
 

 

저작자표시-비영리-변경금지 2.0 대한민국 

이용자는 아래의 조건을 따르는 경우에 한하여 자유롭게 

l 이 저작물을 복제, 배포, 전송, 전시, 공연 및 방송할 수 있습니다.  

다음과 같은 조건을 따라야 합니다: 

l 귀하는, 이 저작물의 재이용이나 배포의 경우, 이 저작물에 적용된 이용허락조건
을 명확하게 나타내어야 합니다.  

l 저작권자로부터 별도의 허가를 받으면 이러한 조건들은 적용되지 않습니다.  

저작권법에 따른 이용자의 권리는 위의 내용에 의하여 영향을 받지 않습니다. 

이것은 이용허락규약(Legal Code)을 이해하기 쉽게 요약한 것입니다.  

Disclaimer  

  

  

저작자표시. 귀하는 원저작자를 표시하여야 합니다. 

비영리. 귀하는 이 저작물을 영리 목적으로 이용할 수 없습니다. 

변경금지. 귀하는 이 저작물을 개작, 변형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

 

Thesis for the Degree of Master of Engineering 

Non-destructive and Non-invasive 

Elasticity Measurement of Tissue 

Engineering Scaffold Using Ultrasound 

 

 

 

 

 

 

By 

Chulhee Yun 

Interdisciplinary Program of Biomedical Mechanical & Electrical 

Engineering 

College of Engineering 

Pukyong National University 

 

February 2019 

[UCI]I804:21031-200000180339[UCI]I804:21031-200000180339[UCI]I804:21031-200000180339[UCI]I804:21031-200000180339



 

 

Non-destructive and Non-invasive 

Elasticity Measurement of Tissue 

Engineering Scaffold Using Ultrasound 

초음파를 이용한 조직공학 

세포지지체의 비파괴적 비침습적 

탄성 측정 

Advisor: Prof. Seung Yun Nam 

 

by 

Chulhee Yun 

 

 

A thesis submitted in partial fulfillment of the requirement  

for the degree of 

 Master of Engineering 

in Interdisciplinary Program of Biomedical Mechanical & Electrical 

Engineering 

College of Engineering 

Pukyong National University 

 

February 2019 



 

 

Non-destructive and Non-invasive 

Elasticity Measurement of Tissue 

Engineering Scaffold Using Ultrasound 
 

 

A dissertation  

by 

Chulhee Yun 

Approved by: 

 

 

 

 

                               

(Chairman)  

 

 

 

                                                                           

(Member)        (Member)  

 

 

 

February 22, 2019



 

i 

 

초음파를 이용한 조직공학 세포지지체의 비파괴적 비침습적 탄성 측정 

윤 철 희 

부경대학교 대학원 의생명기계전기융합공학협동과정 

요 약 

 

조직공학용 세포지지체의 물성은 생체적합성과 세포의 거동 및 기능에 큰 영향을 준다. 이러한 

세포지지체의 기계적 특성을 측정하는 기존의 방법들은 대부분 지지체의 파괴적 과정을 거치게 되며 

동일 지지체내의 물성변화를 장기간 계속 측정할 수 없는 제한이 있었다. 하지만, 실제 피부 질병 

진단 등에 사용되어 온 표면 탄성파 측정법과 전단 탄성영상법을 이용하면 점탄성을 가지는 

세포지지체의 비파괴적 물성측정이 가능하다. 

 본 연구에서는 세포지지체 물성 변화의 비파괴적인 측정을 위해 빔포밍을 이용한 집속 초음파 및 

소프트웨어 기반의 초고속 영상법을 이용하여 실제 조직공학용 세포지지체와 유사한 기계적 특성을 

가지는 다양한 물성의 젤라틴 기반 샘플 및 레이저를 조사하여 점탄성을 조절할 수 있는 알긴산-

금나노입자 기반 세포지지체를 제작하여 표면 탄성파의 전파를 시뮬레이션하고 이를 레오미터 

측정치와 비교 분석하였다. 또한, 전단 탄성영상법을 이용하여 얇은 조직공학 세포지지체를 측정할 때 

표면 탄성파의 영향으로 탄성도 측정이 어려운 구역을 영상처리기술인 상호 상관을 최적화하여 

기계적 특성을 측정하였다. 
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1. Introduction 

1.1. Tissue engineering 

Tissue engineering aims to improve or replace the structure and function of 

deteriorated tissue using substitutes or scaffolds fabricated of various biomaterials that 

can grow with damaged tissue.[1, 2] The general principle of tissue engineering 

combine living cells/tissues, biomaterials scaffolds and growth factors/bioreactors and 

are therefore integrated and have expertise in the relevant fields of clinical medicine, 

mechanical engineering, materials science, genetics and life sciences as shown in 

Figure 1. Summary of tissue engineering progress in the past 

decade.[2] 
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Figure 1.[3] In particular, mechanical properties of tissue-engineered substitutes needs 

to be comparable with that of native or surrounding tissue and are one of the most 

important factors to be monitored because they can significantly affect the 

biocompatibility, biodegradability, cell behaviors and functions.[4, 5] Therefore, tissue 

engineering applications need a suitable range of mechanical properties for the tissue-

engineered scaffolds to have the native tissue or organ mechanical property, and to be 

able to avoid the side effects resulting from the stress-shielding mechanism.[6] 

Accordingly, conventional methods including rheological characterization and tensile 

strength tests have been widely used to assess the mechanical properties of the tissue-

engineered constructs. However, the conventional methods for the assessment of the 

mechanical properties are mostly destructive and can hardly be used continuously in 

clinical and in-vivo models.[7] To overcome these limitations and measuring the shear 

modulus quantitatively with a higher contrast ratio than bulk modulus (Figure 2), shear 

wave elasticity imaging (SWEI) and acoustic surface wave have been recently applied 

to various tissue engineering applications.[8, 9] 

Figure 2. Summary of the variation of shear modulus and bulk 

modulus for various materials and body tissues. 
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In this study, gelatin and collagen were mainly used for tissue engineering applications. 

Gelatin can be obtained by controlled hydrolysis of collagen, a fiber-insoluble protein, 

which is generally seen in nature and is the main component of skin, bone and 

connective tissue.[10] Gelatin is a kind of protein and composed in a unique order of 

amino acids. Although gelatin is 98–99% protein by dry weight, the characteristic 

property of gelatin is the high content of amino acids such as glycine, proline, 

hydroxyproline, glutamic acid, alanine and arginie.[11] Structurally, the molecules of 

gelatin are X and Y, in many cases proline and hydroxycurulin contains gelatin and a 

repetitive sequences of glycine-YX triplet which is a triplet structure of water. This 

sequence is responsible for the gel helix structure and the ability to form a gel in which 

spiral domains are formed in the protein chain of gelatin that immobilizes water. The 

purification type collagen, gelatin is used in a variety of biomedical applications as 

Figure 3. Schematic description of the collagen hydrolysis to gelatin.[11] 
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scaffolds, plasma expanders, wound dressings, adhesives and surgical absorbent pads. 

Collagen, also known for its broad range of biomedical uses, is known to express 

antigens in physiological conditions, but not gelatin-like antigenicity.[12]  

The surface of scaffolding materials, degradation rate and biodegradability are 

generally required for a tissue engineering scaffold material. Because the surface of the 

tissue engineering scaffold can directly affect cellular response and ultimately the tissue 

regeneration.[13] Gelatin and collagen are less expensive molecules as well as a 

broader biodegradability for well-accepted biocompatibility and are also used in the 

surface modification techniques.[14] Therefore, gelatin is frequently used for 

fabrication of tissue engineering scaffold and is mainly used for mimicking the tissue-

engineered scaffolds in this paper. 

Figure 4. PLLA–collagen (a–d) and PLLA–gelatin (e–h) hybrid 

scaffolds.[13] 
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1.2. Shear wave elasticity imaging 

Ultrasonic elasticity imaging has been investigation since the late 1990's for 

studying the mechanical properties of the tissue, which can associate with the progress 

of the fibrotic tissues and scaffolds or increasing of the tissue cellular density as can 

occur with inflammation, malignant tumors and other various cancers.[15] Recently, 

the software and hardware of the ultrasound systems have been improved and numerous 

clinical applications of ultrasonic elasticity imaging for the assessment of mechanical 

property have been reported to replace manual palpation of clinicians diagnose and 

monitor diseases non-invasively and non-destructively based on stiffness contrast 

between the normal tissues and abnormal tissues.[16] Therefore, various methods of 

ultrasonic elasticity imaging have been studied for many years including acoustic 

radiation force impulse imaging, shear wave elasticity imaging, supersonic shear 

Figure 5. Ultrasonic elasticity imaging techniques.[17] 
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imaging, shear wave spectroscopy, comb-push ultrasound shear elastography, and  

spatially modulated ultrasonic radiation force imaging.[17]  

 SWEI can quantify the elasticity and image the structure of the target region, based 

on the evaluation of radio frequency (RF) echo signal and relation that shear wave 

propagation speed is proportional to the stiffness of the material. Because shear waves 

can be generated by a radiation force of a focused acoustic impulse, SWEI can non-

destructively and continuously monitor changes in tissue stiffness.[18] The SWEI 

enables quantitative assessments of tissue viscoelasticity, thereby it can be a useful tool 

for numerous preclinical and clinical approaches such as diagnosis of tissue 

abnormalities and monitoring of scaffold degradation at various time points.[19] 

However, SWEI can easily suffer from the strong ultrasonic signals at the surface where 

multiple reflections can occur due to the differences in acoustic impedances, which can 

Figure 6. The experimental procedures and results of shear wave 

elasticity imaging. 



 

7 

 

considerably restrict its potential use in tissue characterization often applied in 

superficial tissue regions.[20] 

Therefore, in this study, optimized parameters in post-processing of SWEI were 

explored to accurately assess shear modulus of the gelatin based tissue-engineered 

phantom with reduced effects of acoustic surface waves in the superficial regions. In 

previous studies, SWEI is reported to measure the mechanical property of various 

tissue-engineered scaffolds. However, no reported resulted are found in improvement 

of acoustic surface wave effects for SWEI in superficial regions of tissue engineering 

models. To be specific, data processing related to cross-correlation was optimized for 

precise evaluation of shear wave propagation speeds based on monitoring of the 

quantification errors in SWEI measured in tissue-mimicking models.  
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1.3. Acoustic surface wave assessment 

In order to apply the SWEI to the mechanical property evaluations of the tissue-

engineered scaffolds, a material of acoustic scattering such as silica should be added in 

the scaffolds for tracking the particle motions and calculating the displacements. 

However, acoustic scattering materials can change the mechanical properties of the 

tissue-engineered scaffolds and cell behavior. Therefore, acoustic surface waves have 

been applied to measure the overall elasticity of a medium without scattering materials 

by applying the characteristics of ultrasonic waves in which ultrasonic signals are 

strongly generated due to reflection of ultrasonic signals between materials having 

different acoustic impedances in the ultrasound image. As shown in Figure 5, since the 

shear waves are generated and spread in the medium, the mechanical properties inside 

Figure 7. The difference of the surface wave and shear wave for 

measuring the elasticity.  
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the medium can be measured. On the other hand, surface waves are generated from the 

surface of the medium, the overall mechanical properties of the medium can be 

measured. Wherefore, acoustic surface wave assessments are used to measure the non-

destructive properties of viscoelastic tissue-engineered scaffolds without the additional 

scattering materials required in the SWEI.[21] Although the acoustic surface wave can 

only generate on the surface of a target region, the optical method is the more diffuse 

reflection that can experience difficulties due to the cause of phase distortion from the  

Figure 8. Measurement of human lung applying the acoustic surface 

wave.[23] 
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optical scattering coefficient of the biomedical materials is mostly over 10 times larger 

than their absorption coefficient.[22]  

Measurement of the acoustic surface wave velocity is a discovery of the target 

surface as multiple time points for detecting the propagation of surface Rayleigh waves, 

surface waves and measuring the shear modulus similar to SWEI. Acoustic surface 

wave has been reported substantially in various biomedical applications, such as tissue 

engineering, skin, lung and artery.[23] 

In this paper, we have used the Matlab based ultrasonic simulation tool, K-wave, to 

verify the non-destructive assessment of tissue-engineered scaffolds using acoustic 

surface waves. In addition, based on the simulation results, acoustic surface wave 

measurements of various concentrations gelatin based scaffolds and were measured by 

ultrafast ultrasound imaging method. Also, results from acoustic surface wave 

assessments are compared with the measured value by a rheometer, which is a 

conventional mechanical properties measuring method, to confirm the validity of the 

measurement of acoustic surface wave. 
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2. Materials and methods 

2.1. Fabrication of tissue-mimicking phantom for SWEI 

A tissue-mimicking phantom with the size of 10 × 10 × 0.8 cm3 was fabricated using 

gelatin (Sigma Co., St. Louis, USA) and psyllium hydrophilic mucilloid fibers (sugar-

free Metamucil® , OH, USA) for the superficial tissue-engineered scaffolds.[24] Gelatin 

was frequently used for fabrication of tissue engineering scaffold. Psyllium hydrophilic 

mucilloid fibers were added into the tissue-engineered scaffold to fabricate the 

recommended backscatter coefficient to mimic the construction of soft tissues and 

generate speckle patterns in ultrasound images. Psyllium hydrophilic mucous fibers at 

2 wt.% were added 6 wt.% gelatin to make homogeneous tissue-mimicking phantom 

to perform SWEI in a superficial tissue engineering model. 

Figure 9. (a) Graphical representation of the focusing depth, distance 

between the probe and the phantom surface. (b) The experimental setup of 

shear wave elasticity imaging. 
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2.2. Shear wave elasticity imaging  

The ultrafast ultrasound imaging was performed with a programmable ultrasound data 

acquisition system (Vantage 128, Verasonics Inc., Kirkland, WA, USA) using a linear 

array transducer (L7-4, Philips Healthcare, Andover, MA, USA). In order to track the 

shear wave, ultrafast ultrasound imaging was performed to extract more images than 

conventional ultrasound images within the same time. Furthermore, to perform non-

destructive and non-invasive SWEI through an acoustic radiation force impulse (ARFI), 

an ultrasonic probe was used to perform beamforming for focusing followed by 

simultaneous ultrasound B-mode imaging. The approximate SWEI procedure is shown 

in Figure 10.[25] The tissue-mimicking phantom was immersed in water and located at 

5 mm below the transducer to avoid the near field effects in ultrasonic beamforming as 

shown in Figure 9. The ultrasound push beam was transmitted at a depth of 4 mm below 

the surface of the phantom for 500 μs using 16 elements of the array transducer with a 

center frequency of 4 MHz. Subsequently, 100 frames were acquired in a pulse 

Figure 10. Diagram depicting the process of ultrasound image based shear 

wave elasticity imaging.[25] 
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repetition interval of 100 μs (i.e., at 10 kHz) using 128 elements at a center frequency 

of 6.5 MHz. 

The acquired ultrasound B-mode data after ultrasonic pushing was post-processed 

using a two-dimensional auto-correlation based method to estimate the motion induced 

from the shear waves over time.[26] Auto-correlation is the correlation of signal delay 

or proprietary delayed copy and shows similarity between observations as a function 

of delay time. On the sequence of the estimated particle velocity, cross-correlation was 

used to calculate the propagation time between two distinct shear wave profiles at 

different lateral locations defined by a respective window size.[27] Furthermore, as 

shown in Figure 10, the final shear wave propagation speed at a point of interest was 

calculated by averaging the values at 3 lines (A, B and C). The respective axial and 

lateral distances were estimated according to the window sizes of 2, 4, 6, and 8 with a 

unit size of 0.115 mm in the axial direction and 0.149 mm in the lateral direction in the 

particle velocities maps. The ultrasound wavelength was 0.237 mm. After applying the 

cross-correlated values, the shear wave propagation speed ( 𝑉𝑠 ) was calculated as 

equation (1)[28] 

𝑉𝑠 = √𝑉𝑎
2 + 𝑉𝑙

2   (1) 

where 𝑉𝑎 and 𝑉𝑙 are shear wave propagation velocities in axial and lateral directions, 

respectively. The shear modulus (G) can be calculated with the estimated shear wave 

speed using equation (2) 

G =  𝜌𝑉𝑠
2   (2) 
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where 𝜌 is the material density. The shear moduli maps were created based on the 

calculated modulus at each point in the target regions. 

  

Figure 11. Diagram of the calculation of cross-correlation at a point of 

interest in a window using particle velocity maps. 
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2.3. Fabrication of tissue-mimicking phantom for acoustic 

surface wave  

In order to make a similar intensity of human skin model, 3 %, 6 %, 9 % and 12 % of 

porcine skin gelatin powder (Sigma Co., St. Louis, USA) were used to make scaffolds. 

The reason that the concentration of gelatin differs is that shear modulus varies 

depending on concentration, which means that the mechanical properties differ in tissue 

engineering. The gelatin powder weighed according to the concentration was added to 

a beaker containing distilled water, mixed with a steer bar and heated to 60 ° C due to 

the gelatin is soluble in hot than in cold water. When all the materials were dissolved, 

in order to equalize physical properties that are important indicators in tissue 

engineering and to prevent scattering owing to air bubbles in ultrasound images, air 

bubbles were removed by using a vacuum chamber. After that, it was poured into a pre-

prepared frame and left at 4 ° C for 6 hours. Since the gelatin scaffold varies in physical 

properties with temperature, the gelatin scaffold was exposed to room temperature for 

a certain period of time before the experiment. 

Figure 12. (a) 3%, (b) 6%, (c) 9% and (d) 12% gelatin tissue-mimicking 

phantom photograph for acoustic surface wave and rheometer measurement. 
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2.4. Fabrication of alginate-gold nanoparticle based tissue-

engineered scaffolds 

A liposome containing gold nanoparticles and calcium was prepared using high 

concentration of CaCl2 encapsulated by interdigitation fusion method and fused with 

alginic acid to prepare alginate-gold nanoparticle based cell scaffolds.[29] The 

interdigitation fusion provides a method for preparing remarkably the single layer 

liposomes with exceptionally high internal volumes.[30] Increasing the concentration 

of diethylenetriaminepentaacetic acid in place of CaCl2 in the process of making the 

scaffold can make the softened scaffold. In terms of tissue engineering, alginate is 

particularly attractive material because alginate gels, as well as favorable properties 

such as biocompatibility and ease of gelation, can be manipulated to maintain structural 

similarity with the extracellular matrix of the tissue and perform some important roles. 

Moreover, gold nanoparticles are also widely used in biology and medicine due to their 

Figure 13. The mechanism and properties of the light-triggered release from 

temperature-sensitive liposome loaded with calcium and gold nanorods.[29] 
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wide range of chemical, physical properties and biocompatibility. When the prepared 

tissue-engineered scaffold is irradiated with near infrared rays, the gold nanoparticles 

generate heat to diffuse Ca2+ in the liposome, forming a scaffold as presented in Figure 

12. In this study, cell scaffolds were fabricated by irradiating laser with 808 nm 

wavelength and 1.78 W/cm2 output, and their viscoelastic characteristics were 

compared and analyzed by noninvasive measurement method and rheometer evaluation. 

  



 

18 

 

2.5. Rheometer measurement 

In order to verify the validity of the proposed methods, the acoustic surface wave 

measurements of the scaffold and the rheometer (HR-2, TA Instruments, CA, USA) 

were compared and analyzed. Rheometer is instrument that measures viscosity and 

viscoelasticity of fluid, semisolids and solids using the relationship between strain, 

stress, and material deformation. Rheometer works by relating a materials property 

from how hard it’s being pushed, to how far it moves by commanding stress and 

measuring strain or by commanding strain and measuring stress. A shear strain of 3% 

was applied at room temperature using an 8 mm parallel plate and the complex shear 

modulus of the scaffold was measured by applying an angular frequency of 0.1 rad/s to 

10 rad/s. 

Figure 14. The experimental setup of HR-2 TA Instruments rheometer. 



 

19 

 

2.6. Acoustic surface wave simulation 

To confirm the possibility of measuring the elasticity of the cell scaffold, acoustic 

surface wave samples at different speeds were simulated. K-wave was used for 

scaffolds nonlinear behavioral simulation of sound. K-wave is Matlab-based acoustic 

simulation software and designed for the time-variant acoustic simulation of 

propagating ultrasonic waves in 1-dimension, 2-dimension, or 3-dimension.[31] The 

toolbox has a wide range of functionality applying various properties of transmitting, 

receiving, medium and boundary condition and advanced numerical model that can 

account for both linear and nonlinear wave propagation.[32] The simulation was 

divided into three main stages as shown in Figure 15. First, the total size of the medium 

to be computed for the ultrasonic wave propagation with the axial and lateral grid size 

Figure 15. K-wave based ultrasonic simulation procedures 
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of 0.1 mm. Since then the characteristics of the medium and the properties of the 

transducer are determined. For the simulation, the acoustic absorption properties and 

density of the medium were calculated as homogeneous numerical values. Furthermore 

simulation was applied the values of K-wave viscoelastic and ultrasonic functions and 

derived the time-dependent results with Courant-Friedrichs-Lewy number 0.3.[33] 

Finally, based on the results obtained from each sample over time, the pressure and 

velocity are quantified and analyzed to confirm the possibility of acoustic surface wave 

measurement. Detailed simulation parameters are shown in Table 1. 

 

Table 1 Simulation parameters 
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2.7. Acoustic surface wave measurement 

In order to measure the acoustic surface wave velocity according to the change of the 

cell scaffold, the displacement of the acoustic surface wave was measured as shown in 

Figure 16. Ultrasound was focused under the surface of the cell scaffold for 600 μs 

from 128 elements of the transducer (L11-4v, Verasonics Inc., Kirkland, WA, USA) 

utilizing beam-forming for sufficient pushing on the scaffold surface. The resulting 

acoustic surface waves were received from 64 elements for 10 ms at a frame rate of 10 

kHz using the ultrafast ultrasound imaging system (V-1, Verasonics Inc., Kirkland, WA, 

USA). Using the acquired data, the shear modulus was measured by calculating the 

Figure 16. Acoustic surface wave measurement procedures.  
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displacement at the surface with time and deriving the velocity of the acoustic surface 

wave. The experimental procedure is shown in Figure 16 and detailed experimental 

parameters are described in Table 2. 

In this study, the measurement of the acoustic surface wave was carried out in the 

measurement range where the acoustic wave attenuation can sufficiently occur after the 

generation of the acoustic wave by the pushing. Also, since the displacement of the 

material due to acoustical radiation power is relatively small and the material is 

measured in a uniform and nearly isotropic condition, it can be interpreted by applying 

the assumption of a semi-infinite linear viscoelastic medium. Equations of linear 

viscoelastic media including these conditions can be derived as shown in Equation 

(3).[34] 

(λ + 2μ)∇(∇ ∙ 𝐮) − μ∇2𝐮 = ρ
𝜕2𝒖

𝜕𝑡2  (3) 

Table 2 Experimental parameters for surface 

wave measurement 
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In equation (3), u is the displacement, ρ is the density, μ and λ are the lame coefficients 

associated with the transverse and longitudinal waves, respectively.[35] Since the 

elasticity measurements carried out in this study are due only to transverse waves, the 

components of the longitudinal wave associated with the bulk modulus can be 

expressed as (4) by excluding from equation (3). 

μ∇2𝐮 = ρ
𝜕2𝒖

𝜕𝑡2     (4) 

Also, the displacement of the medium due to pushing exists mainly in the axial 

direction, and it can be summarized as equation (5) according to the propagation 

direction and acoustic frequency of the transverse wave. 

𝑈𝑧(𝑟, 𝜔) = 𝑎(𝜔)
𝑖

4
𝐻0

1(𝑘𝑠(𝜔)𝑟)  (5) 

In equation (5), 𝜔 is the angular frequency, 𝑎(𝜔) is the amplitude according to the 

angular frequency, r is the distance from the transverse wave generating point, 𝐻0
1 is 

the Hankel function and 𝑘∗(𝜔) is the complex shear wave number and it can be 

expressed as 𝑘∗(𝜔) = 𝑘𝑟 − 𝑖𝑘𝑖. 

𝐺∗(𝜔) = 𝐺′(𝜔)+𝑖𝐺′′(𝜔)   (6) 

On the other hand, the complex shear modulus can be expressed as equation 6, which 

is composed of 𝐺′  storage modulus and 𝐺′′  loss modulus in a linear viscoelastic 

medium. 

𝐺∗(𝜔) =  
ρ𝜔2

𝑘∗(𝜔)2    (7) 
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The storage elastic modulus, loss elastic modulus, and loss tangent are summarized as 

follows using equation (7). 

𝐺′(𝜔) =  ρ𝜔2 𝑘𝑟
2−𝑘𝑖

2

𝑘𝑟
2+𝑘𝑖

2    (8) 

𝐺′′(𝜔) =  −2ρ𝜔2 𝑘𝑟𝑘𝑖

𝑘𝑟
2+𝑘𝑖

2   (9) 

tanδ(𝜔) =  
𝐺′′

𝐺′ =
2𝑘𝑟𝑘𝑖

𝑘𝑟
2−𝑘𝑖

2   (10) 

The shear wave velocity can be calculated from equation (9) by applying poisson's 

ratio from the velocity of the measured acoustic surface wave, and the storage modulus 

can be measured by applying equation (10). 



 

25 

 

3. Results 

 

3.1. Particle velocity maps of superficial tissue engineering 

models  

In order to monitor the effects of the acoustic surface waves on SWEI in the 

superficial regions, the particle velocities were compared at various time points (1 ms, 

2 ms, 3 ms, and 4 ms). The particle velocity maps were the result of 2-dimensional 

autocorrelation from the B-mode images over time. The B-mode image was also 

compounded at three angles after applying absolute value, log scale, and dynamic range 

from acquired IQ data using ultrafast ultrasound system. In Figure 17(a), it was shown 

that the acoustic surface wave and the shear wave were located at similar lateral 

positions until 1 ms from the end of the acoustic radiation force. However, due to 

differences in the propagation speed and the signal intensity of the surface and shear 

waves, spatial separation between the two waves occurred in the particle velocity maps 

in Figures 17(b-d). Since the strong ultrasonic signals from the surface can interfere 

with shear wave propagation, it can degrade the accuracy of shear modulus 

measurement and limit the imaging capabilities of SWEI. 

 

 

 

 

 

 



 

26 

 

Figure 17. Particle velocity maps after ultrasonic pushing at various time 

points of (a) 1 ms, (b) 2 ms, (c) 3 ms and (d) 4ms.  
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3.2. Optimization of cross-correlation for SWEI in superficial 

regions 

To alleviate the quantification errors in the superficial regions, shear moduli were 

evaluated with various window sizes (2, 4, 6, and 8) when calculating cross-correlation. 

The shear moduli were estimated with four different region of interests (ROIs) to 

compare the interferences of acoustic surface waves at different lateral and axial 

locations as shown in Figure 18. When the window size was considerably small as 

presented in Figure 18(a), the estimation of the shear modulus resulted in the incorrect 

values, which are significantly lower than the nominal values because the window size 

could be too small to scan the particle velocity map. When applying the windows sizes 

of 6 and 8, substantial artifacts in the shear moduli maps were observed in Figures 18(c) 

and 18(d), because the larger window sizes may have increased the unwanted effects 

of the acoustic surface waves. In our study, the lowest errors were occurred with the 

window size of 4 as presented in Figure 18(b).  

Statistical analysis was applied to the post-processed data using box whisker plots 

for each ROI as shown in Figure 19. Overall, the shear moduli in the upper regions of 

ROIs were less accurately assessed with higher variance and more outliers and were 

affected by the acoustic surface waves compared to those in the lower regions. As 

described in the results in Figure 18(a), statistical analysis with window size 2 in Figure 

19 indicates that it is too small to accurately assess the shear modulus. Also, the shear 

moduli estimated with window size 6 and 8 showed higher variations compared to those 

with window size 4, which may imply that the acoustic surface wave can deteriorate 

the accuracy of SWEI in the superficial tissue regions and optimization of window size 

in SWEI is essential. 
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Figure 18. Shear wave elasticity imaging in four regions of interest using 

different cross-correlation window sizes of (a) 2, (b) 4, (c) 6 and (d) 8. 
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Figure 19. Shear moduli represented using box whisker plots in four regions 

of interest ((a) upper left, (b) upper right, (c) lower left, and (d) lower right). 
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3.3. Simulation of acoustic surface wave 

The K-wave was simulated by applying the Table 1 values in the size of 51.2 mm × 

51.2 mm media. The K-wave is a matlab-based tool that can perform acoustical 

calculations on viscoelastic medium in a variety of dimensions over time. The source 

frequency and source strength applied in the simulation was based on the numerical 

parameters of the transducer (L11-4v, Verasonics, Inc.) and the procedure of acoustic 

surface wave imaging also used in the actual ultrasound data acquisition parameters. 

Furthermore, the numerical values of the acoustic surface wave simulation were 

optimized to tissue engineering applications. 

Four different viscoelastic properties were applied to measure the particle velocities 

and pressures of the acoustic surface wave simulations over time. The speeds of 10 m/s, 

20 m/s, 30 m/s and 40 m/s used in the simulation were derived from parameters of 

tissue engineering scaffold measured with rheometer and converted to parameters 

suitable for acoustic simulation. Additionally, changing of acoustic intensity as time 

was shown using the calculation from particle velocities and pressures. The Figures  

20(a-d) shows the change in acoustic intensity over time in different samples (a) 10 m/s, 

(b) 20 m/s, (c) 30 m/s and (d) 40 m/s, which means the progression of acoustic surface 

waves. In order to confirm the propagation of the acoustic surface wave, the slope was 

confirmed by plotting the acoustic intensity with time on the surface of the simulated 

medium. As shown in Figure 20(a), the acoustic intensity changes little according to 

the time, and in Figure 20(d), it can see that acoustic intensity changes rapidly 

according to the time. It was confirmed by simulation that the acoustic surface waves 

travel faster as the viscoelastic material changes from 10 m/s to 40 m/s.  
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Figure 20. Simulation of surface wave propagation speeds at different 

reference mechanical properties of (a) 10 m/s, (b) 20 m/s, (c) 30 m/s and (d) 

40 m/s. 
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Accordingly the velocity of the acoustic surface wave was quantified using the slope 

of the propagation velocity with time, and then compared with the reference value. As 

shown in Figure 21, when comparing the measured values from the rheometer and the 

derived acoustic surface wave speed by applying the simulations, the same trend was 

shown and it was confirmed that the numerical value of the simulation was somewhat 

low. In conclusion, the measurement of the mechanical properties of the tissue 

engineering scaffold was possible using acoustic surface waves, although the 

simulation showed some differences because it does not include all the characteristics 

of the acoustic non-linearity. 

Figure 21. Simulated and reference surface wave velocities at different 

mechanical properties. 
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3.4. Acoustic surface wave measurement 

Shear moduli of 3%, 6%, 9% and 12% gelatin based scaffolds were measured and 

compared using acoustic surface wave method and rheometer. The acoustic surface 

wave was measured using an ultrafast imaging system and the ultrasound was focused 

under the 80 wavelength of the scaffolds surface. It is a consideration of errors due to 

displacement of the tissue-engineered scaffolds surface when exciting a long pulse 

using the F-number for sufficient acoustic radiation force. Ultrasound B-mode images 

were acquired through post-processing after acquiring 100 frames of IQ data at 10 kHz 

frame rate. In addition, cross-correlation and 2D autocorrelation were performed by 

upsampling using the mathematical interpolation techniques to track accurate surface 

wave propagation. The propagation images of surface wave was described the 

displacement on the surface according to the time in order to indicate that the surface 

wave is progressing both way on the surface of tissue-engineered scaffolds. The 

experimental setup parameters are shown in Table 2. 

 Displacements of acoustic surface wave analyze the received data and shows the 

changing of displacement over time at 100 μs intervals. In Figure 22, the slope of the 

maximum point of displacement moving with time was measured differently according 

to the gelatin concentration of (a) 3%, (b) 6%, (c) 9% and (d) 12 % for various tissue 

engineering mechanical properties. The temporal shift of the displacement was faster 

in more stiffness materials as the results shown in the simulation of acoustic surface 

wave, which means the progression of the acoustic surface wave also faster as shown 

in Figure 22. In summary, acoustic surface waves can be measured at various gelatin 

concentrations, and as the gelatin concentration increases, acoustic surface waves move 

rapidly. 
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Figure 22. Evaluation of surface wave propagation at different mechanical 

properties of (a) 3%, (b) 6%, (c) 9% and (d) 12% gelatin phantom. 
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To verify the validity of the acoustic surface wave measurement, the acoustic surface 

wave displacement measured in Figure 22 was calculated as the shear modulus and 

compared with the rheometer measurement and quantified through the bar graph as 

shown in Figure 23. Except for the concentration of 12% gelatin scaffold, the values of 

shear modulus measured using acoustic surface wave and rheometer were similar, 

though surface wave measurements were slightly larger than those measured by 

rheometer. The error at the concentration of 12% gelatin scaffold seems to be due to 

the low SNR and the lack of acoustic radiation intensity compared to the high 

viscoelasticity.   

Figure 23. Shear moduli assessed by surface wave measurement and 

rheometer at different gelatin concentrations. 
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In order to investigate the possibility of non-destructive viscoelasticity measurement 

of tissue-engineered scaffolds which are frequently applied to tissue engineering, 

alginate gold nanoparticle based cell scaffolds were measured the acoustic surface 

wave and mechanical property. In order to remove the artifact caused by the ultrasonic 

reverberation, the PVA phantom for ultrasonic absorption was placed at the bottom of 

the cell scaffold. In Figure 24, the red arrow is the position where acoustic radiation 

force is applied to generate the surface wave on the tissue-engineered scaffold, and the 

yellow arrow is tracking according to the time after the surface wave is generated. No 

acoustic scattering material was added to the scaffold, ultrasonic reflection signals were 

observed only on the scaffold surface as shown in Figures 24(a-d). Furthermore, 

Figures 24(a-d) can be seen to progress through acoustic surface waves when viewed 

at (a) 2 ms, (b) 3 ms, (c) 4 ms, and (d) 5 ms. Figure 25(a) shows the propagation of the 

surface wave over time up to 10 ms at 100 μs interval time through the displacement 

map. The displacement with time is also confirmed that the measuring shear modulus 

value(0.2348 kPa) applying the evaluation of acoustic surface wave is similar to the 

measurement value(0.2420 kPa) using rheometer as shown in Figure 25(b). 
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Figure 24. Surface wave propagation in B-mode images of alginate-gold 

nanoparticle based tissue-engineered scaffolds different time points of (a) 2 

ms, (b) 3 ms, (c) 4 ms and (d) 5 ms. 
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Figure 25. (a) Measurement of surface wave propagation in alginate-gold 

nanoparticle based tissue-engineered scaffolds. (b) Shear moduli assessed by 

surface wave measurement and rheometer. 
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4. Discussion 

Recently, many studies have explored diverse applications of SWEI to quantitatively 

and non-destructively monitor the mechanical properties of tissue-engineered 

constructs.[8] Typically, a depth of tissue engineered constructs or transplantation is 

less than a few centimeters, so various tissue engineering applications can be performed 

in the superficial tissue regions.[20] This study investigated the effect of the acoustic 

surface wave on the assessment of the shear moduli in the superficial regions as a 

function of window size of cross-correlation in SWEI. It was demonstrated that data 

processing in SWEI is essential because the accuracy and reliability of the assessment 

of mechanical properties depend on the processing parameters. To guarantee the 

detection accuracy and minimize the errors resulting from the acoustic surface waves 

during the data processing, a role of the cross-correlation window size is essential and 

needs to be optimized. In this study, the most accurate experimental results were 

obtained with window size 4, but this window size would likely vary because of other 

reasons, such as shear wavelength and tissue stiffness. Moreover, using the suggested 

method, the acoustic surface wave speed also can be calculated by applying the 

Poisson's ratio, which can be used to compensate and enhance the assessment of the 

shear modulus of the constructs. Also, in addition to the window sizes, other parameters 

or algorithms in the post-processing such as novel beamforming and harmonic 

autocorrelation can be further considered to enhance the shear modulus assessment in 

the superficial regions.[27] Furthermore, SWEI is currently most commonly used to 

estimate shear wave propagation speed at multiple tracking locations by transmitting 

one push beam to measure shear wave propagation speed.[36] However, multiple 
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tracking location approach is based on the assumption that the tracking place is in the 

middle of push beam and the speckle of the point to estimate is different, causing 

shearing and causing errors.[37] In order to reduce these errors, there is a method of 

compounding at various angles by dual phase transmit focusing.[18] However, in the 

case of tissue engineering applications, the depth is so short that it cannot be applied 

without additional devices such as a gel pad which can change and attenuate acoustic 

characteristics.[38] However, by improving the transducer, sequence and specification 

of the current ultrasound imaging system, if SWEI multi focusing by pushing the shear 

wave propagation speed at one point in several places of one transducer, the shear 

modulus will be tracking the single location and the same speckle, it seems that these 

errors can be reduced.[37, 39] Acoustic surface waves are a non-destructive and non-

invasive method of measuring physical properties without any scattering material in 

tissue engineering.[40] In this nondestructive testing and engineering field, simulation 

is an inevitable process before measurement. Simulations in 3D structures with such 

viscoelastic properties have been performed through COMSOL or Matlab-based Febio 

or K-wave.[41, 42] In this paper, simulation have been applied the necessary 

parameters for viscoelastic medium using K-wave that can perform acoustical 

calculations on viscoelastic medium in various dimensions over time. However, 

applying more boundary and initial conditions, further segmenting the time and 

reducing the grid size to the simulation can take more time but yield less error results 

through simulation. The error in the 12% gelatin phantom is due to the low SNR due 

to the low acoustical radiation intensity compared to the high viscoelasticity. Therefore, 

increasing the pulse duration to increase the acoustical radiation force, increasing the 

transducer voltage or excitation elements, and using the high intensity focused 
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ultrasound (HIFU) transducer is expected to improve these limitations.[43] Also, based 

on push location in alginate-gold nanoparticle based tissue-engineered scaffold, the 

surface wave in the left part was tracked, but the surface wave in the right part was not 

tracked. However, as shown in Figure 24, this error is due to the pushing area to the 

right of the alginate-gold nanoparticle based tissue-engineered scaffold. Therefore, the 

opposite shear modulus can also be measured by acoustic surface waves after pushing 

to the left through beamforming.  
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5. Conclusion 

In conclusion, the shear moduli were measured in the superficial regions of the 

tissue-mimicking model using SWEI, and the experimental results indicate that 

quantification errors caused by interference of acoustic surface waves were observed. 

To minimize the inaccuracies, data processing related to cross-correlation was 

optimized for precise assessment of shear wave propagation speeds. This study applied 

different window sizes when calculating cross-correlation and comparing the quality 

of data processing. Also, the results were statistically analyzed in four different ROIs 

in the phantom using the box whisker plots. As a result, it was demonstrated that 

detection accuracy decreased when the window size of cross-correlation became small, 

and the interference of the acoustic surface wave increased when the window size of 

cross-correlation became larger, respectively. Therefore, it is desirable to optimize 

parameters for the assessments of the shear moduli in the superficial regions for tissue 

engineering applications. Also, this study can be further extended to diverse preclinical 

and clinical approaches. In addition, this study confirmed the possibility of quantitative 

measurement of tissue-engineered scaffolds using simulation and acoustic surface 

wave using the ultrafast ultrasound imaging system. Simulation results show that the 

acoustic surface wave velocity changes with the change of mechanical properties, 

which is similar to the actual acoustic surface wave measurements performed on 4 

different concentration of the gelatin based scaffolds and dynamic phototuning 

alginate-gold nanoparticle based cell scaffolds. Also, the validity of the acoustic surface 

wave method was verified by comparing measurements of shear modulus derived from 

acoustic surface wave measurements and measurements of shear modulus measured 



 

43 

 

with a rheometer. In conclusion, non-destructive and non-invasive characterization and 

validation of acoustic surface wave measurements were verified through various tissue 

engineering applications and simulations. In addition, the measurement of the 

mechanical property using the acoustic surface wave can be extended to a variety of 

preclinical and clinical approaches, including tissue engineering and biomedical 

applications.  
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