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ABSTRACT 

We report the first-ever in-situ imaging of 3D-Printed 
Electronics (PE) ink delivery and drying during the printing using 
GHz ultrasonic imager. The CMOS integrated GHz ultrasonic 
technology consists of a 128 x 128-pixel array of Aluminum Nitride 
transducers that image the surface of the silicon chip with 
transmit/receive of short ultrasonic pulses. The reflected US pulses 
measure crucial ink parameters such as ink’s acoustic impedance 
and temperature at a sampling rate of up to 30 frames per second. 
We demonstrate the observation of ink droplets delivered to a 
surface, the creation of secondary droplets on the surface, and the 
time history of the ink curing process. The data at single pixel and 
images over a collection of images indicates that the GHz imager 
can be used to provide real-time quantitative feedback on the 
printing process, thus providing uniform and higher yield PE 
devices. 
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INTRODUCTION 
 Printed Electronics (PE) hardware has enabled the rapid 
development of passive/active circuit components, flexible 
wearables, diodes, and smart systems with a variety of sensing 
applications [1]. Over the traditional photolithography fabrication 
process, PE holds significant advantages in production speed, cost, 
material usage, flexibility in the substrate choice, and carbon 
footprint [2]. Although there is a remarkable research and 
development progress of PE devices, there are still several 
challenges that have limited its mass manufacturing potential. While 
printing resolution, uniformity of printed layers, and process 
stability are a few limitations for PE, one of the major drawbacks is 
the lack of optimum quality control during the printing process [3]. 
 There are several factors such as ink quality (density, viscosity) 
and temperature (ink, substrate, and surrounding air) that must be 
appropriately decided to achieve proper ink adhesion, spread, and 
drying on the substrate surface [4]. Optical imaging using 
microscopes has been used for determining film delivery accuracy. 
Optical imaging generally requires a larger footprint requiring a 
light source and lensing. Further, optical imaging is only applicable 
to reflective surfaces, which is difficult for transparent inks. 
Furthermore, optical imaging also does not allow the imaging of 
mechanical and thermal properties of the ink. Monitoring the 
morphology as well as several material properties of ink film 
deposited on the substrate is necessary to understand the quality of 
the print. Some imaging modalities such as X-ray and atomic force 
microscopy have been used to study the printed film morphology 
and material properties [5,6]. Due to their bulky nature, these 
techniques are expensive, slow, and almost impossible to carry out 
real-time in-situ measurements during the print process [7]. 
Similarly, infrared imaging and thermocouple have been used to 
measure the real-time temperature of the printing process in additive 

manufacturing [8]. These techniques have been quite successful for 
temperature measurement. However, they require complex setup 
and integration with the printing system. An ideal quality control 
system for PE should be compact, cheap, and operatable real-time 
with multi-sensing abilities. This would enable real-time feedback 
to the users allowing them to be aware of any potential print defects 
before print completion saving resources and time. This paper 
demonstrates a unique approach to monitoring the PE process using 
an ultrasonic imager. 
 The Geegah imager consists of 128 x 128 transmit/receive 
pixels with each pixel’s pitch being 50 μm (Fig 1A). Each pixel has 
a 2 µm thick aluminum nitride (AlN) transducer, and most of the 
necessary circuitry is integrated within using a 130 nm CMOS 
process (Fig 1B), resulting in a compact, low-cost, low-power chip. 
The sensing region is the backside of the double-side-polished 
CMOS substrate with 6.4 x 6.4 mm2. This optically flat, 
unobstructed surface without any wirebonds provides a rugged 

Figure 1. A) Optical image of the 128x128 AlN transducer pixels. 
B) Micrograph of 2 array pixels (50µm pitch) with integrated T/R 
circuits. C) Schematic showing ultrasonic imaging of ink printing 
process i) Ink drop ejection at warm ink temperature (~ 40°𝐶𝐶). ii) 
Ink spreading on the surface causing few micro-drops to splatter. 
iii) Curing the deposited ink at 120 °𝐶𝐶 that evaporates the solvent. 
iv) Solidified ink on the imager surface. 
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surface that can be used for printing directly on it. The surface can 
be cleaned easily using solvent-soaked wipes multiple times without 
damaging the sensitive CMOS transistors or causing wear on 
encapsulation around wirebonds. During the ink printing process, 
high-frequency ultrasonic pulses are launched from these pixels, 
which then travel through the silicon substrate and are received back 
by the identical transducers (Fig 1C). The amplitude of these 
ultrasonic echoes is then used to form an image via the on-chip 
readout and signal processing circuitry [9]. At GHz frequency, the 
time taken for a pulse to be transmitted and received by a pixel is 
approximately 150 ns which enables capturing ink deposition at a 
very high scanning rate of 10-30 fps for the full 128x128 pixel array. 
 This ultrasonic (US) GHz imager has few key features that 
make it a suitable tool for PE quality control. Firstly, the high 
frequency in the GHz range allows for acquiring high-resolution 
images as frequency is inversely proportional to the wavelength. 
When operated at 1.85 GHz, the wavelength is around 4.5 𝜇𝜇𝜇𝜇 in 
silicon. Secondly, the reflected ultrasonic signal magnitude and 
phase are used to simultaneously estimate the material’s acoustic 
impedance and temperature data. This integration of multiple 
sensing modes on the same chip reduces the whole imaging system's 
power, size, space, and cost. Thirdly, the CMOS-MEMS integration 
enables additional GPS and RF communication features. This 
facilitates the users to monitor the print and receive data remotely. 
Fourthly, ultrasonic waves instead of light allow imaging 
transparent ink and features that remain hidden/covered during the 
print, and hence can’t be sufficiently detected by optical approaches. 
Several print defects such as air bubbles and cracks between the 
substrate (imager surface) and the ink layer is clearly visible using 
the ultrasonic imager but not necessarily in optical images.  
 In previous work, we have demonstrated the use of the GHz 
ultrasonic imager array to sense nematodes [10], and soil 
parameters[11], based on CMOS integration of piezoelectric AlN 
transducers. Here, we show the potential of this technology for 
monitoring and optimization of ink-printing process parameters 
such as the density, temperature, and distance between the nozzle 
and the substrate.  
 
METHODS AND EXPERIMENTS 
 The demonstration of real-time ultrasonic imaging of ink is 
done using the BotFactory SV2 inkjet printer. This printer utilizes a 
HP45 cartridge consisting of 300 thermal inkjet nozzles with a firing 
rate of approximately 2 kHz. A plate inside the nozzle chamber 
rapidly heats up, boiling the ink causing vapor formation and 
pressure that pushes the ink towards the extruder. The vapor bubble 
grows and ruptures that pinches off ink droplet out of the extruder. 
Due to the surface tension, the excess ink contracts and flows back 
into the chamber waiting for the next ejection cycle. Conductive ink 
was used for all the printing experiments in this paper, although 
results on non-conductive and resistive inks are also possible. This 
conductive ink consists of a matrix of silver nanoparticles suspended 
in a solvent. For complete adhesion of the ink on a substrate, thermal 
curing at a temperature of 120-150 °C is required. This heating 
causes the solvent to evaporate, leaving behind the silver particles 
attached to the substrate. The printer has a XYZ step resolution of 
10 microns and minimum trace width of 200 µm. The operating 
temperature of the bed, on which the imager is mounted on, ranges 
from 25 – 150 °C. Therefore, it is important that the imager can 
operate at high temperatures.    
 The GHz imager chip was placed parallel to the printer bed, 
and Kapton tape was used to secure the PCB with the imager chip 
in the fixed location to prevent any movements during the printing 
process (Fig. 2A). A pattern of varying line widths was directly 
printed on the imager’s surface (Fig. 2B). For all experiments, pulse 

frequency used to image the ink was 1.853 GHz, and the sampling 
rate for the experiments was approximately 5.8 frame per second 
(fps). The 3D printer’s bed temperature was set to 50 °C, whereas 
the curing was performed at 120 °C. The imager was initially 
calibrated to measure temperature change of the pixels. This was 
done by placing the chip inside an environment chamber (Tenny 
Environmental TJR) and imaging air with 1.853 GHz ultrasound for 
varying temperatures(-10 to 120 °C). The calibration curve obtained 
was used to measure the ink printing and curing temperature.  
 A series of experiments were performed to optimize the 
distance between the nozzle and substrate. The same line pattern 
was directly printed on the surface in multiple experiments where 
only the gap between the imager’s surface and the nozzle (𝚫𝚫G) was 
varied from 4.5 mm to 7.0 mm (Fig 2C). The obtained ultrasonic 
images were analyzed to quantify the ink splattering and print 
precision.  
 
RESULTS AND DISCUSSION 

The reflected echo from each pixel is received in two modes – 
in phase (I) and out-of-phase (Q). When imaging with all the pixels, 
two 128 x 128, 12-bit matrices for I and Q data are generated. These 
matrices (𝑰𝑰𝑴𝑴 and 𝑸𝑸𝑴𝑴) contain the first acoustic echo signal reflected 
from the backside of the silicon. The background noise is removed 
from the images by subtracting the measured echo matrices with the 
air-backed echo (𝑰𝑰𝑩𝑩 and 𝑸𝑸𝑩𝑩) thus obtaining the following matrices: 
 
𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰   =   𝑰𝑰𝑴𝑴 − 𝑰𝑰𝑩𝑩                           1) 
𝑸𝑸𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰 =   𝑸𝑸𝑴𝑴 − 𝑸𝑸𝑩𝑩            2) 
 
 The no-echo signal is also sampled after the first echo dies off 
and before the second echo. The obtained data (𝑰𝑰𝑵𝑵 and 𝑸𝑸𝑵𝑵) are  used 
to remove any DC offsets from the images. The two important 
components of reflected echo are the magnitude and phase. The 
magnitude represents the intensity of the wave, whereas the phase 
measures any doppler shift of frequency. Using the I and Q echo/no-
echo measurements, magnitude and phase can be calculated as 
follows: 
 
Magnitude  = �(𝑰𝑰𝑴𝑴 − 𝑰𝑰𝑵𝑵)𝟐𝟐 + (𝑸𝑸𝑴𝑴 − 𝑸𝑸𝑵𝑵)𝟐𝟐          3)  
 
Phase =  𝐭𝐭𝐭𝐭𝐭𝐭−𝟏𝟏( 𝑰𝑰𝑴𝑴−𝑰𝑰𝑵𝑵

𝑸𝑸𝑴𝑴−𝑸𝑸𝑵𝑵
)                                            4)   

Figure 2.A) Experimental setup of imager chip attached parallel 
to the SV2 printer’s bed. B) Conductive ink deposited on the 
imager’s surface during the print. C) Schematic showing 
experiment varying gap between nozzle and the imager surface. 
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For consistent comparison of the calculated magnitude among 
different experiments, the magnitude of the measured signal is 
normalized with the magnitude of baseline using the following 
relationship:  
Normalized magnitude = 𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 _𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴

𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 _𝑩𝑩𝑴𝑴𝑴𝑴𝑴𝑴𝑩𝑩𝑴𝑴𝑴𝑴𝑴𝑴
          5) 

 
Ultrasonic images of ink printing and curing  
 The CAD implemented design, optical image, and the 
magnitude echo of the reflected signal (Fig 3 A,B,C respectively) 
shows the line patterns deposited on the imager chip. The ultrasonic 
and optical images (Figure 3 D) reveal print defects such as cracks, 
trapped air bubbles, and ink splattering on the imager surface.   As 
only a single layer of ink was deposited, the flaws are visible on both 
imaging modalities. However, ultrasonic imaging would have a 
significant advantage, especially with transparent ink that is hard to 
image optically and multi-layered prints where the bottom layer 
remains hidden due to the top layers. 
 
Temperature Sensing and ink curing 
  The silicon substrate of the GHz imager makes temperature 
sensing possible as the change in the speed-of-sound in silicon with 
temperature manifests as a phase shift in the ultrasonic signal 
received by the imager pixel transducers [12]. The relationship 
between the unwrapped phase measured for varying air temperature 
(-10 to 120 °C) is linear (Fig 4A). Using this calibration curve, the 
temperature for ink drop deposition was interpolated from 18 pixels 
(Fig 4B). Here, the temperature can be seen dropping after the liquid 
delivery as locally heat is removed from the silicon to heat the 
droplet. The ink can be also seen to spread enabling measurement of 
spreading in real time. Eventually, the ultrasonically measured 
temperature slowly returns to the ambient temperature as the ink 
reaches thermal equilibrium with the substrate. Similarly, the 
temperature change was recorded from 8 pixels exposed to ink 
during the curing process (Fig 4C). Although the print bed is 
measured to be approximately 120° C, the pixel temperature is lower 
~ 110 °C due to the rapid heat transfer to the surrounding air and the 
placement of the imager onto the print surface.  
 
Varying the height between the nozzle and substrate 

The distance between the nozzle and substrate affects ink drop 
breakage properties such as breaking time and rate during ejection, 
resulting in ink splattering [13]. The reflected echo magnitude  

Figure 4. A) Calibration curve showing linear relationship between the calculated unwrapped phase and temperature. B) Interpolated 
temperature measurement of ink printing. Ink temperature is cooler than the imager surface causes the temperature to drop briefly. C) 
Interpolated temperature for ink curing. The shadow represents the maximum and minimum values among the measured data. 

Figure 3.A) CAD pattern (grey area shows ink) for printed 
conductive ink lines. B) Optical image of the printed conductive 
ink on the imager surface. C) Ultrasonic image of the same ink 
patterns. D) Optical and ultrasonic images showing defects in 
the ink print pattern: air bubbles trapped within ink and tiny 
drops splattering between the ink lines. 
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images (Fig 5A) reveal increasing ink splattering around the printed 
lines as the gap increases. The splattering was further quantified by 
plotting the distribution of the signal from all the pixels (Fig 5B). 
The lower splattering of micro-sized drops results in clear-distinct 
peaks of signals reflected from air and ink pixels. In contrast, high 
splattering causes the air gaps to be filled with tiny drops of ink, 
resulting in broader distribution. This quantification of the ink 
splattering can optimize the proper height between the nozzle and 
the substrate to have the least ink splattering.  

 
CONCLUSION 
 This work demonstrates the GHz ultrasonic imager as a 
potential tool for quality control in PE manufacturing. 
Ultrasonically imaging the ink deposition and curing yields crucial 
data on ink’s acoustic impedance and temperature that can be used 
to predict any anomalies or faults in the prints. In future 
experiments, the images obtained from the US imager can be 
correlated with optical images and functional data obtained on 
FR4/Kapton/Polyimide substrates, using AI/ML approaches to have 
an automated feedback PE manufacturing process. In addition, 
different ink types such as resistive and insulating ink will also be 
imaged to characterize their acoustic properties. This model may 
help predict ink aging or substrate properties that can be used to 
provide a sub-optimal print. This capability will specially be useful 
for printed electronics in adverse environments such as on mobile 
platforms experiencing temperature, humidity, and vibration 
variations during the print.  The models correlating ultrasonic 
images to the actual prints may also determine optimum inkjet 
operating parameters such as distance from the substrate, firing rates 
of each nozzle, and misfiring nozzles that should not be used in a 

print. This level of feedback control will enable high yields and 
greater ink use efficiency, reducing the cost of printed electronics 
devices. In the future, the imager can be directly integrated with the 
PE printer for automatic sampling and process optimization of the 
printing and curing processes. 
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Figure 5. A) Ultrasonic images reveal precise and distorted 
lines printed for smaller (4.5 mm) and larger gaps (7.0 mm), 
respectively. B) Distribution of ultrasonic echo amplitude 
divided into two peaks for varying gap between nozzle and 
imager surface. A smaller gap causes less splattering, which 
leads to more distinct peaks. 
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