ultrasound signals, the OCT can measure the thickness

of tissue layers where normally at the interfaces the refractive index is abruptly changed. For

example, one of the most important applications of OCT is pachymetry, i.e., to measure the

corneal thickness in vivo for the use of diagnosis or surgery guide [46,47]. OCT-based elasticity

imaging for tissues has also been widely investigated using contact compression [18,20,21].

In comparison with ultrasound elastography, the OCT-based technique can provide higher

resolutions. However, these elasticity imaging techniques can normally provide contrast of

local strains but not an absolute value of tissue elasticity.

The integration of an OCT probe with the air jet indentation was realized in the current study

to develop a novel system to measure the mechanical properties of soft tissues. First, the

construction of the system is described in the next section, then experimental and data analysis

methods on phantoms and in vivo hand soft tissues, and the corresponding results are presented

to demonstrate the utility of the current system, and finally further issues related to the

limitations, further improvement and applications of the current system in biomedical

engineering are discussed before the study is concluded.

2. Methods

2.1. System setup

The schematic of the OCT-based air jet indentation system including the core part and the data

collection part is shown in figures 1 and 2, respectively. The fiber-based OCT probe was

modified to allow the installation of an air jet bubbler. The OCT system (developed by Lab of

Optical Imaging and Sensing, Graduate School at Shenzhen, Tsinghua University, China) has

a super luminescent diode (SLD) light source (DenseLight, DL-CS3055 A, Singapore) with a

central wavelength of 1310 nm, a nominal −3 dB spectral bandwidth of 50 nm and a nominal

output power of 5 mW. The axial resolution is 18 µm and the imaging depth is approximately

2–3 mm in turbid high scattering tissues. The OCT probe was fixed in this study and the laser

beam focuses vertically at around 5 mm under the lower surface of the bubbler. For convenience

of detection, a visible red light beam was used with the invisible infrared beam to guide the

detection point. A pipeline with maximally constant air pressure was connected to the system

to provide the air jet for the indentation. To make the air jet more uniform, a tube with an orifice

diameter of 2 mm and a length of 5 mm was installed at the tip of the bubbler to guide the air

jet before it was pushed into free space. A calibrated pressure sensor (PMP 1400, GE Druck,

Leicester, England) with a measurement range of 1 bar (105 Pa) was installed before the bubbler

to measure the pressure in the air pipe. A mechanical valve was installed before the pressure

sensor to adjust the pressure of the air jet continuously. A transparent plate was installed at the

top of the bubbler to seal the pressurized air from the OCT components but let the laser beam

pass through.
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A PC was used to control the operation of the system. A data acquisition card (DAQ, PCI-6251,

National Instruments, Austin, TX, USA) was used through intercommunication to both control

the main unit of OCT and collect the optical signals. Another DAQ card (PCI-6024E, National

Instruments, Austin, TX, USA) was used to collect the signal from the pressure sensor. A

custom-written program was developed in Microsoft VC++ for the signal synchronization and

data collection (figure 3). During the indentation process, the signals from the OCT and the

pressure sensor were synchronized, sampled, displayed in real time and saved for off-line

processing by the program. In this study, the OCT scanning was continuously performed at a

single location to track the surface displacement, which was assumed to be equivalent to the

deformation of the tested specimen. The digitized A-scan signalwas acquired at a rate of

approximately 3.1 Hz and the pressure signal was also sampled at this rate in synchronization

with the A-scan signal. Each A-scan signal contained 7500 points of effective digital data for

analysis. By using the two surfaces of a glass slide with a standard thickness for distance

calibration, we obtained an equivalence of 0.43 µm per point for each A-line of the signal in

air after calibration considering the difference of the refractive indices in glass and air. The

displacement of the surface was extracted by applying a cross-correlation algorithm to the A-

line signals, which was used to seek the most similar part to a pre-selected region of interest

(ROI) in the A-scan signals recorded during the indentation process. The air–specimen

interface was used as the pre-selected ROI in this study. In order to reduce the effect of the

signal phase change during indentation and assure better tracking, the amplitude signal

obtained by applying a Hilbert transform to the original optical signal was employed for the

tracking. The same software using a different control panel was used to conduct the algorithms

of cross-correlation for the extraction of the deformation (figure 3).

2.2. Phantoms and in vivo tests

We tested the system on 27 uniform tissue-mimicking silicone phantoms with different

stiffness. They were made of three kinds of silicone materials with low viscosity: Rhodia RTV

573 (Rhodia Inc., CN7500, Cranbury, NJ, USA), Wacker M4648 and M4640 (Wacker

Chemicals Hong Kong Ltd, Hong Kong, China). For each type of silicone, there were two parts

A and B before mixing to make the phantom. Different proportions of A and B were mixed to

make phantoms with different stiffness. Here we chose three different silicone materials to

make phantoms covering a wide range of stiffness because phantom stiffness was dependent

not only on the mixing ratio of the two parts but also on the silicone type. Three categories of

phantom dimensions with a surface area of 10 × 10 mm2 and thicknesses of 5, 10 and 15 mm

were fabricated [37]. All the experiments were conducted on the 10 × 10 mm2 surface but with

different phantom initial thicknesses (5, 10 or 15 mm). During the air jet indentation, the

phantom was fixed at the edges by four screws and the air jet was exerted at the center of the

surface. For each phantom, the axial distance of the phantom surface to the bubbler bottom

was adjusted to be approximately 5 mm based on the optical signal detected from the surface.

If the specimen were too close to the bubbler, it would be attracted toward the bubbler by a

force induced by the high velocity of the scattered air jet and the low pressure incurred around.

Before each indentation, the phantom was compressed and relaxed several times to obtain a

rigid fixation on the platform. Then the air jet indentation was exerted at a pressure changing

rate of approximately 10 kPa s−1 and between 0 and 100 kPa, which corresponded to a

maximum displacement of about 0.37 mm for the softest phantom. The maximum indentation

depth was less than 5% for the phantom test. A typical test, including 1 to 2 cycles of

indentation, was finished in approximately 30 s. For the purpose of comparison, indentation

tests with a rigid steel indenter (called standard indentation) and standard compression tests

were also performed using a standard mechanical testing machine (Instron 5569, Norwood,

MA,USA). For these two mechanical tests, the maximum indentation or compression depth

was about 10% of the initial thickness (only the data within 3% deformation were used for
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parameter calculation) and the indentation speed was controlled to be 4 mm min−1, which was

similar to that of the air jet indentation.

In order to demonstrate the biomechanical applications of the system, a preliminary test was

performed on soft tissues of the hand in vivo to differentiate the contraction state of the

underlying muscle layer involved. Ten subjects (seven males, three females) without any

lesions in the hand and with a mean age of 27.8 ± 2.9 years (minimum: 23; maximum 32) were

recruited in this test. A test site near the basal joint of the dorsal hand including the muscles of

the first interosseous was selected for the experiment (figure 4). The subjects were asked to be

seated in a natural posture with their hand placed on the platform. Two states of the muscle,

i.e. relaxation and contraction, were produced by natural extension and forced adduction of the

thumb (figure 4). A deformation of approximately 1.5 mm was applied on the tissues using the

air jet. The corresponding indentation deformation and forces were then collected and used for

the calculation of the stiffness parameter.

2.3. Data analysis method

In the current study, the air jet indentation was assumed to be similar to the indentation with a

rigid contact by hypothesizing that the air pressure measured in the pipe was linearly

proportional to the force induced on the specimen. The proportionality of the fluid pressure

and the indentation force was earlier validated for the water jet case [37]. For the phantom

tests, a stiffness coefficient kaj (N mm−1) regarding the regression ratio of the air jet indentation

force (N) and deformation (mm) of the tested specimen was used to represent the stiffness of

the phantom. This parameter was used here because with the assumption of linear elasticity, a

constant Poisson’s ratio and a small aspect ratio (indenter radius/initial thickness a/h, in this

study always less than 0.2), the indentation formula was [23]

(1)

where E is Young’s modulus of the tissue, a is the radius of the indenter, h is the initial thickness

of the tissue, ν is Poisson’s ratio of the tissue, κ is a scaling factor related to ν and a/h, F is the

indentation force and d is the indentation depth. For the elastic material, equation (1) is

simplified to

(2)

with κ approaching to 1 in equation (1) [23,29,48]. The indentation force was computed by

multiplying the measured air pressure with the area of the bubbler orifice (ϕ = 2a = 2 mm).

The corresponding stiffness coefficient obtained by the standard indentation was indicated by

kstd. For the standard compression test, Young’s modulus (E) of phantom could be obtained

after computing the corresponding stress and strain. We assumed homogeneity of the

compressive properties of the phantom, so one value of Young’s modulus would represent all

at each specific point. The deformation ratio (deformation/initial thickness) or strain was

constrained to be within 3% in all the calculations in order to obtain a coefficient within the

linear elasticity region of compression of the phantoms [49]. Due to low viscosity of the silicone

phantoms, data of both the loading and unloading processes were utilized for the calculation

of the stiffness coefficient. The Pearson correlation coefficient was used to indicate the

relationship among the measured parameters from the air jet indentation, the standard

indentation and compression test.

For the in vivo test, a corresponding stiffness coefficient k (N mm−1) regarding the force/

deformation ratio was calculated from the test, and the average value of three repeated tests
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was used for each muscle contraction state. It should also be noted that the mechanical

properties measured from the hand soft tissue were characteristic of the whole tissue layer

which might include layers of skin, fat and muscles, but not that of a separate single layer.

When the whole tissue layer undergoes some pathological or physiological changes such as

muscle contraction in the current study, the whole tissue will behave differently. Therefore,

the measurement of overall tissue properties is also meaningful for the detection of the tissue

state under these conditions. A paired t-test was used to compare the change of the stiffness

coefficient k for the soft tissues with and without muscle contraction. All the statistical analyses

were performed in SPSS 14.0 (SPSS, Chicago, IL, USA). In all the statistical tests, p < 0.05

was used to indicate a significant correlation or a significant difference of the mean between

two measures.

3. Results

The results of a representative indentation test on the phantom are shown in figure 5. Using

the cross-correlation algorithm, the displacement could be successfully extracted during the

indentation in the phantom tests. Some noise with the extracted deformation was found during

the processing, the reason for which is discussed in detail in the next section. A high correlation

coefficient, normally larger than 0.95, was observed for the indentation force and deformation.

A reliability test of ten times repeated experiments on one phantom showed that kaj was 1.108

± 0.035 N mm−1 (3.2% for the coefficient of variation), which in turn showed that the test was

highly reliable. Correlation tests among kaj, kstd and E are shown in figure 6. A high correlation

of r = 0.88 (p < 0.001) was found for kaj and kstd, which showed that the results of the two tests

were highly comparable. A larger value of kaj was consistently observed from the air jet

indentation system than kstd, which might be attributed to the fact that a larger pressure was

measured inside the air pipe than at the surface of the specimen where the air jet induced the

deformation. The compression test showed that the stiffness of the phantoms was 558 ± 124

kPa with a range of 328–818 kPa. A comparison between kaj and E also showed a high

correlation (r = 0.89, p < 0.001), which indicated that the current system could be used as a

new approach to measure the mechanical properties of soft tissues.

The in vivo test showed that the stiffness coefficient was 0.059 ± 0.031 N mm−1 and 0.150 ±

0.059 N mm−1 with the muscle in the relaxation and contraction states, respectively. A paired

t-test showed that the soft tissue was significantly stiffer in the state of muscle contraction (p

< 0.001). Therefore, the current system was capable of differentiating the state of the muscle

contraction.

4. Discussion

An air jet indentation system utilizing the optical signals from the OCT system was developed

and tested to demonstrate its capability in measuring the mechanical properties of soft tissues.

Preliminary results on silicone phantoms and in vivo soft tissues of the hand showed that it was

feasible to use the air jet indentation system to quantitatively measure the stiffness and further

to detect the change of stiffness that might be involved in various tissue pathologies. The air

jet was thought to be very convenient for use, because no extra mechanism was needed to

collect the spilt medium, as in the water jet case. The incorporation of the OCT signal enabled

the detection of deformation (displacement) as small as less than 1 µm, and provided the

potential for miniaturization for use in applications such as endoscopy. Compared to the rigid

contact indentation method, this novel air jet indentation system also provided a potential for

testing in fine tissues and a fast scanning to map the deformation distribution in soft tissues.

In the current study, OCT signals were introduced to extract the deformation of the indented

specimen. The deformation was obtained by assuming that the platform underlying the
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specimen was fixed and then it was equivalent to track the surface movement. In real situations,

the deformation as well as the thickness of the tissue can be measured directly from the OCT

signal, provided that the whole tissue layer can be penetrated by the optical beam. This is also

the advantage of using OCT for the air-jet measurement system in comparison with other

optical methods for surface displacement measurement. In the current study, the measured

stiffness coefficient represented the mechanical properties of the whole tissue layer. During

data processing, it was found that the optical signals were quite sensitive to the movement of

the surface of the specimen, even in the phantom test where the phantoms were firmly fixed.

This might be caused by the surface roughness of the skin and the orientation change of the

optical beam with non-vertical incidence during indentation. This sensitivity had brought some

noise to the deformation in tracking. When necessary, the moving average was used in the

current study to reduce the effect of noise. The movement sensitivity was one of the big

differences noted by us between the OCT and ultrasound signals. We had not encountered such

a problem previously in processing the ultrasound signal. This might be due to the uncertain

change of the phases in the OCT signals with respect to the surface signal. This sensitivity

might induce some tracking challenges in experiments, particularly tests on tissues in vivo,

where the tissue self-motion during indentation is inevitable such as that caused by the

respiration and heartbeat. Therefore, in the current design of the soft tissue test in vivo, a roughly

constant indentation depth was produced by the air jet and then we measured the corresponding

force in order to calculate the stiffness coefficient. Another issue for using the cross-correlation

algorithm was the decorrelation caused by a large displacement. However, we thought the

effect of decorrelation might not be so significant in the current study due to two main reasons:

one was that the envelop signal was obtained to exclude or reduce the effect of the phase change

in tracking; the other was that we only detected the abrupt change of the surface signal, which

was relatively easier to track by choosing the ascending part of the signal at the surface. The

sensitivity of the signal shape and signal to noise ratio to the movement tracking of the specimen

surface and approaches for lowering this sensitivity for a more reliable tracking need to be

further investigated.

The axial resolution of the OCT system used in this study was 18 µm, which was the limit for

the system to differentiate signals generated by two neighboring interfaces. Since in the current

study we were interested in the movement of a distinguished interface, i.e. phantom surface or

skin surface, we were able to achieve a much higher displacement resolution beyond the axial

resolution, given that the decorrelation of the signal was small. The displacement resolution

for the distinguished surface was mainly determined by the number of data points for a certain

period of the OCT signal, which represented a certain distance in the medium. In this study,

we collected 7500 data points for a distance of approximately 3.22 mm (this value depends on

the refractive index of the medium). Therefore, the displacement resolution of the interface

movement was approximately 0.43 µm. Such a displacement resolution for interface tracking

can be achieved even when the OCT signals generated by two neighboring interfaces

overlapped, i.e. the distance between the two interfaces is smaller than the axial resolution of

the measurement system, given that the two interfaces have no relative motion during the

movement. However, the displacement resolution discussed above cannot be applied to the

movements of interfaces with the distance smaller than the axial resolution and involving

relative motions, as this will cause decorrelation of the OCT signals. Under this condition, we

are not able to tell which interface contributes to the displacement of the signal and the

displacement resolution will be significantly reduced. The above discussion can not only be

applied to the movement of the surface interfaces but also to those inside the media. Apparently,

the displacement resolution of 0.43 µm for the interface movement cannot be applied to the

movement of scatters inside the medium, as the distances between scatters are very small and

a smaller relative motion among them will cause large decorrelation to the signal. That is why

the displacement resolution for ultrasound elastography [5], which aims to map tissue

displacement or strain but not to measure the displacement of a certain interface, is normally
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limited by the axial resolution of the imaging system. In addition to signal decorrelation, cross-

correlation tracking for signals can also be affected by the signal to noise ratio and the sampling

rate of the signals. To measure tissue motion more accurately, it is worthwhile to systematically

investigate the displacement resolution of the proposed OCT air jet system for the tissue

interface and scatters inside the tissue in future studies.

A single point of displacement was measured in the current study using the A-line OCT signal

to obtain the deformation of the whole specimen layer. In further studies, cross-sectional

scanning, as used in B-mode ultrasound imaging, can be used to further study the problem such

as the deformation profile under the air jet as long as the lateral scanning can cover the size of

the bubbler orifice. The frame rate of the OCT A-line used in this study was relatively low.

Though it did not affect the measurement for the phantoms and the carefully selected region

of the hand, it should be significantly improved when cross-sectional scanning is required.

Utilizing the cross-sectional imaging, elastography, which has been studied extensively in

ultrasound and MR imaging fields [5,16], can also be performed, provided the air jet induces

the required deformation of the specimen [18]. One of the advantages of OCT compared to

ultrasound is that OCT is easier for minimization due to the fast development of optical

technologies and devices. OCT probes for endoscopic use in human mucosa have already been

reported in the literature [50,51]. Therefore, another aspect for further development is the

minimization of the air jet indentation system for portable or endoscopic uses [50–52]. In such

cases, the probe can be portable for flexible use in various body sites or small enough to be

inserted in endoscopy for internal tissue detection.

A hypothesis of the current study was that the air jet indentation was comparable to the standard

indentation with a rigid indenter and then the stiffness of specimen was simplified in an index

coefficient of the force/deformation ratio. The high correlation of the stiffness coefficients

between the air jet indentation and standard indentation showed that these two tests really were

similar. The high correlation between the stiffness coefficient and Young’s modulus showed

in a further step that the stiffness coefficient could be used as a quantitative measure of the

specimen elasticity. Thus, the developed OCT-based air jet indentation system can be further

applied to a host of body tissues for clinical diagnoses, such as skin cancer, burn status, corneal

condition, blood vessel stiffening and articular cartilage degeneration, where the change of

tissue elasticity is obviously involved from clinical observations.

However, intrinsic mechanical properties such as Young’s modulus are more preferable for

widespread applications, because this will further enable the inter-lab or inter-hospital

comparisons of respective studies. Therefore, further investigations are needed to extract the

intrinsic mechanical properties from the air jet indentation test. This is thought to be

complicated due to two main reasons: complicated mechanical behavior of the soft tissues

under rigid indentation, and the complicated interactions between the air jet and the soft tissues

in air jet indentation. The first issue was addressed previously in a lot of studies [23,48,53–

55]. In linear elasticity theory, the factors that affect the extraction of the elastic modulus

include Poisson’s ratio, indenter shape, force/indentation ratio and the initial thickness. When

the theory is applied to real tissues in vivo, careful protocols should be designed to account for

the extra effects from viscoelasticity, nonlinearity, non-homogeneity and anisotropy of the

tissue properties. In this study, homogeneous and isotropic silicone phantoms were fabricated

so as to simplify the mechanical behavior of the specimen. The stiffness coefficient or Young’s

modulus was obtained with the constraint of 3% of the deformation/thickness ratio or strain,

which was thought to be a linear elasticity region for most soft tissues [49]. The viscosity was

neglected in the study because it was not so obviously observed for the silicone phantoms

fabricated in this study.
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On the other hand, the interactions between the air jet and soft tissues are much less studied

because the air jet indentation for the measurement of tissue elasticity was a novel approach

in the biomedical engineering field. Waterjetting, similar to the air jet, is a technique which

has found widespread applications in a variety of industries [56]. However, the previous

analysis on waterjetting could not be directly applied to our studies because most of the

industrial applications focus on material cutting and cleaning, where the water pressure is much

higher than that used in the current study. The difference between the rigid indention and air

jet indentation is that the tissue under the rigid indenter is uniformly compressed with a planar

surface in the former case while this may not be true for the air jet. It is expected that the

deformation profile as well as the pressure distribution in the interaction surface keeps changing

with the change of the air jet pressure. Finite element analysis, as used in previous indentation

studies [57–60], may be incorporated in further studies for the analysis of the air jet indentation

to investigate the interactions between the air jet and tissues and the effects of the variations

including Poisson’s ratio, the air jet radius, the distance between the bubbler tip and the tissue

surface, and the tissue thickness.

5. Conclusion

A novel OCT-based air jet indentation system was developed in the current study. OCT can

be used to detect tissue deformation as small as submicrons in a noncontact way. The high

correlation of the stiffness measured by the current system with that obtained by the

conventional and standard methods indicated that a mechanical test with the OCT-based air

jet indentation was feasible. The capacity of the system to detect biomechanical changes in

soft tissues was demonstrated by a phantom study and a preliminary in vivo test. Further

improvements are required to include lateral scanning functions so as to map the tissue elasticity

and to enhance the stability of the OCT signal from the skin surface for in vivo applications

where motion artifacts cannot be avoided. The combination of the proposed air jet technique

and the OCT elastography methods recently reported in the literature [18,20,21,61,62] may be

able to provide noncontact OCT elasticity imaging for tissues. Testing on more tissues to

demonstrate the potential of this system for widespread applications in biomedical engineering

is under planning.
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Figure 1.

(a) Schematic of the OCT-based air jet indentation system; (b) a picture of the real system.
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Figure 2.

The diagram of the air jet indentation and data collection modules of the air jet indentation

system.
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Figure 3.

The custom-designed software interface for the real-time data acquisition and post-acquisition

off-line processing such as the displacement extraction. The left of the window shows the

control panels for data acquisition and post-acquisition processing. The measured pressure and

extracted deformation as well as the OCT signal are displayed on the right.
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Figure 4.

In vivo experiment on the hand soft tissues: (a) soft tissues indented without muscle contraction;

(b) soft tissues with muscle contraction.
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Figure 5.

Representative indentation curves on one phantom: (a) force and deformation curves obtained

during loading and unloading cycles; (b) the relationship between the force and deformation

of the phantom.
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Figure 6.

(a) Correlation of stiffness coefficients measured by the air jet and standard indentation tests;

(b) correlation of stiffness coefficient measured by the air jet indentation test and Young’s

modulus measured by the standard compression test.
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