
Biofouling
The Journal of Bioadhesion and Biofilm Research

ISSN: 0892-7014 (Print) 1029-2454 (Online) Journal homepage: www.tandfonline.com/journals/gbif20

Characterization of organic fouling on thermal
bubble-driven micro-pumps

Brandon Hayes, Cillian Murphy, Janeth Marquez Rubio, Daimean Solis,
Kaushik Jayaram & Robert MacCurdy

To cite this article: Brandon Hayes, Cillian Murphy, Janeth Marquez Rubio, Daimean
Solis, Kaushik Jayaram & Robert MacCurdy (2024) Characterization of organic
fouling on thermal bubble-driven micro-pumps, Biofouling, 40:3-4, 290-304, DOI:
10.1080/08927014.2024.2353034

To link to this article:  https://doi.org/10.1080/08927014.2024.2353034

View supplementary material 

Published online: 24 May 2024.

Submit your article to this journal 

Article views: 171

View related articles 

View Crossmark data

Citing articles: 2 View citing articles 

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=gbif20

https://www.tandfonline.com/journals/gbif20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/08927014.2024.2353034
https://doi.org/10.1080/08927014.2024.2353034
https://www.tandfonline.com/doi/suppl/10.1080/08927014.2024.2353034
https://www.tandfonline.com/doi/suppl/10.1080/08927014.2024.2353034
https://www.tandfonline.com/action/authorSubmission?journalCode=gbif20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=gbif20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/08927014.2024.2353034?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/08927014.2024.2353034?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/08927014.2024.2353034&domain=pdf&date_stamp=24%20May%202024
http://crossmark.crossref.org/dialog/?doi=10.1080/08927014.2024.2353034&domain=pdf&date_stamp=24%20May%202024
https://www.tandfonline.com/doi/citedby/10.1080/08927014.2024.2353034?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/08927014.2024.2353034?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=gbif20


Characterization of organic fouling on thermal bubble-driven micro-pumps

Brandon Hayesa, Cillian Murphya,b, Janeth Marquez Rubioc, Daimean Solisc, Kaushik Jayarama and  
Robert MacCurdya 

aPaul M. Rady Department of Mechanical Engineering, University of Colorado Boulder, Boulder, Colorado, USA; bSchool of Mechanical 
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ABSTRACT 
Thermal bubble-driven micro-pumps are an upcoming micro-actuator technology that can be 
directly integrated into micro/mesofluidic channels, have no moving parts, and leverage existing 
mass production fabrication approaches. These micro-pumps consist of a high-power micro- 
resistor that boils fluid in microseconds to create a high-pressure vapor bubble which performs 
mechanical work. As such, these micro-pumps hold great promise for micro/mesofluidic systems 
such as lab-on-a-chip technologies. However, to date, no current work has studied the inter
action of these micro-pumps with biofluids such as blood and protein-rich fluids. In this study, 
the effects of organic fouling due to egg albumin and bovine whole blood are characterized 
using stroboscopic high-speed imaging and a custom deep learning neural network based on 
transfer learning of RESNET-18. It was found that the growth of a fouling film inhibited vapor 
bubble formation. A new metric to quantify the extent of fouling was proposed using the 
decrease in vapor bubble area as a function of the number of micro-pump firing events. 
Fouling due to egg albumin and bovine whole blood was found to significantly degrade pump 
performance as well as the lifetime of thermal bubble-driven micro-pumps to less than 104 fir
ings, which may necessitate the use of protective thin film coatings to prevent the buildup of a 
fouling layer.
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Introduction

Microfluidics has the potential to revolutionize health
care by enabling point-of-care testing and diagnostics 
in regions lacking centralized healthcare infrastructure 
(Chin et al. 2011; Mohammed et al. 2015; Preetam 
et al. 2022). Termed lab-on-a-chip systems, such tech
nology has the potential to integrate entire medical 
diagnostic laboratories on a handheld device. To date, 
lab-on-a-chip systems have been demonstrated and 
utilized for a wide variety of medical and biomedical 
applications such as cell culturing (Hung et al. 2005; 
G�omez-Sj€oberg et al. 2007), polymerase chain reaction 
(PCR) analysis (Marcus et al. 2006; Zhang et al. 
2006), drug delivery (Liu et al. 2017; 2022), blood fil
tration (Yang et al. 2006; Nivedita and Papautsky 
2013), and cancer screening (Salim et al. 2017; 
Hashemzadeh et al. 2021). However, commercial lab- 
on-a-chip systems often require large, bulky pump 
sources to move fluid which increases the size of the 
entire system; that is, while the actual microfluidic 

device may be micro-scale or meso-scale, the pump 
source often is the dominant size scale for a lab-on-a- 
chip system leading to the current adage of “lab-on-a- 
chip or chip-in-a-lab” (Mohammed et al. 2015). 
Thermal bubble-driven micro-pumps (also known as 
inertial micro-pumps) are an upcoming micro-actu
ation technology for moving fluid without the use of 
external pump sources or moving parts and can be 
directly integrated into micro/mesofluidic channels 
using existing mass fabrication infrastructure 
(Torniainen et al. 2012; Hayes et al. 2018; 
Kornilovitch et al. 2022). Thus, these micro-pumps 
hold great potential for enabling truly lab-on-a-chip 
technologies. Yet, to date, little work has studied the 
interaction of these micro-pumps with biofluids. In a 
realistic microfluidic biomedical application, the 
micro-pump will be in contact with protein-rich and 
cell-laden fluids which can induce fouling of these 
micro-pumps and degrade performance and lifetime. 
As such, understanding organic fouling on thermal 
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bubble-driven micro-pumps is critical to utilization of 
this technology in healthcare.

Thermal bubble-driven micro-pumps were first 
theorized and demonstrated by Prosperetti et al. 
(Yuan and Prosperetti 1999; Ory et al. 2000; Yin and 
Prosperetti 2005) in the 2000s and later developed for 
pumping aqueous fluids by Hewlett–Packard Inc 
(Torniainen et al. 2012). around 2010. Based on ther
mal inkjet (TIJ) technology, these micro-pumps con
sist of a micro-resistor that locally boils liquid in a 
micro-channel generating a vapor bubble which per
forms mechanical work. A voltage pulse lasting a few 
microseconds superheats an interfacial layer of fluid 
above the resistor’s surface close to its critical point 
(approximately 300 �C for water) which causes explo
sive boiling (Einat and Grajower 2010). The high- 
pressure vapor bubble rapidly expands in the channel 
until its internal pressure falls below atmospheric 
pressure upon which the bubble collapses 
(Govyadinov et al. 2016). Since the vapor bubble 
forms in a subcooled liquid, after bubble collapse, the 
vapor bubble re-dissolves back into the fluid (Einat 
and Grajower 2010). When placed asymmetrically in 
a micro-channel with reservoirs at either end, the 
momentum imbalance upon bubble collapse creates a 
net fluid pumping effect for each actuation 
(Kornilovitch et al. 2013; 2022).

Fouling can be broadly divided into four main cat
egories: scaling and mineral fouling, particle fouling, 
biofouling, and organic fouling (Bhattacharjee et al. 
2016). Scaling and mineral fouling occurs when inor
ganic material precipitates onto a surface as is com
mon in reverse osmosis membranes (Supekar et al. 
2018). Particle fouling occurs when solid particles sus
pended in a fluid accumulate on a surface (Henry 
et al. 2012). Biofouling occurs when microorganisms 
adhere to a surface and can cause the formation of a 
biofilm (Schultz 2007). And, lastly, organic fouling, 
which is the focus of this work, occurs when organic 
substances such as proteins adhere to a surface (de 
Almeida et al. 2023). To our knowledge, no published 
work to date has investigated organic fouling on ther
mal bubble-driven micro-pumps. Nevertheless, ther
mal bubble-driven micropumps reach high 
temperatures and can be considered to be similar to 
high temperature plate heat exchangers; thus, we 
leverage literature from heat exchangers and fouling 
on heated surfaces in the food industry in which 
manipulation of proteins and organic material is com
monplace, to understand the mechanism of fouling 
on thermal bubble-driven micropumps. Specifically, 
work by Jeurnink et al. and Elofsson et al. suggest 

that the primary step in fouling on milk processing 
equipment is the adsorption of a monolayer of pro
teins onto the wall of the heating surface (Elofsson 
et al. 1996; Jeurnink et al. 1996). The deposition rate 
is a function of the reaction rate for activated/ 
unfolded proteins, their transport to the surface, and 
the subsequent adhesion probability (Jeurnink et al. 
1996; Alhuthali et al. 2022). As the formation of the 
layer of organic material grows, the heat transfer coef
ficient is reduced (Mahdi et al. 2009). Specific to ther
mal bubble-driven micro-pumps, a reduction in the 
heat transfer coefficient results in increased resistor 
surface temperatures along with lower fluid interface 
temperatures. As such, a layer of organic material on 
a thermal bubble-driven micro-pump is expected to 
both induce failure (resistor burnout) as well as 
greatly influence vapor bubble dynamics and thus 
pump performance due to a reduction in the fluid 
interface temperature necessary to achieve stable bub
ble nucleation.

The present work studies the effect of organic foul
ing on vapor bubble dynamics of thermal bubble- 
driven micro-pumps in which fouling induces a layer 
of adsorbed organic material on the resistor’s surface. 
In this work, we investigate organic fouling from egg 
albumin (ovalbumin) and defibrinated bovine whole 
blood dilutions using deep learning semantic image 
segmentation. To our knowledge, this is the first work 
to investigate organic fouling on thermal bubble-driven 
micro-pumps and to demonstrate the ability to form a 
thermal generated vapor bubble in blood. We demon
strate that organic fouling from egg albumin and 
defibrinated whole blood on fluorine-doped tin oxide 
(FTO) thin film resistors causes the vapor bubble vol
ume to collapse, to near zero within 104 firing events 
for egg albumin, which greatly decreases resistor life
time and performance. We envision that a realistic 
micro/mesofluidic system using thermal bubble-driven 
micro-pumps for healthcare will utilize protein-rich 
and cell-laden fluids. As such, this work provides a 
foundation to understand and characterize organic 
fouling of thermal bubble-driven micro-pumps.

Materials and methods

Electrical setup and driving electronics

Actuation of thermal bubble-driven micro-pumps 
requires a short, high-power pulse on the order of 
ms’s which causes explosive boiling at the resistor’s 
surface. In this study, we use a custom electrical setup 
to deliver fast (0.1-100 ms), high-power (0-1700 W) 
pulses capable of delivering 0-5.6 A at up to 0-300 V. 
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Specifically, the following pulse duration, s, and pulse 
voltage, V, parameters were used for the 50� 100, 
180� 420, 300� 700, and 500� 1000 mm2 resistors: 
s¼ 1.5 ms and V¼ 30 V, s¼ 5 ms and V¼ 90 V, s¼ 5 
ms and V¼ 135 V, s¼ 5 ms and V¼ 165 V respect
ively. All tests were performed with a firing frequency 
of 25 Hz unless otherwise stated. The driving electron
ics and complete bill of materials are detailed in our 
past work (Hayes et al. 2022). We stress that the vol
tages used in this system are lethal if handled 
improperly.

Stroboscopic imaging

Bubble expansion and collapse take approximately 
100 ms for a 300� 700 mm2 resistor. As such, high- 
speed imaging is needed to characterize the vapor 
bubble dynamics. Here, we use a custom stroboscopic 
imaging system, see Figure 1, time synced to the 
aforementioned electrical system in which a high 
intensity LED light source (Lightspeed Technologies 
HPLS-36DD18B) and a Basler CMOS camera with a 
global shutter (a2A1920-160 umBAS) are used to 
enable high resolution stroboscopic high-speed imag
ing. The HPLS-36DD18B LED can be pulsed from 
50 ns − 2 ms at a 1% duty cycle which sets the max
imum effective frame rate of the system at 20 Mfps. 
A complete description of the imaging setup is dis
cussed in our past work (Hayes et al. 2022). In this 
study, we image the vapor bubbles at t¼ 10 ms after 
the start of a firing pulse, for every firing event. As 
shown in Figure S1, the vapor bubble is consistently 
near its maximum expansion point at t¼ 10 ms which 

provides a stable metric for comparison of the vapor 
bubble area throughout the fouling process. An ideal 
resistor with no surface fouling would result in the 
same vapor bubble for each firing event; however, in 
the presence of surface fouling, the vapor bubble area 
will decrease which can be used as a metric for the 
extent and rate of organic fouling.

Resistor fabrication

Laser cutting provides a way to rapidly fabricate sin
gle material, high-power resistors through a simple, 
quick non-fab process (by which we mean a non- 
semiconductor microfabrication workflow). Here, we 
use a Light Conversion CARBIDE-CB5 Femtosecond 
UV laser cutter which has an ALIO 6D Hybrid 
Hexapod stage and integrated SCANLAB excelliSCAN 
galvanometer positioning system with a spot size of 
approximately 5 mm enabling a minimum resolution 
of structures around 10 mm. The detailed workflow 
and femtosecond laser cutting parameters are 
described and characterized in our past work (Hayes 
et al. 2022).

Figure 2 summarizes the design and fabrication pro
cess for a thermal bubble-driven micro-pump. Fusion 
360 was used to design resistor geometries. Resistors 
were designed to a target rectangular dimension 
(300� 700 mm2 in Figure 2a) and a 250 mm fillet was 
used to minimize hot spots near the edges of the resis
tor which can cause device failure (Bar-Levav et al. 
2020). Once designed, resistors were fabricated by laser 
cutting commercial 8 X sq−1, 340 nm fluorine-doped 
tin oxide (FTO) thin film coated glass (Sigma 
Aldridge, St. Louis, MO, USA). Femtosecond laser 
processing provides a non-fab method to rapidly 
fabricate thermal bubble-driven micro-pumps with 
near-fab resolution as shown by the Keyence VK- 
X1100 optical profilometer image in Figure 2b.

Biofluid preparation

For best imaging of organic fouling on thermal bub
ble-driven micro-pumps, the biofluid solution must 
be as transparent as possible. As such, egg albumin 
powder (HiMedia GRM6421100g) was dissolved in 
deionized (DI) water in two steps: (1) mechanical agi
tation and (2) ultrasonic mixing. In (1), albumin pow
der was added to deionized water and mixed using a 
hot plate with a stir rod at at 37 �C and rotational fre
quency 350 rpm for 15 min. In (2), the solution was 
immersed in an ultrasonic bath for 5 min (Vevor 15 L 
Ultrasonic Cleaner) to further break up albumin 

Figure 1. Stroboscopic imaging setup illustrates the custom 
stroboscopic imaging setup used to image vapor bubble 
dynamics. The system is capable of imaging at up to 20 Mfps.
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particles and increase dissolution in water. Care must 
be taken to avoid premature denaturation of the pro
tein solution during mixing.

In this study, defibrinated bovine whole blood 
(Innovative Research Inc.) was used to study the 
effect of biofouling on thermal bubble-driven micro- 
pumps from cell-laden fluids. Bovine blood was 
diluted with DI water to create different weight per
cent concentrations for testing.

Image processing

The use of protein-rich and cell-laden fluids such as 
egg albumin solution and bovine blood create non- 
ideal imaging situations. Namely, the solutions have 
dispersed particles obstructing view of the resistor, see 
Figure 3a. Additionally, fouling on the resistor’s sur
face creates a residual film which is similar in appear
ance to the vapor bubble that makes identification 
and segmentation of the vapor bubble challenging. As 
such, conventional background subtraction image 
processing techniques successfully employed in our 
past work (Hayes et al. 2022) are not suitable for 
detection of fouling on the resistor’s surface in this 
work. Therefore, we developed a deep learning 
semantic segmentation neural network workflow 
based on transfer learning of RESNET-18, which is 
using a pre-trained network and retraining it on add
itional new data, to identify and segment the vapor 
bubble area by training the pre-trained network on 
additional new data, in this study, images of the vapor 
bubble during fouling. We detail the steps in this 
workflow below, also displayed graphically in 
Figure 4.

1. Load Training Data. The base training data set 
consists of 121 labeled vapor bubble images at 
various stages of fouling and imaging conditions. 

This data set is the base case used to analyze each 
new test.

2. Label 5 Images from Target Data Set. Vapor bub
ble fouling data is recorded, approximately 104 

images, and 5 sample images evenly distributed 
from the data set are manually labeled.

3. Merge Data Sets. The base case and 5 manually 
labeled images from the new data set are merged 
to form one combined data set of 126 labeled 
images.

4. Train Network. RESNET-18 is trained using 
MATLAB with MiniBatchSize ¼ 5, MaxEpochs ¼ 10, 
InitialLearningRate ¼ 0.01, and ValidationFrequency 
¼ 5. The 126 labeled images are randomly divided 
into a training data set (60% of total images) and valid
ation data set (40% of total images). We found that 
resistors of different sizes require separate networks to 
yield the most accurate results in segmenting the 
vapor bubble.

Bubble physics

Thermal bubble-driven micro-pumps are high-power, 
high-temperature, thin film resistors. A voltage pulse 
lasting a few microseconds superheats an interfacial 
layer of fluid above the resistor’s surface close to its 
critical point (approximately 300 �C) which causes 
explosive boiling. The resulting high-pressure vapor 
bubble rapidly expands and collapses which performs 
mechanical work. It is expected that organic fouling 
will occur over time on these micro-pumps due to 
the high working temperatures of the resistors during 
a microsecond heating pulse, measured at approxi
mately 200 �C in our past work for a 300� 700 mm2 

resistor (Hayes et al. 2022). However, it is unknown 
to what extent fouling will impact vapor bubble 
dynamics. Since the vapor bubble dynamics drive 
fluid motion, it is important to understand the 

Figure 2. Resistor design and fabrication illustrates the design and fabrication of a 300 x 700 lm2, 8 X sq-1 FTO resistor with 250 
lm2 fillets on each corner. (a) CAD software, Autodesk Fusion 360, was used to generate a .dxf file defining the resistor’s cut path. 
Each resistor consists of two connection pads and a heater region. (b) key dimensions of the fabricated resistor were verified using a 
Keyence VK-X1100 optical profilometer. The FTO film was cut using the femtosecond UV laser cutter with the following cut settings: 
power ¼ 0.643 W (100%), repetition frequency ¼ 250 kHz, fluence ¼ 7.00 J cm-2 , speed ¼ 500 mm s-1 , and passes ¼ 12.
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interaction between biofluids and fouling on thermal 
bubble-driven micro-pumps.

Vapor bubble dynamics of thermal bubble-driven 
micropumps consist of four stages: nucleation, expan
sion, collapse, and post-collapse. Figure 5 illustrates 
the vapor bubble dynamics for a 300� 700 mm2, 8 X 

sq−1, 44.99 X FTO resistor with 250 mm fillets on each 
corner and water covering its surface. A firing pulse 
of s¼ 5 ms at V¼ 100 V was used to cause explosive 
boiling on the resistor’s surface. The vapor bubble 

dynamics were imaged at 10 Mfps. Initially, the vapor 
bubble nucleates at the resistor’s corners, t¼ 3.5 ms, 
where the heat flux is the greatest; after which, the 
vapor bubble grows and blankets the resistor’s sur
face, t¼ 5.0 ms. The vapor bubble loses energy as it 
continues to expand reaching its maximum volume at 
t¼ 12.0 ms. Then, the vapor bubble rapidly collapses 
at high velocities which creates fluid jets impinging in 
the vapor upon collapse, t¼ 39.2 ms. During post-col
lapse, the vapor bubble collapse creates a region of 

Figure 3. RESNET-18 transfer learning network validation depicts the result of transfer learning using RESNET-18 for organic foul
ing on a 300 x 700 lm2 thermal bubble-driven micro-pump. Stroboscopic vapor bubble images were imaged with an 10 ls time 
delay from the onset of the firing pulse. The vapor bubble area decrease was used as a measure of organic fouling and residue 
buildup. The RESNET-18 network was trained in accordance to section “Image processing”. A DI water solution of 1 g dL-1 albumin 
was utilized. In (a), the accuracy of the trained network is assessed in which snapshots of the vapor bubble at various number of 
firings is shown along with the predicted bubble area overlay. In (b), the bubble area is normalized to the max bubble area and 
a moving average filter, k ¼ 200 data points, is applied. Manual bubble area tracking was performed to validate the results of 
the RESNET-18 network. The average error of the trained RESNET-18 network with manual processed data was 3.2%.
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low pressure which causes cavitation, t¼ 41.5 ms, and 
vapor bubble rebound until the vapor bubble fully 
dissolves back into the subcooled fluid, t¼ 68.0 ms.

We note that while the interfacial layer of fluid 
which boils exceeds the denaturation temperature of 
most protein and cell-laden fluids, 41 �C (Lepock 
1997), the bulk of the fluid remains under the 
denaturation temperature (CFD, XXXX). Additionally, 
there exists a “speed limit” for thermal protein dam
age during pulse heating. If the time duration of a 
heating pulse is below a certain threshold, proteins 
can be exposed to higher temperatures without dena
turing (Steel et al. 2006). Thus, we expect that 
temperature sensitive fluids, such as protein and cell- 
laden fluids can be moved with thermal bubble- 
driven micro-pumps with an acceptable degree of 
degradation. However, a detailed analysis of the spe
cific extent of protein and cell degradation due to 
transient heating from thermal bubble micro-pumps 
is beyond the scope of this work and will be the sub
ject of future work. This manuscript focuses on the 
extent and impact of organic fouling on the surface of 
thermal bubble-driven micro-pumps as a function of 
the number of firing events for two specific biofluids 
and four different resistor sizes.

Organic fouling on thermal bubble-driven 
micro-pumps

Organic fouling of proteins on a surface is a complex 
process which can involve adsorption, desorption, and 
irreversible protein denaturation (Hedayati et al. 
2020). Additionally, when proteins denature, hydro
phobic amino acid residues become exposed making 
surface adsorption more favorable (Lu et al. 1998). In 
thermal bubble-driven micro-pumps, proteins can be 
denatured due to a combination of high temperatures 
and high strain rates (Lepock 1997; CFD, XXXX; 
Bogahawaththa and Vasiljevic 2022). Here, we assess 
the extent of surface fouling caused by egg albumin, 
and whole bovine blood dilutions in DI water.

Deep learning neural network validation for 
automatic image segmentation

We utilize the decrease in vapor bubble area as a 
measure of organic fouling which necessitates accur
ate segmentation of the vapor bubble. To do so, the 
RESNET-18 network, described in Figure 4, is vali
dated against manually labeled vapor bubble areas for 
a 300� 700 mm2 resistor in a DI water solution of 1 g 
dL−1 egg albumin. For comparison, human whole 

blood has an albumin concentration of 3.4-5.4 g dL−1. 
As shown in Figure 3a, the network successfully seg
ments the vapor bubble even as the fouling film 
grows with increasing firing events. Furthermore, as 
depicted in Figure 3b, the average error between the 
trained network and manually labeled vapor bubble 
areas was 3.2% demonstrating the accuracy of the 
RESNET-18 semantic segmentation workflow. Vapor 
bubble area is normalized to the maximum area. A 
moving mean filter using k¼ 200 data points is 
applied to smooth the data. As shown in Figure 3b, a 
layer of organic residue rapidly forms and covers half 
of the active resistor area within N¼ 2000 firing 
events. By N¼ 5000 firings, the vapor bubble area has 
decreased to less than 10% of its initial area. 
Practically, a reduction in the vapor bubble area 
translates to a decrease in the per pulse flow rate of a 
thermal bubble-driven micro-pump. Thus, it is 
important to understand the fouling dynamics and 
impact on thermal bubble-driven micro-pumps in 
order to enable pumping of protein-rich and cell- 
laden fluids.

Fouling with egg albumin

To further characterize albumin protein fouling on 
thermal bubble-driven micro-pumps, four different 
size resistors (50� 100, 180� 420, 300� 700, and 
500� 1000 mm2) were fabricated and tested in a DI 
water solution of 1 g dL−1 egg albumin. With the fab
less microfabrication process used in this study, the 
lower dimensional resolution is approximately 50 mm. 
For each resistor size, the semantic segmentation 
workflow, detailed in Figure 4, was performed to gen
erate a trained RESNET-18 network specific to a 
given resistor size. Figure 6 shows the decrease of the 
normalized vapor bubble area as a function of the 
number of firing events. Each resistor size consists of 
5 sample replicates in which the solid line represents 
the mean of the moving averages for each sample rep
licate while the shaded area represents one standard 
deviation from the mean. It is evident that there is a 
large sample variability denoted by the standard devi
ation for each resistor size which is characteristic of 
fouling being a stochastic process. Across all resistor 
sizes, as the number of firing events increases, a pro
tein residue grows on the resistor’s surface which 
inhibits vapor bubble formation due to a reduction in 
the heat transfer rate. The protein residue growth is 
indicated by the reduction in the normalized vapor 
bubble area. The rate of protein residue growth was 
fastest at the onset for the 300� 700 and 500� 1000 
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Figure 4. RESNET-18 transfer learning network training workflow left to right, describes the workflow to apply transfer learning of 
RESNET-18 for semantic segmentation of vapor bubbles. First, a training data set containing various size resistors, lighting condi
tions, and vapor bubble dynamics are labeled. Here, we labeled 121 images. Next, 5 images evenly distributed from the target 
data set to analyze are labeled with the first being the initial firing event and the remaining images spaced throughout the 
10,000 images. Then, the training data set is merged with the manually labeled 5 images from the target data set. Last, the 
RESNET-18 network is trained using 60% of the images for training and 40% of the images for validation.

Figure 5. Vapor bubble dynamics illustrates the vapor bubble dynamics for a 300 x 700 lm2, 8 X sq-1, 44.99 X FTO resistor with 250 
lm fillets on each corner and water covering its surface. We note these are unconfined resistors that are not in a channel. A firing 
pulse of s ¼ 5 ls at V ¼ 100 V was used to cause explosive boiling on the resistor’s surface. The vapor bubble dynamics were imaged 
at 10 Mfps. Initially, the vapor bubble nucleates at the resistor’s corners, t ¼ 3.5 ls, where the heat flux is the greatest; after which, 
the vapor bubble grows and blankets the resistor’s surface, t ¼ 5.0 ls. The vapor bubble loses energy as it continues to expand reach
ing its maximum volume at t ¼ 12.0 ls. Then, the vapor bubble rapidly collapses at high velocities which creates fluid jets impinging 
in the vapor upon collapse, t ¼ 39.2 ls. During post-collapse, the vapor bubble collapse creates a region of low pressure which causes 
cavitation, t ¼ 41.5 ls, and vapor bubble rebound until the vapor bubble fully dissolves back into the subcooled fluid, t ¼ 68.0 ls.
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mm2 resistors evident by the initial rapid decrease in 
vapor bubble area within N¼ 2000 firing events while, 
for the 180� 420 mm2 resistors, the fastest protein 
residue growth occurred during N¼ 2000 and 
N¼ 4000 firing events. For the 50� 100 mm2 resistors, 
the fastest protein residue growth occurred during 
N¼ 3000 and N¼ 5000 firing events. As seen in the 
segmented images of Figure 6, the trained RESNET- 
18 network successfully identifies the vapor bubble 
regions for each resistor size.

After 10,000 firing events, the normalized vapor 
bubble area approaches 0 which indicates that the 

protein residue growth fully encompasses the resistor 
active area. To characterize the protein residue, laser 
confocal surface profilometry was performed on a 
sample 300� 700 mm2 resistor at the end of 10,000 
firing events using a Keyence VK-X1100 optical pro
filometer, shown in Figure 7. The growth of the pro
tein residue over 10,000 firing events is evident on 
the resistor’s surface in the stroboscopic images of the 
vapor bubble, Figure 7a and b. Zooming in on the 
protein residue, Figure 7c and d, it can be seen that 
there is a film between 0-4 mm coating the surface of 
the resistor, average film thickness was 0.661 mm. We 

Figure 6. Albumin organic fouling resistor size variability illustrates sample variability of the normalized vapor bubble area as a 
function of the number of firing events for 50 x 100, 180 x 420, 300 x 700, and 500 x 1000 lm2 resistor sizes. All resistors were 
tested using a 1 g dL-1 DI water solution of egg albumin and 5 sample replicates for each resistor size. The solid line represents 
the mean of the moving averages for each sample replicate while the shaded area represents one standard deviation from the 
mean. The segmented images display the trained RESNET-18 network identified vapor bubble areas at N ¼ 2000 firing events.

Figure 7. Fouling film micrograph illustrates Keyence VK-X1100 optical profilometry of the fouling film buildup on thermal bub
ble-driven micro-pumps. In (a-b), stroboscopic high-speed images of the vapor bubble at N ¼ 1 firings and N ¼ 10,000 firings in 
a 1 g dL-1 DI water solution of egg albumin are shown. In (c-d), the fouling layer is characterized after N ¼ 10,000 firings. The 
average fouling layer thickness was 0.661 lm.
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hypothesize that this protein residue inhibits the heat 
transfer between the thin film resistor and the work
ing fluid, which is consistent with literature, and 
causes the vapor bubble area to decrease. Once the 
protein residue covers the resistor’s active area, the 
vapor bubble area approaches 0 and thus the flow 
rate of the micro-pump would also approach 0.

Concentration dependence of egg albumin fouling

The extent and rate of fouling is dependent on bio
fluid concentration. Thus, dilution of a biofluid can 
be used to reduce surface fouling enabling compatibil
ity with thermal bubble-driven micro-pumps. Figure 8
illustrates the effect of diluting egg albumin with DI 
water on the extent and rate of fouling. At low con
centration (0.01 g dL−1, 100X smaller than the con
centration of albumin in human blood), there is no 
observable fouling. In fact, perhaps unintuitively, the 

vapor bubble area increases as a function of firing 
events. This trend is likely due to thermal buildup of 
heat from successive firing events which increases the 
vapor bubble size. When the solute loading is 10X 
higher (0.1 g dL−1), a fouling layer forms over the 
surface of the resistor and the vapor bubble decreases 
in size. The initial rise in normalized bubble area 
from N¼ 0 to N¼ 2000 firing events is due to the 
shape of the vapor bubble flattening, Figure 8a. As 
the fouling layer grows, the vapor bubble area 
decreases until near 0. At 1.0 g dL−1, the fouling layer 
quickly forms resulting in a steep decrease in the bub
ble area. Additionally, the variability at 1.0 g dL−1 is 
large suggesting that high concentrations of albumin 
result in a more stochastic fouling process than lower 
concentrations. Although diluting egg albumin in DI 
water successfully reduced the extent and rate of foul
ing on thermal bubble-driven micro-pumps, the 
amount of solute loading required for negligible 

Figure 8. Concentration dependence of egg albumin fouling depicts the effect of concentration on organic fouling of 300 x 700 
lm2 thermal bubble-driven micro-pumps with egg albumin. Concentration of egg albumin in DI water was varied from 1 g dL-1 

to 0.01 g dL-1. For each concentration, 5 resistors were tested for N ¼ 10,000 firing events. (a) shows stroboscopic images of the 
resistor’s surface at N ¼ 1, 2000, 6000, and 10,000 firing events for each concentration. (b) shows the normalized bubble area as 
a function of the number of firing events for each concentration. Shaded error regions represent one standard deviation from the 
mean. A moving average filter of k ¼ 200 data points was used. Scale bar is 150 lm.
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fouling over N¼ 10,000 firing events (0.01 g dL−1) is 
approximately 100X lower than the concentration of 
albumin in human blood. Low solute loading may 
cause reduced sensitivity and low throughput for 
applications requiring processing of biofluids. 
Therefore, although a biofluid can be made compat
ible with thermal bubble-driven micro-pumps through 
dilution, it may not be compatible with the microflui
dic application of interest.

Firing frequency dependence of egg albumin 
fouling

In addition to biofluid concentration, the rate of foul
ing is dependent on the firing frequency. As the firing 
frequency increases, residual heat buildup in the sub
strate, see Figure S2, results in a higher nucleation tem
perature in the fluid which likely increases the rate of 
fouling. Figure 9 illustrates the effect of firing frequency 
on fouling with a 1 g dL−1 solution of egg albumin 

protein in DI water. The rate of fouling increases with 
increased firing frequency, Figure 9a. Additionally, in 
the 50 Hz case study, after N¼ 10,000 firing events, we 
observed that the fouling layer fractured and lifted off 
of the resistor’s surface. However, we note that a sur
face fouling layer likely remains on the resistor’s surface 
since despite the fouling layer fracturing, vapor bubble 
nucleation was still inhibited. Interestingly, at 100 Hz 
and N¼ 6000 firing events, we observed air pockets 
forming near the resistor’s surface. We postulate that 
these air pockets are dissolved gases present in the fluid 
(not degassed a priori) which are more prominent at 
higher firing frequencies likely due to an increased fluid 
working temperature since less time between firing 
events means the working fluid will be hotter at higher 
firing frequencies. Quantifying the rate of fouling, ini
tially, the rate of fouling across all firing frequencies is 
similar until approximately N¼ 500 firing events upon 
which fouling occurs faster for the 50 and 100 Hz cases 
than the 25 Hz case, shown in Figure 9b. Specifically, 

Figure 9. Firing frequency dependence of egg albumin fouling depicts the effect of firing frequency on organic fouling of 300 x 
700 lm2 thermal bubble-driven micro-pumps with egg albumin. Concentration of egg albumin in DI water was 1 g dL-1. For each 
firing frequency, 3 resistors were tested for N ¼ 10,000 firing events. (a) shows stroboscopic images of the resistor’s surface at N 
¼ 1, 2000, 6000, and 10,000 firing events for each firing frequency. (b) shows the normalized bubble area as a function of the 
number of firing events for each firing frequency. Shaded error regions represent one standard deviation from the mean. A mov
ing average filter of k ¼ 200 data points was used. Scale bar is 150 lm.
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complete fouling occurred near N¼ 10,000 firing 
events for the 25 Hz case in contrast to N¼ 4000 for 
the 50 and 100 Hz cases. Therefore, increased firing fre
quency results in a faster rate of fouling.

Egg albumin fouling during pumping

Previously, resistors were unconfined; that is, biofluid 
was placed directly over the resistor’s surface. In a real
istic microfluidic device with thermal bubble-driven 
micro-pumps, resistors are confined to a channel filled 
with biofluid and each firing pulse results in fluid flow 
over the resistor’s surface. To investigate fouling 
dynamics under these more realistic flow conditions, a 
500� 1000 mm2 resistor was placed in a U-shaped 
channel filled with 1 g dL−1 solution of DI water and 
egg albumin, shown in Figure 10. The channel length, 
width, and height were 11.588 mm, 573 mm, 332 mm 
respectively with the resistor placed 1752 mm from the 
reservoir. Before egg albumin solution was added to the 
channels, the flow rate was measured in water, to 
ensure no fouling, using particle tracking velocimetry 
of 27–32 mm diameter neutrally buoyant micro-spheres 
(Cospheric Inc., Goleta, CA, USA), detailed methods 

can be found in our past work (Hayes et al. 2022). The 
flow rate was measured to be 5.97 nL pulse−1. After the 
channel was purged with DI water and dried, a 1 g dL−1 

solution of DI water and egg albumin was added to 
study fouling dynamics during pumping. Figure 10
illustrates the fouling process during pumping over 
N¼ 2000 firing events, also see movie S1. Despite fluid 
flow over the resistor’s surface, a fouling layer builds 
and prevents vapor bubble nucleation after approxi
mately N¼ 500 firing events. We note that the rate of 
complete fouling is significantly faster when confined 
(N¼ 500 firings) versus unconfined (N¼ 8000 firings), 
see Figure 6. We hypothesize that this is due to the 
working fluid reaching a greater temperature in the 
confined case versus the unconfined case due to differ
ences in the volume of fluid exposed to the resistor. In 
the confined case, the volume of fluid exposed to the 
resistor is approximately the area of the resistor multi
plied by the channel height or V¼ 573 mm x 332 mm x 
1000 mm¼ 0.19 mL whereas, in the unconfined case, a 
V� 2 mL droplet of fluid is added over the resistor’s 
surface. Thus, we postulate that the vortexes and bulk 
fluid flow caused by the vapor bubble recirculate fluid 
to a greater extent when unconfined versus confined 

Figure 10. Egg albumin fouling during pumping depicts fouling dynamics during pumping of a 500 x 1000 lm2 thermal bubble- 
driven micro-pump with 1 g dL-1 egg albumin in DI water at a firing frequency of 25 Hz. Stroboscopic images at s ¼ 10 ls are 
shown across N ¼ 1000 firing events. The flow rate was 5.97 nL pulse-1, computed from flow of water in the channel. The chan
nel length, width, and height were 11.588 mm, 573 lm, 332 lm respectively with the resistor placed 1752 lm from the reservoir. 
Scale bar is 150 lm.
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resulting in a greater rate of fouling when a resistor is 
confined to a micro-channel.

Fouling with defibrinated bovine blood

Biofluids, such as blood, are a complex mixture of pro
teins, cells, and fluids, all of which could induce fouling 

on a thermal bubble-driven micro-pump. In Sections 
“Fouling with egg albumin” and “Concentration depend
ence of egg albumin fouling”, egg albumin was used to 
simplify the interaction between biofluid and micro- 
pump since only one protein was present in the mixture; 
thus, only one protein caused fouling on the resistor’s 
surface. However, a realistic biofluid is more complex 

Figure 11. Concentration dependence of defibrinated bovine blood fouling depicts the effect of concentration on organic fouling 
of 300 x 700 lm2 thermal bubble-driven micro-pumps using defibrinated bovine blood. Bovine blood was diluted in DI water 
from 10% to 75% weight percent. For each concentration, 5 resistors were tested for N ¼ 10,000 firing events. (a) shows strobo
scopic images of the resistor’s surface at N ¼ 1, 2000, 6000, and 10,000 firing events for each concentration. (b) shows the nor
malized bubble area as a function of the number of firing events for each concentration. Shaded error regions represent one 
standard deviation from the mean. A moving average filter of k ¼ 200 data points was used. (c) shows extended firing tests for 
two resistors in 10% and 40% weight percent bovine blood. After every 10,000 firings, the microscope was re-focused on the 
vapor bubble to maintain image quality due to a lensing effect from evaporation of the biofluid. We note that the 75% case was 
terminated after 10,000 firing events because suspended particulate matter prevented imaging. Scale bar is 150 lm.
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and could consist of many different proteins and cell 
types. Here, we utilize defibrinated bovine blood to create 
mixtures with DI water of different weight percent 
bovine blood. Whole defibrinated bovine blood (100% 
weight percent) could not be used in this study as the 
transmission of light was too low to image vapor bubble 
dynamics. As such, dilutions of 10%, 40%, and 75% 
weight percent bovine blood in DI water were used. 
Figure 11 illustrates the interaction between defibrinated 
bovine blood and thermal bubble-driven micro-pumps 
of size 300� 700 mm2 for each concentration. At a dilu
tion of 10% and 40% bovine blood, the vapor bubble flat
tens and the normalized vapor bubble area decreases to 
90% the initial bubble area within N¼ 10,000 firing 
events. Beyond 10,000 firing events, Figure 11c shows 
that the fouling layer grows and the normalized bubble 
area decreases until the resistor breaks. Beyond approxi
mately 10 min of firings (or 10,000 firing events), we note 
that the microscope must be re-focused on the resistor to 
maintain high image quality as evaporation of the fluid 
causes the focal plane to shift. Thus, we re-focused the 
microscope after every 10,000 firing events as denoted by 
the dashed lines in Figure 11c. At a dilution of 75% 
bovine blood, fouling occurs more rapidly in which the 
normalized vapor bubble area decreases to 50% the initial 
bubble area within N¼ 10,000 firing events. To our 
knowledge, this is the first work that has demonstrated 
that a thermal generated vapor bubble can be formed in 
blood; however, we note that fouling layer buildup on 
the resistor’s surface decreases the vapor bubble area as a 
function of firing events and thus the pump performance 
also decreases as the number of firing events increase. In 
this work, we have found micro-pump lifetimes to be 
2000-10,000 firing events, which corresponds to an 
approximate pumping capability of 6.4-32 mL for a 
300� 700 mm2 resistor (Hayes et al. 2022). While this 
pumping capability may be sufficient for a disposable 
microfluidic biomedical system, we anticipate the need 
for a greater micro-pump lifetime. As such, we envision 
mitigation strategies to prevent fouling as a key step to 
enable widespread use of this technology for biomedical 
applications which will be the focus of future work.

Conclusions

Despite the promise of thermal bubble-driven micro- 
pumps enabling lab-on-a-chip technologies, little work 
has been done on the compatibility and use of these 
micro-pumps with biofluids. Before expanding into 
healthcare applications, fundamental work must first 
be performed demonstrating (a) an approach to charac
terize fouling on these micro-pumps, (b) compatibility 

of these micro-pumps with protein-rich and cell-laden 
fluids, and (c) mitigation strategies to prevent fouling. 
This study addresses the first two points. In this work, 
we describe a characterization methodology using deep 
learning image segmentation to quantify the amount of 
fouling on a thermal bubble-driven micro-pump as a 
function of the number of firing events. Additionally, 
we demonstrate that thermal generated vapor bubbles 
are compatible with both protein-rich (egg albumin 
mixtures) and cell-laden (defibrinated bovine blood) 
biofluids. However, it was shown that high concentra
tions of egg albumin and defibrinated bovine blood 
cause a large degree of surface fouling on thermal bub
ble-driven micro-pumps which reduce lifetime and 
pump performance. Thus, a mitigation strategy is 
needed to prevent fouling on thermal bubble-driven 
micro-pumps with biofluids which is the focus of 
future work. In applications of thermal bubble-driven 
micro-pumps for healthcare, it will be required to pro
cess and manipulate protein-rich and cell-laden fluids. 
As such, this work provides a foundation to understand 
and characterize fouling of thermal bubble-driven 
micro-pumps.
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