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quadrature RF carrier to obtain demodulated I and Q signals. 

The reflected signal is sampled at the time of expected 

reflection and at a time when there is no reflection to obtain 

high (Iecho) and low (Inoecho) voltage of the return pulse. Out of 

phase data (Q) is collected with the help of a local oscillator set 

to a 90o phase shift and again data is stored for the high (Qecho) 

and low (Qnoecho) voltage of the return pulse. This is used to 

measure the phase shift in the reflection. All values are stored 

in 128x128 matrices, with each value being 12 bits, given the 

resolution of the ADC. The net difference between the echo and 

no-echo values are used as the peak-to-peak voltage values to 

eliminate the effect of DC biases generated by the nonlinear 

elements in the circuit. During imaging, the imager's baseline 

data, or air data without a sample, is first collected. This 

calibration data is required as each pixel has slight variations 

across the 2D array of transducers.  The baseline images are 

later subtracted from the sample data to equalize the response 

and reduce effects due to variations in the array fabrication.  

The ultrasonic waves at 1-2 GHz have a wavelength of 1.5 

to 0.75 끫븎끫븎 in water. The small wavelength can in principle 

allow very high-resolution imaging using phased arrays. 

However, here the lateral resolution is limited to the pixel size, 

which is 50 끫븎끫븎. The reflection coefficient from the sample at 

the silicon interface is 끫뢊 =
끫뢚끫룀끫룀−끫뢚끫룀끫룀끫뢚끫룀끫룀+끫뢚끫룀끫룀 where the impedance of the 

samples can be a complex impedance owing to the loss factor 

in the complex tissue.  

B. Experimental Setup 

In this paper, Zebrafish are observed throughout their 

embryonic development until hatching from ~10-60 hours post-

fertilization. The embryos arrive overnight by shipping in 

methyl blue solution. Upon arrival, viable embryos are 

separated and placed into a 12-well dish with a portion of the 

methyl blue solution. Under ideal conditions, embryonic 

Zebrafish development occurs approximately 72 hours post-

fertilization. At over 88% survivability, embryos exhibit 

normal development when kept at temperatures within a 22-

32oC range [6]. To prolong experimentation time, embryos 

were kept at approximately 23-24 oC for slower development.  

An embryo is placed under an optical microscope during 

experimentation, and an image is obtained for later 

age/development stage classification according to literature [7].  

The embryo is then placed onto the ultrasonic imager after 

obtaining initial calibration air data. Once on the imager, any 

excess liquid is removed using a KimwipeTM paper to minimize 

signal absorption and reflection from anything besides the 

embryonic tissue and air. A glass slide is placed on top, exerting 

a force of ~2.49 mN owing to its weight, on the embryo as an 

added measure to ensure the embryo has direct contact with the 

imager without causing excessive disturbance to the organism. 

The imager then obtains 20 frames worth of I and Q data.  These 

frames are averaged in post-processing to reduce pixel noise. 

For this study, data was taken approximately every 2-3 

hours during the day for approximately five days until the 

Zebrafish were close to hatching. To minimize variables such 

as the effect of accumulated stress on the embryo, every 

experiment was done with a new specimen. After the 

completion of the study, all remaining fish were euthanized in 

a two-step process of rapid chilling in ice water and then 10 

minutes in a 1:2 bleach water solution according to the 

Institutional Animal Care and Use Committee (IACUC) 

protocols and guidelines for fish within the 72 hpf development 

stage. The image data was then processed in Python to extract 

reflection coefficients and the ultrasonic impedances. 

C. Data analysis 

Multiple mechanical properties can be extracted from the 

ultrasonic signals the imager measures, which include density, 

elastic moduli, and viscosity. The primary parameters that were 

calculated and used to characterize the age of the ZF are the 

magnitude, phase, reflection coefficient, and acoustic 

impedance of the return signal. Magnitude, mathematically 

represented in Equation 1, is calculated by taking the squares of 

the net in-phase and out-of-phase voltages.  

 끫뢀  =  �(끫롸끫뢤끫뢤ℎ끫뢸  −  끫롸끫뢶끫뢸끫뢤끫뢤ℎ끫뢸)2 +  (끫뢈끫뢤끫뢤ℎ끫뢸 − 끫뢈끫뢶끫뢸끫뢤끫뢤ℎ끫뢸)2  (1) 

 

The magnitude (in volts) of the signal is directly 

proportional to the reflection coefficient through the relation 끫뢊 =  
끫뢀끫룀끫룀끫뢀끫롨 , where Msa is the magnitude of the return signal due 

to the sample, the zebrafish tissue, and MA is the magnitude of 

the air return signal. The reflection coefficient and, therefore, 

the magnitude of the sample are inversely proportional to the 

acoustic impedance due to the embryo by the relation 끫뢚끫룀끫룀  = 끫뢚끫룀끫룀 1−R1+R, where Zsa is the acoustic impedance of the embryo, and 

ZSi is the acoustic impedance of the bulk silicon.  The 

impedance of the sample is correlated with its Young's Modulus 

(E) and density (끫븘 ) by the relation 끫뢚  =  �끫롰끫븘. The embryo's 

density and elasticity vary as it rotates on the imager. The 

tougher tissue will have higher elasticity and higher density, 

while the liquid around the tissue will likely have an impedance 

close to water.   

Other studies measured the changes in the elastic modulus 

of the embryo chorion using piezoelectric force sensing probes. 

They used the probes to deform the chorion of zebrafish 

embryos at gastrula (5-10 hpf) and pre-hatching stages (48-72) 

of development until penetration of the membrane was 

achieved. They found that the force needed to penetrate the 

chorion at the gastrula and blastula (2-5 hpf) stages was 1.3 

times greater than that of the pre-hatching embryos. Using force 

and deformation data, a biomembrane mechanics model was 

used to approximate the elastic modulus. They calculated a 1.66 

times decrease in the elastic modulus from the early to pre-

hatching stages [3]. Though the magnitude of the elastic 

modulus would likely be different based on methods of 

experimentation as well as the density of the tissue, one should 

also observe a decrease in the elastic modulus and, therefore, a 

reduction in the acoustic impedance of the chorion as the 

embryo develops [3].  

The phase shift of the reflected pulse is also a valuable 

parameter to consider in this experiment. To determine the 
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