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Abstract. Purpose: Elastography is an emerging method for detecting the pathological 
changes in tissue biomechanical properties caused by various diseases. In this study, we 
have compared two methods of noncontact optical elastography for quantifying Young’s 
modulus of tissue-mimicking agar phantoms of various concentrations: a laser 
Michelson interferometric vibrometer and a phase-stabilized swept source optical 
coherence elastography system. Methods: The elasticity of the phantoms was estimated 
from the velocity of air-pulse induced elastic waves as measured by these two 
techniques. Results: The results show that both techniques were able to accurately 
assess the elasticity of the samples as compared to uniaxial mechanical compression 
testing. Conclusion: The laser Michelson interferometric vibrometer is significantly more 
cost-effective, but it cannot directly provide the elastic wave temporal profile, nor can it 
offer in-depth information. © 2016 Samara State Aerospace University (SSAU). 
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1 Introduction  
The biomechanical properties of tissues are important 
parameters for tissue characterization [1]. For example, 
keratoconus structurally degenerates the cornea [2], 
tumors generally stiffen tissue [3], and atherosclerosis 
hardens the vasculature [4]. Thus, quantifying changes 
of biomechanical properties of tissue can provide 
critical information for early diagnosis and effective 
treatment of various diseases [3, 5].  

Several elastographic methods have been developed 
in the past few decades to characterize the 
biomechanical properties of tissues, such as ultrasound 
elastography (USE) [6], magnetic resonance 
elastography (MRE) [7], acoustic radiation force 
imaging [8], supersonic shear imaging [9], and dynamic 
corneal imaging [10]. All of these methods combine an 
imaging technique with external loading, such as 
mechanical compression [11], acoustic radiation force 
[12], pulsed laser [13], or focused air-pulse [14]. The 

imaging modalities measure the tissue response to the 
excitation, and these measurements can then 
characterize the biomechanical properties of tissue 
through the use of appropriate mechanical models. 
However, these elastographic methods require relatively 
large tissue deformation due to their limited 
displacement sensitivity. Alternatively, Brillouin 
microscopy can map the Brillouin shift of tissue in 3D 
with high spatial resolution without external loading 
[15, 16]. While it is understood that the Brillouin shift is 
related to the Young’s modulus, accurately quantifying 
the stiffness of tissue from the Brillouin shift is still a 
challenge. 

Optical coherence elastography (OCE) is an 
emerging technique that can assess the biomechanical 
properties of tissues completely non-destructively [17, 
18]. Similar to USE and MRE, OCE is an elastographic 
extension of its parent imaging modality, optical 
coherence tomography (OCT) [19]. In addition to 
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Fig. 1 Schematic of PhS-SSOCE experimental setup. 

micrometer-scale spatial resolution, phase-resolved 
OCT has enabled nanometer-scale displacement 
sensitivity [20]. We have previously utilized the 
superior displacement sensitivity of OCT to analyze the 
propagation of a low amplitude (≤ 10 µm) focused air-
pulse induced elastic wave [21]. By quantifying the 
velocity, the Young’s modulus can then be estimated 
with reasonable accuracy as compared to uniaxial 
mechanical testing [22, 23].  

However, OCT setups, particularly phase-sensitive 
systems, can be complex and expensive. Simpler and 
more cost-effective techniques such as Michelson 
interferometer-based laser vibrometery could potentially 
also provide measurements for calculating the velocity 
of the air-pulse induced elastic wave [24]. Laser 
vibrometry has been successfully used in various 
applications due to its high sensitivity, which has 
enabled detection of very small vibrations on the order 
of the source wavelength. Laser vibrometry was first 
applied in different engineering fields, such as modal 
analysis, vibration and noise testing, characterizing 
loudspeakers, and assessing piezoceramic transducers 
[25]. Recently, laser vibrometry has gained traction in 
biomedical and bioengineering applications, such as 
auditory research [26, 27], dentistry [28, 29], cardiology 
[30-32], as well as elastography and rheology [33-38]. 

In this study, a phase sensitive swept source optical 
coherence elastography (PhS-SSOCE) system and laser 
Michelson interferometric vibrometer (LMIV), both 
developed in our lab, were utilized to measure the 
velocity of focused air-pulse induced elastic waves 
propagating in tissue-mimicking agar phantoms of 
various concentrations. The Young’s modulus was then 
quantified from the wave velocity and was compared to 
the stiffness as measured by uniaxial mechanical 
compression testing. The results show that the velocities 
as measured by both systems were very similar, and the 
estimated Young’s modulus was consistent with 
mechanical testing. 

2 Materials and methods 
A home-built focused air-pulse delivery system [14] 
induced elastic waves in tissue-mimicking agar 
phantoms of various concentrations (1%, 1.5%, 2%, 
w/w, n=3 for each concentration) The elastic waves 
were then detected by the LMIV and PhS-SSOCE 
systems, separately. The air-pulse delivery system 
employed an air gate and a control unit to provide a 
short duration (~800 µs) focused air-pulse to the sample 
surface, and the control unit enabled synchronization of 
the air-pulse with the OCE and LMIV systems. The air 
source pressure was obtained from a standard pressure 
gauge, and the air-pulse was expelled through a cannula 
port with a flat edge and inner diameter of ~150 µm. 
The localized air-pulse excitation was precisely 
positioned with a 3D linear micrometer stage. 

The PhS-SSOCE system was comprised of the 
previously described air-pulse delivery device and a 
home-built phase stabilized swept source optical 
coherence tomography (PhS-SSOCT) system. A 
schematic of the experimental setup is displayed in Fig. 
1. Further details about the PhS-SSOCT system can be 
found in our previous work [39, 40]. Briefly, the PhS-
SSOCT system utilized a broadband swept laser source 
(HSL2000, Santec, Inc., Torrance, California) with 
central wavelength of 1310 nm, bandwidth of ~130 µm, 
scan rate of 30 kHz, and output power of ~39 mW. A 
fiber Bragg grating was used as the A-scan trigger that 
improved phase stabilization. The axial and lateral 
resolutions of the system were ~11 µm and ~16 µm, 
respectively. The phase stability of the system was ~16 
milliradians, which corresponded to ~3.3 nm 
displacement sensitivity in air. The experimental 
acquisition and data processing methods are detailed in 
our previous work [41]. Simply, successive M-mode 
images were acquired in a line, and the M-mode frame 
trigger was synchronized with the air-pulse so that 
effectively, the same elastic wave was imaged. 
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LMIV schematic is depicted in Fig. 2. The LMIV 
employed a Helium-Neon (HeNe) laser with wavelength 
of 633 nm and output power of 1.5 mW (model 31005, 
Research Electro-Optics, Inc., Boulder, CO). The output 
of the HeNe laser was expanded and collimated to 90% 
of the objective lens aperture to maximize photon 
collection. The light beam was then split into sample 
and reference arms using a 50:50 non-polarizing cube 
beam splitter. In the sample arm, the beam was 
transmitted through a 10X microscope objective and 
focused on the sample surface. In the reference arm, the 
beam was directed to a matching 10X microscope 
objective and focused onto the surface of a silver mirror. 
After the reflected light beam passed through the beam 
splitter, the interference signal was detected by a silicon 
photodetector (model DET100A, Thorlabs, Inc., USA). 
The temporal intensity output from the photodetector 
was captured by a digital oscilloscope (model DS4014, 
Rigol Inc., USA). The air-pulse stimulation and the data 
acquisition were synchronized by a TTL signal, which 
was provided by a digital pulse generator (model 575, 
BNC Inc., USA). The system was assembled on a 3-
inch thick optical breadboard and supported with four 
sorbothane isolation pads to maximize system stability 
and minimize environmental noise. During the LMIV 
measurements, all data was acquired with the same 
acquisition window and oscilloscope sampling settings. 
Six co-linear measurements positions were recorded on 
each sample, and the distance between two adjacent 
positions was 1 mm. The time t for the wave to 
propagate from a reference measurement position to 
each location was obtained by cross-correlation 
analysis. The elastic wave velocity, c, was then obtained 
by the inverse slope of the linear fit of the propagation 
distances, Δd, to the elastic wave propagation delays, Δt 
[42]. 

	
Fig. 2 Schematic of LMIV experimental setup. 

Since the tissue-mimicking agar phantoms can be 
treated as an isotropic homogeneous elastic material, the 
Young’s modulus [43], E, was estimated by [23, 40, 
44]: 

E = 2ρc2
1+ v( )3

0.87+1.12v( )2
,  (1) 

where ρ=1.02 k/gm3 was the material density, and 
v=0.49 [21, 44] was the Poisson ratio. For all 
experiments, the output pressure of the air-pulse was ≤ 
10 Pa. Uniaxial mechanical compression testing (model 
5943, Instron Inc., MA, USA) was performed on the 
same samples after OCE and LMIV measurement [23].  

3 Results  
Figure 3 shows typical 1% agar phantom surface 
response signal to the air-pulse at various positions 
during OCE (Fig. 3(a)) and LMIV (Fig. 3(b)) 
measurement. During OCE measurements, 501 M-mode 
measurements were acquired over 6.9 mm. Figure 3(a) 
shows typical surface responses to the air-pulse 
stimulation at OCE measurement positions which were 
0.1 mm apart, and the first acquisition position was 1 
mm away from the excitation position. During LMIV 
experiments, the first measurement position was also 1 
mm away from the stimulation position, but successive 
measurement positions were 1 mm apart as depicted in 
Fig. 3(b).  

Figure 4 shows the elastic wave propagation velocity 
as measured by both systems. The group velocity as 
measured by OCE was 1.72±0.25 m/s, 3.41±0.49 m/s, 
and 5.11±0.26 m/s in the 1%, 1.5%, and 2% agar 
phantoms, respectively. The velocities measured by the 
LMIV from the same agar samples were 1.75±0.03 m/s, 
3.66±0.26 m/s, and 5.13±0.28 m/s, respectively. 
Statistical testing by a paired t-test showed no 
significant difference between the two systems (P=0.90, 
0.25, and 0.89 for the 1%, 1.5%, and 2% phantoms, 
respectively).  

Figure 5 shows the Young’s modulus (E) of the 
samples estimated based on the OCE and LMIV 
measurements using equation (1) and as measured by 
“gold standard” mechanical testing system. The 
Young’s moduli of the 1%, 1.5%, and 2% agar 
phantoms as estimated by OCE were 8.01±2.3 kPa, 
31.39±9.19 kPa, and 69.45±7.07 kPa, respectively. The 
elasticities as quantified by the LMIV were 8.12±0.28 
kPa, 35.69±5.07 kPa, and 70.14±7.57 kPa for the 1%, 
1.5%, and 2% phantoms, respectively. The stiffness of 
the same samples was also measured by mechanical 
testing (MT), which resulted in a stiffness of 9.46±0.43 
kPa, 45.34±2.32 kPa, and 89.25±9.4 kPa for the 1%, 
1.5%, and 2% samples, respectively. 

4 Discussion 
The shape of the displacement as measured by the 
LMIV (Fig. 3(b)) was somewhat similar to the 
displacements detected by the OCE system in this work 
(Fig. 3(a)) and previous work [23, 40]. The differences 
in the shape of the temporal profiles can be attributed to 
the different ways of each technique measure the 



J.	Li	et	al.:	Assessing	mechanical	properties	of	tissue	phantoms…		 doi:	10.18287/JBPE-2015-1-4-229	

J	of	Biomedical	Photonics	&	Eng	1(4)	 	 1 Feb 2016 ©	SSAU	234	

	
Fig. 3 Sample surface responses of a 1% agar phantom recorded during (a) OCE and (b) LMIV experiment at the 
indicated distances from the air-pulse excitation. 

displacement of the sample. OCE measures the optical 
path difference between sample and reference arm, and 
the LMIV measures the intensity of light reflected from 
the sample surface. More specifically, the elastic wave 
may undulate similar to a wave in water, and the 
resulting change in sample surface geometry relative to 
incident beam may explain the kink during the inward 
process. Furthermore, OCE can easily provide absolute 
displacement, which can be used in other OCE 
techniques, such as compressional OCE for stress/strain 
analysis [45].  

	
Fig. 4 Elastic wave propagation velocity measured by 
OCE and LMIV. Statistical testing was performed by a 
paired t-test to demonstrate that the velocity 
measurements made by both systems were not different. 
The respective P-values are labeled. 

Statistical testing via a paired t-test showed that 
there was no significant difference between the 
velocities measured by both systems, with P=0.90, 0.25, 
and 0.89 for the 1%, 1.5%, and 2% phantoms, 
respectively (Fig. 4). However, the LMIV can only 
measure the wave propagation at the surface of the 
sample since internal scattering is dominated by the 
specular reflection from the surface. In contrast, OCE 
can provide depth-resolved elasticity measurements 
[46]. To further demonstrate the depth-resolved 

elasticity characterization by OCE, a sandwich-type 
agar phantom was constructed with a 2% agar layer 
between two layers of 1% agar (Fig. 6). Because the air-
pulse induced elastic wave wavelength is large, spectral 
analysis was utilized to provide depth-resolved elasticity 
assessment [46], and all three layers were differentiated 
successfully. Figure 6 shows the phase velocity of the 
air-pulse induced elastic wave at 180 Hz. The boundary 
layers are marked by the dashed red line.  

	
Fig. 5 Young’s modulus (E) estimated by the OCE 
system, LMIV, and as measured by mechanical testing 
(MT). 

The Young’s moduli estimated from the group 
velocities were smaller than as measured by mechanical 
testing. However, this is in agreement with our very 
recent investigation and can be explained by 
assumptions about sample geometry in Eq. 2 and the 
non-linearity of the agar stress-strain curve [23]. 

The LMIV can provide very rapid detection of 
elasticity since the data acquisition and post-processing 
are minimal. During OCE study, 501 successive M-
mode images were acquired at 100 ms per M-mode 
image, resulting in an acquisition time of approximately 
half a minute. However, due to the large data size, the 
post-processing time can be on the order of several 
minutes. Since each OCE measurement position results 
in a longer acquisition time and more data, there is an 



J.	Li	et	al.:	Assessing	mechanical	properties	of	tissue	phantoms…		 doi:	10.18287/JBPE-2015-1-4-229	

J	of	Biomedical	Photonics	&	Eng	1(4)	 	 1 Feb 2016 ©	SSAU	235	

intrinsic trade-off between spatial resolution and 
acquisition and processing times. Lateral measurements 
in the LMIV system were made by translating the 
sample, whereas the galvanometer-mounted mirrors 
were used to make measurements at the transverse 
locations in the OCE system. An automated motorized 
linear stage would dramatically speed up the acquisition 
time of the LMIV, but the speed would be limited to 
ensure that no damage was caused to the sample or that 
there was no slipping of the sample. Hence, 
elastographic measurements made with OCE are 
simpler because the probe beam is moved and not the 
sample. Furthermore, the LMIV requires precise 
alignment in order to capture the reflected photons. 
Moreover, OCE can provide a depth-resolved image of 
the sample, making alignment significantly easier. 

	
Fig. 6 Phase velocity of the air-pulse induced elastic 
wave at 180 Hz in a sandwich-type agar phantom (top) 
with OCT image of the phantom (bottom). The layer 
boundaries are marked by the dashed red line. 

In this study, successive M-mode images were 
acquired and an air-pulse excitation was synchronized 
with each measurement. This technique may not be 
feasible for in vivo measurement due to multiple 
excitations and the extended acquisition time, which 
may lead to excessive laser exposure. However, we 
have recently developed a technique that takes 
advantage of recent advances in OCT sources by 
directly imaging the propagation of an air-pulse induced 
elastic wave. Here, only a single excitation was 
necessary for a line measurement and the MPE limit for 
the sample (cornea) was not exceeded [47]. However, 
the spatial and temporal resolutions were still limited as 
compared to the OCE technique described in this work. 
Recently, GPU-accelerated compressional OCE has 
been demonstrated, enabling near real-time 3D elasticity 
assessment [48]. Combining high-performance 
computing would drastically reduce the processing time 

of the OCE post-processing and would also enable near 
real-time characterization of tissue biomechanical 
properties and is currently under development. 

Another core issue for comparison of the two 
techniques is the cost. The approximate total costs of 
building the OCE and LMIV systems are listed in Table 
1. The LMIV system is approximately one-tenth the 
cost of the OCE system. The LMIV system requires a 
simple HeNe laser, whereas the OCE system requires a 
broadband low coherence swept source laser. As the 
LMIV system is an open space system, there are no 
expensive fiber based components. Fiber optical 
components are becoming more mainstream and prices 
continue to decrease. However, the price disparity will 
still exist due to the sheer difference in complexity of 
the two systems. 

Table 1. Approximate cost in $US of the OCE and 
LMIV systems used in this study  

 OCE LMIV 
Light source 20000 850 
Optical components 4500 2550 
Scan 2850 0 
Control units 6500 600 
Data acquisition 10000 150 
Data processing 3000 500 
Total cost 46850 4650 

5 Conclusion 
In this work we have utilized two optical techniques, 
laser Michelson interferometric vibrometry (LMIV) and 
optical coherence elastography (OCE) to assess the 
elasticity of tissue-mimicking agar phantoms. A focused 
air-pulse induced elastic waves in the samples, which 
were then detected by the two techniques. The stiffness 
of the agar phantoms as quantified from the velocity 
were measured by the LMIV and OCE systems was in 
good agreement. The LMIV system was significantly 
less complex and cost-effective as compared to the OCE 
system, but the LMIV system cannot provide-depth 
resolved elasticity assessment. Therefore, if depth-
resolved elasticity or high spatial resolutions are not 
necessary, then LMIV may be a simple and cost-
effective technique to measure the elasticity of tissues 
completely noninvasively. 


