©~Copyright 2026
Jianya Wei



A Study of the Portable and Fully Automated Artificial Kidney

Jianya Wei

A thesis submitted in partial fulfillment of the requirements for the degree of
Master of Science in Mechanical Engineering

University of Washington

2026

Committee:
Dayong Gao
Jae Hyun Chung
Ruidong Ma

Program Authorized to Offer Degree:

Mechanical Engineering



University of Washington

Abstract

A Study of the Portable and Fully Automated Artificial Kidney

Jianya Wei

Chair of the Supervisory Committee:
Professor Dayong Gao
Mechanical Engineering

Extracorporeal blood purification systems are essential for the treatment of renal and hepatic
dysfunction, but their effectiveness depends on both biochemical toxin removal and reliable
engineering performance. Conventional dialysis is effective for small water-soluble solutes,
but it is limited in the removal of strongly protein-bound toxins because only the unbound
toxin fraction can readily cross the dialysis membrane. In addition, compact and portable
dialysis systems require stable fluid delivery, accurate flow regulation, simplified circuit setup,
and integrated safety mechanisms. This thesis investigates these challenges through the
development and evaluation of a portable and fully automated artificial kidney platform.
The first part of this work evaluates albumin dialysis as a strategy for removing rep-
resentative protein-bound toxins. An in vitro albumin dialysis circuit was used to compare
polysulfone and cellulose dialyzers over a 3-hour treatment period. Indoxyl sulfate and biliru-
bin were selected as representative toxins, and bovine serum albumin was monitored to assess
albumin retention and solution stability. Both membrane groups showed rapid initial indoxyl
sulfate reduction, especially within the first 0.5 hour, followed by a slower approach toward
a quasi-steady state. Bilirubin removal also occurred over the course of treatment, with
the polysulfone membrane generally showing stronger bilirubin transfer at later time points.
In all membrane trials, bovine serum albumin concentrations remained within a relatively

narrow range, indicating stable albumin retention during the experiment.



The second part of this work focuses on flow regulation in the artificial kidney system.
Pump calibration experiments established a linear relationship between rotational speed and
flow rate for the selected tubing and pump configurations. A closed-loop proportional-
integral control strategy was then implemented to improve the stability and volumetric
accuracy of the replacement and ultrafiltration channels. Open-loop operation produced
persistent flow offsets and large cumulative-error drift, while pure integral control reduced
drift but introduced oscillatory behavior. Optimized channel-specific PI gains provided the
best overall performance, maintaining both channels close to the 40 mL/min target and
limiting cumulative error without sustained drift or large oscillation.

The final part of this thesis presents the design and integration of a portable dialysis
prototype. The system combines a compact acrylic and 3D-printed structure, cassette-
based fluidic organization, integrated scales, pump controllers, RS-485 communication, and
a bubble-detection-based safety shutdown mechanism. Together, the albumin dialysis ex-
periments, flow-control evaluation, and prototype design demonstrate the feasibility of a
compact automated platform for membrane-based extracorporeal support. This work pro-
vides an engineering foundation for future development of portable artificial kidney systems

with improved toxin-removal capability, fluid-control accuracy, and operational reliability.
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GLOSSARY

ALBUMIN DIALYSIS: A dialysis strategy in which albumin is added to the dialysate side
to provide binding capacity for protein-bound toxins that cross the dialysis membrane.

ALBUMIN DIALYSATE: Dialysate supplemented with albumin so that protein-bound tox-
ins crossing the membrane can bind on the dialysate side and maintain a favorable
transfer gradient.

ARTIFICIAL KIDNEY: An extracorporeal blood purification system designed to remove
toxins and regulate fluid balance when kidney function is impaired or when artificial
renal replacement support is needed.

BILIRUBIN: A hydrophobic, strongly albumin-bound hepatic toxin used in this thesis as
a representative larger protein-bound solute for albumin dialysis evaluation.

BLOOD-SIDE SOLUTION: The experimental solution circulated through the blood com-
partment of the dialyzer. In the albumin dialysis experiments, this solution contained
BSA and the representative toxins.

BSA: Bovine serum albumin, a model albumin protein used in this thesis to prepare
albumin-containing solutions and to evaluate albumin retention during dialysis exper-
iments.

CELLULOSE DIALYZER: A dialyzer using a cellulose-based membrane material. In this
thesis, cellulose dialyzers were compared with polysulfone dialyzers for albumin dialysis
performance.

CLOSED-LOOP CONTROL: A control approach in which feedback measurements are used
to adjust system operation in real time. In this thesis, scale-based flow measurements
were used to adjust pump speed.

CUMULATIVE ERROR: The accumulated difference between the target delivered volume
and the measured delivered volume over time. It is used as an indicator of long-term

volumetric accuracy.

vi



DIALYSATE-SIDE RESERVOIR: The container holding the dialysate solution during the
in vitro albumin dialysis experiment. Samples from this reservoir were used to evaluate
toxin accumulation and BSA stability.

DIALYSATE: The fluid used on the opposite side of the dialysis membrane from the
blood-side solution. It receives solutes that diffuse or transfer across the membrane.

DIALYZER: A membrane-based device that separates two fluid streams and enables so-
lute transport across a semipermeable membrane.

EXTRACORPOREAL CIRCUIT: A fluidic circuit that circulates blood or a blood-side sub-
stitute outside the body through pumps, tubing, sensors, and purification components.

FLOW RATE: The volume of fluid delivered per unit time. In this thesis, flow rate is
typically reported in mL/min.

HEPATIC TOXIN: A toxin associated with impaired liver function or liver failure. Biliru-
bin is used in this thesis as a representative hepatic toxin.

INDOXYL SULFATE: A representative protein-bound uremic toxin used in this thesis to
evaluate albumin dialysis performance.

INTEGRAL CONTROL: The component of a PI controller that responds to accumulated
past error and helps reduce steady-state deviation.

LSTM: Long short-term memory, a recurrent neural-network architecture used to learn
temporal patterns from sequential flow-control data.

MASS TRANSFER: The movement of solute between the blood-side and dialysate-side
compartments. In dialysis, mass transfer is influenced by concentration gradients,
membrane properties, flow conditions, and protein binding.

MEMBRANE MATERIAL: The material forming the semipermeable barrier inside a dia-
lyzer. This thesis compares cellulose and polysulfone membranes for toxin removal and

albumin retention.

OPEN-LOOP CONTROL: A control approach in which the pump operates at a prescribed
command without real-time feedback correction.
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PERISTALTIC PUMP: A pump that moves fluid by compressing flexible tubing with ro-
tating rollers. It is commonly used in extracorporeal circuits because the fluid remains
contained inside the tubing.

PI CONTROL: Proportional-integral control, a feedback control method that combines
proportional response to current error with integral response to accumulated error.

POLYSULFONE DIALYZER: A dialyzer using a polysulfone membrane material. In this
thesis, polysulfone dialyzers were evaluated for protein-bound toxin removal and albu-
min retention.

PRIMING: The process of filling the fluidic circuit with solution before operation to
remove air and prepare the system for stable circulation.

PROTEIN-BOUND TOXIN: A toxin that is strongly associated with plasma proteins such
as albumin. These toxins are difficult to remove by conventional dialysis because only
the unbound fraction can readily cross the membrane.

PROPORTIONAL CONTROL: The component of a PI controller that responds directly to
the current difference between the target flow rate and the measured flow rate.

QUASI-STEADY STATE: A condition in which measured concentrations change slowly
over time after an initial transient response. In the albumin dialysis experiments, IS
approached a quasi-steady level after the rapid early decrease.

REPLACEMENT PUMP: The pump responsible for delivering replacement fluid in the
flow-control experiments. It is abbreviated as RP in this thesis.

RP: Replacement pump or replacement channel.

RS-485: A serial communication standard used in the prototype to communicate with
pump controllers over a robust multi-device bus.

SEMIPERMEABLE MEMBRANE: A membrane that allows selected solutes and water to
pass while restricting larger components such as albumin, depending on membrane

properties and operating conditions.

STANDARD DEVIATION: A measure of variability among replicate experiments. Error-
bar plots in this thesis report mean concentration values with standard deviation.
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TOXIN TRANSFER: Movement of toxin from the blood-side solution into the dialysate
compartment during dialysis.

TV-MTLSTM: Total-variation-regularized multi-head long short-term memory, the learn-
ing framework used in this thesis to predict channel-specific PI gains from flow-control
time-series data.

ULTRAFILTRATION: The removal of fluid across a membrane, usually driven by pressure
difference. In this thesis, ultrafiltration is associated with the waste or fluid-removal

channel.

UF: Ultrafiltration pump or ultrafiltration channel.
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Chapter 1

INTRODUCTION
1.1 Background and Motivation

Extracorporeal blood purification has become an essential therapeutic strategy for pa-
tients with severe renal or hepatic dysfunction. Conventional dialysis is highly effective for
the removal of water-soluble toxins, excess electrolytes, and fluid through concentration-
driven transport across a semipermeable membrane. However, many clinically important
toxins are strongly bound to carrier proteins in blood, especially albumin, and therefore
cannot be removed efficiently by traditional dialysis [1]. Because the carrier protein cannot
cross the membrane, only the small free fraction of a protein-bound toxin is immediately
available for diffusive transport, which severely limits overall clearance [2]. This limitation is
particularly important in liver failure, cholestasis, and chronic kidney disease, where toxins
such as bilirubin, bile acids, and protein-bound uremic solutes can accumulate and contribute
to disease progression [3].

To overcome this limitation, albumin-based dialysis has been developed as a strategy to
enhance the removal of protein-bound toxins. In this approach, albumin or another binding
agent is introduced on the dialysate side to capture toxin molecules that cross the membrane,
thereby maintaining a favorable concentration gradient and promoting continued dissociation
of toxin from albumin in the blood [4]. Existing extracorporeal liver support systems, in-
cluding single-pass albumin dialysis, recirculating albumin dialysis, and sorbent-regenerated
albumin circuits, have demonstrated the feasibility of this concept [5]. Nevertheless, these
systems remain limited by high albumin consumption, circuit complexity, regeneration re-
quirements, and variable clinical performance. Previous studies from our laboratory have

further shown that toxin removal in albumin dialysis depends not only on membrane prop-



erties and toxin—albumin binding, but also on operating conditions such as dialysate com-
position and flow rate, underscoring the importance of engineering optimization in addition
to biochemical feasibility [6].

In parallel with toxin-removal performance, reliable fluid handling is a fundamental
requirement for any dialysis-based support system. Even when the biochemical mechanism
for toxin transfer is effective, unstable or inaccurate flow delivery can degrade treatment
consistency, alter mass transfer conditions, and introduce accumulated volumetric error over
long operating periods [7]. This issue is particularly relevant for compact or prototype dialysis
platforms, in which pump characteristics, tubing compliance, and transient disturbances may
cause deviations between nominal and actual flow rates [8]. As a result, precise calibration
and closed-loop control of fluid transport are essential not only for treatment accuracy, but
also for overall system robustness and future clinical translation [9].

Motivated by these challenges, this thesis investigates two complementary aspects of
extracorporeal support system development. The first is the feasibility of albumin-based
dialysis for the removal of representative protein-bound toxins, with particular emphasis on
the transport behavior of indoxyl sulfate and bilirubin and on the retention or stability of
albumin within the system. The second is the engineering problem of flow regulation in a
dialysis platform, where stable and accurate pump control is required to maintain intended
operating conditions over extended periods. Although these two studies address different
experimental questions, they are united by a common objective: to improve the functionality
and practicality of membrane-based extracorporeal support technologies for toxin removal

and fluid management.

1.2 Protein-Bound Toxins and Albumin Dialysis

1.2.1  Clinical Significance and Removal Challenges of Protein-Bound Toxins

Liver failure remains a major cause of morbidity and mortality worldwide and continues

to place a substantial burden on clinical care. In both acute and chronic settings, progressive



loss of hepatic function disrupts the liver’s essential metabolic, synthetic, and excretory roles,
often leading to jaundice, coagulopathy, hepatic encephalopathy, and multi-organ dysfunc-
tion [10]. Although liver transplantation remains the standard treatment for end-stage liver
failure, its use is limited by donor organ shortage, delayed access, and the fact that many
critically ill patients deteriorate before transplantation can be performed. These challenges
have driven continued interest in extracorporeal liver support as a bridge to transplantation

or, in some cases, a bridge to recovery [3, 5].

A key feature of liver failure is the accumulation of toxins that would normally be cleared
or metabolized by a healthy liver [11]. Among them, a clinically significant group includes
hydrophobic and strongly protein-bound compounds such as bilirubin, bile acids, and other
albumin-associated toxins. Because these solutes are extensively bound to albumin in the
circulation, only a limited free fraction is available for transport, which greatly restricts their
removal by conventional dialysis [12]. Their retention contributes not only to abnormal labo-
ratory findings but also to broader systemic injury, including oxidative stress, inflammation,
endothelial dysfunction, and further damage to extrahepatic organs [13]. For this reason,

protein-bound toxins are closely linked to both the severity and progression of liver failure.

The removal of protein-bound toxins remains a major challenge in extracorporeal blood
purification [1]. Unlike small water-soluble solutes, these toxins are not freely dissolved in
plasma but are extensively associated with carrier proteins, most notably albumin. As a
result, only the unbound fraction is immediately available for transport across the dialysis
membrane, and even after this fraction is removed, the bound fraction must first dissociate
from its carrier protein before further clearance can occur [14]. This binding equilibrium
largely explains why conventional dialysis is often ineffective for strongly protein-bound
compounds [15]. The difficulty is further compounded by the physicochemical properties of
clinically relevant toxins: some, such as indoxyl sulfate, are small in molecular size but exhibit
strong albumin binding, whereas others, such as bilirubin, combine strong protein association
with hydrophobicity and more complex transport behavior [14, 4]. In both cases, toxin

removal depends not only on membrane permeability, but also on protein-toxin dissociation



kinetics, the concentration gradient across the membrane, and the capacity of the dialysate
side to continuously accept and retain the transferred toxin.

In addition to these biochemical constraints, practical engineering factors also influence
toxin removal. Dialysate composition, membrane material, flow configuration, and operating
flow rates can all affect the extent of toxin transfer [6]. If the dialysate side does not provide a
sufficient binding sink, the transmembrane driving force rapidly decreases and toxin removal
becomes limited [16]. Similarly, mechanical variables such as unstable pump delivery, flow
disturbances within the fluidic circuit, or poorly controlled operating conditions may alter
mass transfer performance and reduce treatment consistency over time [17]. These consid-
erations show that the removal of protein-bound toxins is not solely a membrane problem,
but rather a coupled transport and system-design challenge. For these reasons, effective
clearance requires approaches that go beyond conventional dialysis [1, 18]. Strategies such
as albumin-containing dialysate, adsorptive detoxification, and other enhanced extracorpo-
real support methods have been developed to address these limitations. Understanding the
transport barriers associated with representative toxins is therefore essential for the design

of more effective blood purification systems.

1.2.2  FExisting Detoxification Strategies and Their Engineering Limitations

Because conventional dialysis is fundamentally driven by diffusive and convective trans-
port, a variety of enhanced detoxification strategies have been developed to improve the
removal of strongly protein-bound toxins [1]. Although these approaches differ in mecha-
nism, they all attempt to overcome the limited clearance imposed by strong toxin—albumin
binding and restricted transmembrane transport [16].

Conventional renal replacement therapies, including hemodialysis and hemofiltration,
are highly effective for the removal of water-soluble solutes and for fluid management. How-
ever, as discussed previously, their performance is inherently limited for strongly albumin-
bound species because only the unbound toxin fraction is immediately available for transport

across the membrane [15]. Without a dedicated binding sink on the dialysate side, the trans-



membrane concentration gradient declines rapidly, making these methods insufficient for the
effective removal of many hepatic toxins and protein-bound uremic solutes [19].

To address this limitation, adsorption-based approaches such as hemoperfusion have
been introduced to capture toxins directly from blood or plasma [20]. These methods can
improve removal for selected compounds, but their performance depends strongly on sorbent
properties, adsorption capacity, and compatibility with the extracorporeal circuit. In addi-
tion, sorbent saturation and the need for replacement or regeneration complicate prolonged
operation and reduce the simplicity of the treatment platform [21].

Exchange-based methods, such as plasma exchange, provide a more direct means of
removing albumin-bound toxins by replacing the toxin-carrying plasma fraction itself [16].
Although this approach can achieve broad toxin removal, it is resource-intensive and requires
substantial volumes of donor plasma or replacement fluids. Its dependence on external blood
products and careful volume management also limits its practicality as a continuous support
strategy [22].

Among these modalities, albumin dialysis has emerged as one of the most important ap-
proaches for extracorporeal removal of protein-bound toxins [23]. By using albumin-enriched
dialysate, albumin dialysis provides a binding sink across the membrane, thereby promoting
continued transfer of albumin-associated toxins from the blood side and helping sustain the
driving force for clearance [4, 18]. This principle is particularly relevant to the removal of
bilirubin, bile acids, and other strongly protein-bound solutes.

Despite its biochemical promise, albumin dialysis remains subject to important engi-
neering limitations. System performance depends not only on toxin binding and dialysate
composition, but also on membrane characteristics, dialyzer configuration, and operating
flow conditions [6]. Different dialyzers may exhibit different transport behavior, toxin re-
moval efficiency, and protein retention performance, even under similar operating conditions
24, 25]. As a result, the design of an effective detoxification system cannot rely solely on the
choice of detoxification strategy; it must also account for how the membrane and dialyzer

influence mass transfer within the extracorporeal circuit. These considerations motivate the



evaluation of dialyzer performance as an essential step in the development of more effective

albumin-based blood purification systems.

1.2.3  Principles and Limitations of Albumin Dialysis

Albumin dialysis was developed to improve the extracorporeal removal of strongly
protein-bound toxins that cannot be cleared efficiently by conventional dialysis. The core
principle is to introduce albumin, or an equivalent binding environment, on the dialysate
side so that toxins crossing the membrane can be selectively captured [4]. By continuously
removing the transferred toxin from the free phase of the dialysate, this approach helps pre-
serve the transmembrane concentration gradient and promotes further dissociation of toxin
from albumin in the blood [26]. As a result, albumin dialysis extends the applicability of
membrane-based purification to compounds such as bilirubin, bile acids, and other albumin-
associated solutes [27].

In practical systems, this principle has been implemented in several forms, including
single-pass albumin dialysis, recirculating albumin dialysis, and albumin circuits combined
with sorbent regeneration [18, 5, 28]. Although these configurations differ in circuit design,
they share the same transport objective: to sustain toxin removal by maintaining a sufficient
binding sink on the dialysate side. Consequently, albumin dialysis performance depends not
only on toxin—albumin binding and membrane permeability, but also on dialysate composi-
tion, dialyzer characteristics, and operating flow conditions [18].

Despite its biochemical promise, albumin dialysis remains associated with important
limitations. In single-pass systems, albumin consumption can be substantial, which increases
treatment cost and reduces practicality for prolonged use. In recirculating systems, the need
for sorbent regeneration and additional circuit components increases system complexity and
may introduce greater variability in operation [18, 29]. Moreover, treatment performance is
influenced by membrane selection and dialyzer configuration, meaning that toxin removal
and protein retention may vary even under similar nominal operating conditions [24]. These

limitations indicate that successful albumin dialysis depends not only on the detoxification



concept itself, but also on how effectively the extracorporeal system is engineered to support
stable and efficient mass transfer [25].

For these reasons, albumin dialysis should be viewed as both a biochemical and an engi-
neering problem. Its effectiveness relies on the interaction among toxin binding, membrane
transport, dialysate-side capture, and operating conditions. Therefore, evaluating how differ-
ent dialyzers perform within an albumin-based detoxification system remains an important
step toward improving extracorporeal support technologies for protein-bound toxin removal

[30].

1.2.4 Motivation for the Present Study

Conventional dialysis is inherently limited in the removal of strongly protein-bound tox-
ins, because membrane transport is restricted primarily to the unbound solute fraction in
circulation [15]. As a result, toxins such as indoxyl sulfate and bilirubin are not efficiently
cleared by standard diffusion-based dialysis, despite their important roles in the progression
of renal and hepatic dysfunction. This limitation motivates the exploration of alternative ex-
tracorporeal detoxification strategies capable of enhancing the removal of albumin-associated
solutes.

Albumin dialysis represents one such strategy. By incorporating albumin into the
dialysate, it provides additional binding capacity on the dialysate side and thereby helps
maintain the concentration gradient required for continued toxin transfer across the mem-
brane. This mechanism makes albumin dialysis particularly attractive for the removal of
protein-bound toxins that are otherwise poorly cleared by conventional dialysis. Neverthe-
less, its overall performance depends not only on toxin binding equilibrium but also on the
characteristics of the dialysis membrane itself.

In particular, membrane material may substantially influence toxin transport and albu-
min retention, both of which are central to the effectiveness of albumin dialysis. A suitable
membrane should facilitate toxin removal while preventing excessive albumin leakage, yet

the comparative performance of different dialyzer materials under albumin dialysis condi-



tions has not been fully established. Therefore, the present study was undertaken to compare
polysulfone and cellulose dialyzers in an in vitro albumin dialysis system, with emphasis on
their abilities to remove representative protein-bound toxins while maintaining albumin re-
tention. This work is intended to provide a clearer basis for membrane selection in the

development of albumin-based blood purification systems.

1.3 Flow Control Challenges in Dialysis Systems

1.3.1 Importance of Accurate Fluid Control in Dialysis

Precise fluid control is fundamental to the efficacy of any dialysis system. While mem-
brane properties dictate the theoretical limits of solute transport, actual treatment perfor-
mance relies heavily on the synchronized delivery of multiple fluid streams [31]. Blood,
dialysate, and ultrafiltration flow rates must be tightly regulated against their prescribed
setpoints to maintain stable clearance [8]. Even minor flow deviations can perturb dialyzer
residence times, degrade mass transfer efficiency, and propagate cumulative volumetric errors
[32]. Consequently, establishing a robust fluid management architecture is a primary engi-
neering imperative to prevent hemodynamic instability and ensure overall treatment safety

33].

1.3.2  Limitations of FExisting Pumping and Control Approaches

Existing pumping and control approaches in dialysis systems are often constrained by a
tradeoff between mechanical simplicity and flow regulation accuracy [34]. In many conven-
tional and prototype systems, fluid delivery is achieved using fixed-speed pump operation,
where a prescribed rotational speed is assumed to correspond to a desired flow rate. How-
ever, this open-loop strategy does not account for variations in tubing compliance, pressure
fluctuations, fluid viscosity, pump wear, or changes in hydraulic resistance during treatment
[7, 35]. As a result, the actual delivered flow may deviate from the target value even when

the pump speed remains constant. These discrepancies become particularly problematic in



dialysis applications, where multiple fluid pathways must operate in a coordinated man-
ner over extended treatment periods [36]. Small instantaneous flow errors can accumulate
over time, leading to imbalance between inflow and outflow streams, reduced control over
ultrafiltration, and deterioration in overall treatment consistency.

More advanced dialysis platforms may incorporate sensors, balancing chambers, or
closed-loop feedback mechanisms to improve volumetric accuracy [37], but such solutions are
often associated with increased system complexity, cost, and hardware dependence. These
requirements can limit their practicality for compact, portable, or modular dialysis devices,
where simplicity, low power consumption, and ease of integration are also critical design
objectives. Consequently, existing approaches either lack sufficient adaptability to real-time
operating disturbances or rely on complex architectures that are difficult to translate into
smaller-scale systems [38]. This limitation highlights the need for a control strategy that can
maintain accurate and stable flow delivery while remaining compatible with compact and

automated dialysis platforms [39].

1.3.8  Motivation for the Present Flow Control Study

Precise flow regulation is a fundamental requirement in extracorporeal blood purifica-
tion systems, because treatment performance depends directly on the accurate delivery and
balance of circulating fluids. In practical operation, however, many dialysis-related pumping
systems are still run primarily at fixed motor speeds, with the expectation that a constant
rotational speed will produce a constant flow rate. This assumption is not always valid.
The actual delivered flow can vary over time as a result of tubing compliance, hydraulic
resistance, pressure fluctuations, pump loading, and other system-level disturbances. Con-
sequently, fixed-speed operation may lead to appreciable flow instability and cumulative
volumetric error, even when the nominal pump setting remains unchanged [7, 35, 36].

These limitations are particularly important in the context of a portable and fully au-
tomated artificial kidney system. Compared with conventional stationary clinical platforms,

such a system must operate with a higher degree of autonomy and reliability while maintain-
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ing tight control over fluid transport. Under these conditions, inaccurate flow delivery is not
merely a minor operational deviation; it can affect treatment consistency, compromise fluid
management, and reduce confidence in the overall performance of the device. Therefore,
achieving stable and accurate flow is a central engineering challenge in the development of
compact automated extracorporeal systems [38, 40].

The present flow control study was motivated by this need to move beyond open-loop
fixed-speed pumping and toward a more reliable method of flow regulation. Specifically, it
was necessary to evaluate whether feedback-based control could reduce fluctuations in the
actual flow rate and improve agreement between intended and delivered volume over ex-
tended operation. By characterizing flow stability and volumetric accuracy under controlled
experimental conditions, this study aims to provide the engineering basis for more precise

fluid management in next-generation artificial kidney platforms.

1.4 Portable Dialysis Machine Design

1.4.1 Current Limitations and Clinical Challenges

Conventional dialysis systems are generally developed for fixed clinical or home-based
use and often rely on substantial supporting infrastructure, which limits their portability
and flexibility of deployment [38]. In recent years, increasing interest in portable, wearable,
and implantable artificial kidney systems has further highlighted the need for more compact
and mobile dialysis technologies [41].

In addition to their physical size, current dialysis systems also require multiple setup
procedures before treatment, including circuit priming, tubing installation, and connection
of the extracorporeal flow path. These procedures are safety-critical and operationally de-
manding. Clinical guidance has emphasized that incorrect connection or disconnection of a
patient from the extracorporeal circuit can lead to complications, particularly when staff are
working under procedural time pressure [42, 43]. Human-factors evaluations of newer dialysis

systems have similarly shown that usability and safety are important design considerations
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for improving operation and reducing barriers to broader adoption [44].

Therefore, the design of a portable dialysis machine should not focus solely on minia-~
turization. It should also simplify system setup, reduce operator burden, and improve the
reliability of flow delivery and circuit assembly. These considerations are especially impor-
tant for systems intended to move beyond conventional large-scale machine architectures
toward more portable and user-friendly platforms [41].

Motivated by these limitations, the present study adopts a compact machine architec-
ture aimed at improving portability, a combined pump configuration to enhance flow-rate
accuracy, and a cassette-based design intended to reduce tubing installation errors and im-

prove operational reliability.

1.4.2  Compact System Architecture

A portable dialysis machine requires a compact and integrated architecture rather than
the large and infrastructure-dependent layouts commonly used in conventional systems [41].
In this study, the system was designed as a compact platform that consolidates key functional
modules within a reduced footprint. This architectural approach is intended to improve
portability and to provide a foundation for reliable flow regulation and simplified circuit

setup, while detailed hardware implementation is presented in later chapters.

1.4.3 Flow Accuracy and Operational Reliability

In addition to compactness, a portable dialysis machine must provide accurate flow deliv-
ery and reliable operation. Flow accuracy is essential for maintaining stable and predictable
system performance, while operational reliability is necessary not only during treatment,
but also during circuit setup and machine preparation [41]. For portable applications, these
requirements become especially important because system miniaturization should not come
at the cost of reduced performance or increased operator burden [38].

Motivated by these considerations, the present study employs a combined pump config-

uration to improve flow-rate accuracy and a cassette-based design to simplify circuit setup
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and reduce the likelihood of tubing installation errors. The detailed design rationale and

experimental evaluation are presented in later chapters.

1.5 Research Objectives and Scope

This thesis focuses on three closely related aspects of artificial kidney development:
albumin dialysis for protein-bound toxin removal, flow control for accurate fluid delivery, and
the design and performance evaluation of a new portable machine. Together, these studies
aim to advance the engineering development of a compact and automated extracorporeal
blood purification platform.

The first objective of this work is to investigate albumin dialysis as a strategy for re-
moving representative protein-bound toxins. Conventional dialysis is limited in its ability to
remove strongly albumin-bound solutes, whereas albumin dialysis can improve their transfer
by providing binding capacity on the dialysate side. In this thesis, albumin dialysis is stud-
ied under controlled in vitro conditions, with particular emphasis on comparing polysulfone
and cellulose dialyzers. The aim is to determine how membrane material influences toxin
removal behavior and albumin retention, both of which are critical to the effectiveness of
albumin-based extracorporeal detoxification.

The second objective is to evaluate flow control performance in the artificial kidney
system. Accurate and stable flow delivery is essential for reliable extracorporeal operation,
since deviations in the actual flow rate can affect treatment consistency and cumulative
volumetric accuracy. This part of the study therefore examines the ability of the system to
maintain the intended flow under defined operating conditions. The aim is to assess flow
stability and flow accuracy as key indicators of engineering performance in the developed
platform.

The third objective is to design and develop a new portable artificial kidney machine
and evaluate its overall performance as an integrated prototype. This includes the imple-
mentation of a new system design, a cassette-based configuration, and a pump arrangement

combining large and small pumps to meet different fluid-handling requirements within the
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circuit. The aim of this part of the work is not only to establish a more compact and practical
prototype architecture, but also to determine whether the resulting machine can provide the
operational performance required for artificial kidney applications.

The scope of this thesis is limited to benchtop in vitro studies performed on the devel-
oped prototype platform. The work focuses on engineering feasibility, membrane-dependent
dialysis performance, and system-level operational behavior. It does not include clinical
validation, in vivo testing, long-term biocompatibility assessment, or full optimization of all
hardware and control subsystems. Instead, the thesis is confined to three specific areas: albu-
min dialysis performance, flow control capability, and the design and performance evaluation
of a new portable machine.

Taken together, these objectives define the research framework of the present study. By
addressing detoxification performance, fluid regulation, and prototype development within
a single artificial kidney platform, this thesis seeks to provide a clearer engineering basis for

future improvements in portable and automated blood purification systems.
1.6 Organization of the Thesis

This thesis is organized into four main chapters. Chapter 1 introduces the background
and motivation of the study, including the limitations of conventional dialysis, the need for
improved protein-bound toxin removal, the importance of accurate fluid control, and the
design challenges associated with portable dialysis systems. The research objectives and
scope of the thesis are also defined in this chapter.

Chapter 2 presents the albumin dialysis study. It describes the preparation of dialysate
and albumin solutions, the experimental setup, and the evaluation of polysulfone and cel-
lulose dialyzers for the removal of representative protein-bound toxins. The chapter also
discusses the measured changes in indoxyl sulfate, bilirubin, and bovine serum albumin con-
centrations during the 3-hour in vitro dialysis experiments.

Chapter 3 focuses on PI flow-control development. It introduces the pump calibration

procedure, the implementation of closed-loop proportional-integral control, and the TV-
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MTLSTM-based procedure used to predict optimized channel-specific PI gains. Different
controller settings are compared to assess their effects on flow response and cumulative
error.

Chapter 4 describes the design and integration of the portable dialysis platform. It
presents the overall system architecture, prototype fabrication, cassette-based layout, elec-
trical and control integration, and bubble-detection-based safety mechanism. The chapter

also evaluates the representative system-level performance of the developed prototype.
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Chapter 2
ALBUMIN DIALYSIS

2.1 Preparation of Dialysate and Albumin Solutions

For the albumin dialysis experiments, both the dialysate and albumin-containing solu-

tions were prepared prior to each run.

2.1.1 Dialysate preparation

A total of 3 L of dialysate was prepared according to the manufacturer’s instructions.
The required amounts of Solution A and Solution B were first calculated based on the
recommended mixing ratio. Deionized (DI) water was added to the container first, followed
by Solution A and Solution B. The mixture was then gently stirred until a homogeneous

dialysate solution was obtained.

2.1.2  Albumin solution preparation

Two clean 2 L beakers were prepared for the albumin solutions. One solution was
used as the blood-side solution and the other as the dialysate-side solution. The blood-side
solution was prepared to a final volume of 500 mL with an albumin concentration of 3.5
g/dL, while the dialysate-side solution was prepared to a final volume of 500 mL with an
albumin concentration of 4.0 g/dL.

For each solution, the required amount of albumin powder was added into the beaker,
and a magnetic stir bar was placed inside. The beaker was weighed and the initial mass was
recorded. Approximately 300 mL of prepared dialysate was then added, and the solution
was stirred continuously until the albumin was completely dissolved. After dissolution, the

solution was slowly transferred to a graduated cylinder or volumetric flask and brought
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to a final volume of 500 mL with dialysate. Since substantial foam formed during the
preparation process, all transfers were performed slowly to minimize foaming and reduce

volume measurement error.

2.1.8  Toxin spiking

After preparation of the albumin solution, 495 mL of the blood-side solution was trans-
ferred into the blood beaker. Indoxyl sulfate and bilirubin were then added to the blood-side
solution as the two representative protein-bound toxins.

To prepare a final indoxyl sulfate concentration of 3 mg/dL, 750 uL of a 20 mg/mL
indoxyl sulfate potassium stock solution was added to the blood-side solution and mixed
thoroughly.

To prepare a final bilirubin concentration of 20 mg/dL, 5 mL of a 20 mg/mL bilirubin

stock solution was added to the blood-side solution and mixed thoroughly.
2.2 [Experiment

Albumin dialysis experiments were conducted to evaluate the performance of the portable
dialysis platform over a 3 h treatment period. Two different dialyzer membrane materials,
polysulfone and cellulose, were investigated to compare their performance in the removal of
representative protein-bound toxins under the same operating conditions.

As shown in Figure 2.1, for each experiment, the prepared blood-side solution and
albumin-containing dialysate were introduced into the system after circuit assembly and
priming had been completed. Albumin dialysis was then performed for 3 h. During each
run, the blood-side solution and the albumin dialysate circulated on opposite sides of the
dialyzer, with both flow rates maintained at 180 mL/min throughout the experiment.

Samples were collected from both the blood-side reservoir and the albumin dialysate
reservoir at 0, 0.5, 1, 2, and 3 h. These samples were used to quantify toxin transport
and evaluate dialysis performance as a function of time. Indoxyl sulfate concentration was

measured using an isotope-labeling method, while bilirubin and bovine serum albumin (BSA)
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concentrations were measured using mass spectrometry. Measurement of BSA was also used

to evaluate albumin retention during dialysis.

For each membrane type, three independent replicate experiments were performed. The
resulting data were used to compare the dialysis performance of the polysulfone and cellulose

dialyzers over the 3 h treatment period.

Ultrafiltration
Pump

Replacement
Pump

Waste Dialysate

» »

Scale 2 Scale 1

Figure 2.1: Schematic of the albumin dialysis setup showing the blood-side solution loop

and the albumin-containing dialysate loop across the dialyzer.
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2.3 Results

2.3.1 Results for Indoxyl Sulfate

To evaluate the clearance performance of different dialyzer membranes, the concentra-
tion of indoxyl sulfate (IS), a representative protein-bound uremic toxin, was monitored on
the blood side over a 3-hour in vitro dialysis experiment. As shown in Figure 2.2, most mem-
brane trials exhibited a rapid initial decrease in blood-side IS concentration within the first
0.5 h, indicating fast toxin transfer driven by the large initial concentration gradient across
the membrane. After this initial phase, the rate of concentration change became markedly
smaller, and the measured concentrations generally approached a quasi-steady level over the
remainder of the experiment. In contrast, the Cellulose Control group maintained the high-
est residual IS concentration throughout the experiment and showed only a modest overall
decline, consistent with its role as the control condition. A temporary increase was observed
in Cellulose T1 at t = 2 h, which may be attributed to sampling variability or a minor
transient disturbance in the closed-loop system.

As an aggregate measure of clearance performance, the blood-side concentration of in-
doxyl sulfate (IS) was averaged across multiple trials for the Cellulose and Polysulfone dia-
lyzer membranes, and the results are presented as mean 4 standard deviation in Figure 2.3.
Both membrane groups showed a pronounced reduction in IS concentration during the first
0.5 h, consistent with rapid initial toxin transfer driven by the large concentration gradient
across the membrane. After this initial decline, the mean concentrations changed only mod-
estly from 0.5 to 3 h, indicating an approach toward a quasi-steady level over the remainder
of the experiment. The mean concentration profiles of the Cellulose and Polysulfone groups
remained broadly similar throughout the study, suggesting comparable overall IS removal
behavior under the tested conditions. The relatively large standard deviations during the
later stage reflect trial-to-trial variability in the measured concentrations.

For endpoint interpretation, the IS results were compared with reported uremic con-

centration levels. A review of uremic toxin concentrations reported a mean uremic total IS
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concentration of approximately 23.1 mg/L, or 2.31 mg/dL [45]. In the present experiments,
the mean blood-side IS concentration decreased from approximately 2.8-2.9 mg/dL at base-
line to 1.44 mg/dL for the Cellulose group and 1.41 mg/dL for the Polysulfone group after
3 h. Both endpoint concentrations were below the reference uremic level and therefore fell
within the safe range used for interpreting the experimental results. These findings indicate
that both dialyzer membranes reduced IS to an acceptable endpoint level under the tested

conditions.
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Figure 2.2: Blood-side indoxyl sulfate (IS) concentration during the 3-hour in vitro dialysis

experiment.

To complement the blood-side concentration measurements, the accumulation of in-
doxyl sulfate (IS) on the dialysate side was monitored over the same 3-hour in vitro dialysis
experiment. As shown in Figure 2.4, most membrane trials exhibited a rapid increase in
dialysate-side IS concentration during the first 0.5 h, consistent with fast toxin transfer from
the blood side under the initial transmembrane concentration gradient. After this initial rise,

the dialysate concentrations changed more gradually over the remainder of the experiment
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Figure 2.3: Mean blood-side indoxyl sulfate (IS) concentration during the 3-hour in vitro

dialysis experiment. Data are shown as mean 4+ standard deviation.

and generally remained within a relatively narrow range, although modest fluctuations were
observed in several trials at later time points. In contrast, the Cellulose Control trial showed
only minimal IS accumulation throughout the experiment, consistent with its role as the
control condition. Overall, the dialysate-side profiles were qualitatively consistent with the

corresponding decrease in blood-side IS concentration.

As an aggregate measure of indoxyl sulfate (IS) transfer into the dialysate compartment,
dialysate-side concentration data were averaged across multiple trials for the Cellulose and
Polysulfone dialyzer membranes, and the results are presented as mean + standard deviation
in Figure 2.5. Both membrane groups showed a pronounced increase in dialysate-side IS
concentration during the first 0.5 h, consistent with rapid initial toxin transfer from the
blood side under the large transmembrane concentration gradient. After this initial rise,
the mean concentrations changed only modestly from 0.5 to 3 h, indicating an approach

toward a quasi-steady level over the remainder of the experiment. The mean dialysate-
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side concentration profiles of the Cellulose and Polysulfone groups remained broadly similar
throughout the study, suggesting comparable overall IS transfer behavior under the tested
conditions. The relatively large standard deviations at later time points reflect trial-to-trial

variability in the measured concentrations.
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Figure 2.4: Time-course profile of indoxyl sulfate (IS) concentration on the dialysate side

during a 3-hour in vitro dialysis experiment.

2.3.2  Results for Bilirubin

To evaluate the removal of bilirubin, a larger and strongly protein-bound toxin, the
blood-side bilirubin concentration was monitored over a 3-hour in vitro experiment. As
shown in Figure 2.6, bilirubin concentration decreased progressively in all membrane trials
throughout the experiment. In contrast to the rapid early change observed for indoxyl sul-
fate, the decline in bilirubin was sustained over the full 3-hour period, suggesting a more
gradual transfer process. Among the tested membranes, the Polysulfone trials generally ex-

hibited lower blood-side bilirubin concentrations at later time points than the Cellulose trials,
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Figure 2.5: Mean dialysate-side concentration profiles of indoxyl sulfate (IS) during a 3-hour

in vitro dialysis experiment.

indicating better overall bilirubin removal under the tested conditions. In comparison, the
Cellulose Control showed only a slight decline and remained at a relatively high concentration

level throughout the experiment, consistent with its role as the control condition.

The replicate-averaged bilirubin results are shown in Figure 2.7. The mean blood-side
bilirubin concentration decreased from approximately 18 mg/dL at baseline to approximately
10.8 mg/dL for the Cellulose group and 8.8 mg/dL for the Polysulfone group after 3 h. These
results show meaningful bilirubin reduction over the treatment period, with the Polysulfone

group reaching a lower endpoint concentration than the Cellulose group.

To complement the blood-side bilirubin measurements, the accumulation of bilirubin on
the dialysate side was monitored over the same 3-hour in vitro experiment. As shown in
Figure 2.8, bilirubin concentration increased progressively in all membrane trials throughout
the experiment. The dialysate-side profiles were qualitatively consistent with the correspond-

ing decrease in blood-side bilirubin concentration, reflecting continued transfer of bilirubin
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across the membrane over time. Compared with the Cellulose trials, the Polysulfone trials
generally showed higher dialysate-side bilirubin concentrations and a faster overall rise, indi-
cating better overall bilirubin transfer under the tested conditions. In contrast, the Cellulose
Control remained near baseline throughout the experiment, consistent with its role as the
control condition. The mean =+ standard deviation dialysate-side results in Figure 2.9 further
support this trend, with the Polysulfone group showing greater bilirubin accumulation in the

dialysate by the end of treatment.
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Figure 2.6: Time-course profile of blood-side bilirubin concentration during a 3-hour in vitro

dialysis experiment.

2.3.8  Results for Bovine Serum Albumin

To evaluate the protein retention performance of the dialyzer membranes, the blood-
side concentration of bovine serum albumin (BSA) was monitored over a 3-hour in vitro
experiment. As shown in Figure 2.10, the BSA concentration remained within a relatively

narrow range in all trials throughout the experiment and did not exhibit a clear downward
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Figure 2.7: Mean blood-side bilirubin concentration during the 3-hour in vitro dialysis ex-

periment. Data are shown as mean =+ standard deviation.
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Figure 2.8: Time-course profile of dialysate-side bilirubin concentration during a 3-hour in

vitro dialysis experiment.
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Figure 2.9: Mean dialysate-side bilirubin concentration during the 3-hour in vitro dialysis

experiment. Data are shown as mean + standard deviation.

trend. This overall stability suggests that both the Cellulose and Polysulfone membranes
retained BSA effectively under the tested conditions, with minimal transmembrane protein
loss. Although minor fluctuations were observed at several time points, such as the temporary
increase in Cellulose T1 at ¢ = 2 h, the blood-side BSA concentration remained generally
stable over the full experimental period. The Cellulose Control also showed only a slight
overall change, consistent with a stable baseline condition. The mean + standard deviation
results in Figure 2.11 show the same general pattern and indicate that variability did not

correspond to a systematic loss of blood-side albumin.

To assess the stability of bovine serum albumin (BSA) in the dialysate compartment,
the dialysate-side BSA concentration was monitored over a 3-hour in vitro experiment. As
shown in Figure 2.12, the dialysate-side BSA concentration in all membrane trials remained
within a relatively narrow range throughout the experiment, with no clear increasing or

decreasing trend over time. This result indicates that the BSA-containing dialysate main-
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tained a generally stable albumin level under the tested conditions. In contrast, the Cellulose
Control remained near zero throughout the experiment because the control dialysate did not
contain BSA. Although minor fluctuations were observed among individual membrane trials,
the dialysate-side BSA concentration was generally stable over the full experimental period.
The averaged results in Figure 2.13 confirm that neither membrane group showed progressive

depletion of dialysate-side albumin during the experiment.
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Figure 2.10: Time-course profile of blood-side bovine serum albumin (BSA) concentration

during a 3-hour in vitro dialysis experiment.
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Figure 2.11: Mean blood-side bovine serum albumin (BSA) concentration during the 3-hour

in vitro dialysis experiment. Data are shown as mean + standard deviation.
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Figure 2.12: Time-course profile of dialysate-side bovine serum albumin (BSA) concentration

during a 3-hour in vitro dialysis experiment.
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Figure 2.13: Mean dialysate-side bovine serum albumin (BSA) concentration during the 3-

hour in vitro dialysis experiment. Data are shown as mean + standard deviation.
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Chapter 3
PI FLOW CONTROL DEVELOPMENT

3.1 Hemofiltration System Setup

The experimental platform used for flow-control validation was a custom benchtop pre-
dilution hemofiltration (HF) circuit (Figure 3.1). It comprised a blood loop, a replacement
fluid supply path, and an ultrafiltration path. The replacement pump (RP) drew fluid from
the replacement fluid reservoir and infused it into the hemofilter. The ultrafiltration pump
(UF) drew waste fluid into the waste reservoir. Scale 1, placed beneath the replacement
fluid reservoir, and Scale 2, placed beneath the waste reservoir, continuously recorded mass
changes. Under the water-density assumption of 1 g/mL, these measurements were used to
calculate the instantaneous RP and UF volumetric flow rates in real time.

The platform was operated exclusively in the pre-dilution HF configuration for all PI-
control experiments reported in this thesis. Post-dilution and hemodiafiltration modes, as
well as comparisons between dilution modes, were outside the scope of the flow-control study.
This experimental definition is consistent with the Scientific Reports manuscript and avoids

interpreting the PI-control results as dilution-mode comparisons.
3.2 Pump Calibration

Accurate control of flow in the extracorporeal platform requires a precise mapping be-
tween peristaltic-pump speed and volumetric output, since flow rate is determined by the
tubing inner diameter and elasticity. PharMed silicone tubing with dimensions of 4.8 mm x
8 mm was evaluated by operating each pump at several fixed speeds and measuring the efflu-
ent volume over repeated 60 s intervals using scales with +0.5% accuracy. During calibration,

each pump was driven at incrementally increasing speeds from 10 to 100 rpm. At each set-
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Figure 3.1:  Schematic of the benchtop pre-dilution hemofiltration circuit. The red line
represents the blood loop; the blue line represents the replacement fluid supply and ultrafil-
tration path. Scale 1, located beneath the replacement fluid reservoir, and Scale 2, located
beneath the waste reservoir, continuously record mass changes, from which the RP and UF
volumetric flow rates are derived in real time. The platform is fixed in the pre-dilution con-

figuration for the flow-control experiments.
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point, the steady-state flow was recorded three times and averaged. A least-squares fit of
flow rate in mL/min to rotational speed in rpm yielded negligible intercepts (< 0.1 mL/min)
and highly consistent slopes across pumps, with variation below 3%. The tubing showed

excellent linearity during speed ramps, with R > 0.995.

@ [mL/min] = k - rotational speed (rpm), k = 0.58 (3.1)

where () is the pump flow rate. The calibration coefficient k& = 0.58 represents the
combined effects of tubing geometry and material properties on the relationship between
pump speed and flow rate.

To enable seamless integration with the PI control algorithm, the calibration constant
was stored in a dictionary at initialization. During closed-loop operation, the controller
converted the desired flow setpoint into the corresponding rpm command through this lookup,
and then compared feedback-derived flow measurements with the target value to compute
the PI error. By grounding the control logic in experimentally derived calibration data, the
system achieved flow tracking close to the target under nominal conditions despite tubing

compliance and fluid-viscosity variations.

3.3 PI Feedback Control of the Peristaltic Pumps

A proportional-integral (PI) control algorithm was implemented for the replacement
and ultrafiltration pumps. Unlike traditional open-loop control, which relies on fixed motor
speeds and is susceptible to mechanical variations and changes in fluid properties, PI control
provides real-time correction driven by feedback.

The proportional component reacts to the current error between the desired and actual
flow rates and provides immediate corrective action. The integral component accumulates
past errors over time, which ensures that steady-state deviations are eliminated. By com-
bining these two effects, PI control maintains flow stability within tight tolerance bounds,

which improves both treatment safety and patient comfort.
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In conventional clinical settings, peristaltic pumps used in hemofiltration devices often
operate under open-loop control, where the rotational speed of each pump is manually set
and held constant throughout treatment. This approach is simple to implement but fails to
compensate for system-level variations such as tubing elasticity, fluid-viscosity changes, and
mechanical tolerances.

To investigate the limitations of fixed-speed operation, benchtop experiments were con-
ducted on both the UF and RP pumps, with each pump operated at a constant rpm cor-
responding to a nominal target flow of 40 mL/min. The results are shown in Figure 4.2.
Despite the fixed input, the two channels exhibited persistent deviations from the target flow
rather than converging to the nominal setpoint. The RP flow remained above the target,
ranging from 43.80 to 45.89 mL /min, whereas the UF flow remained below the target, ranging
from 31.18 to 35.06 mL/min. Over the 60-min experiment, these channel-dependent offsets
produced substantial cumulative-volume drift. The maximum absolute cumulative errors
reached 289.77 mL for the RP channel and 339.20 mL for the UF channel, respectively.

The two channels exhibited different error characteristics, reflecting the sensitivity of
flow performance to hydraulic boundary conditions and system geometry. A likely expla-
nation is the physical configuration of the fluid pathways. In this setup, the UF tubing is
suspended and its outlet faces minimal resistance during drainage, which allows relatively
stable outflow. In contrast, the RP channel draws fluid from a submerged inlet, where
hydrostatic pressure and fluid interactions may vary over time due to transient dynamics
such as tubing compression, backflow resistance, or minor pressure build-up. These factors
can introduce flow disturbances even when the pump speed is held constant. While the
exact mechanism is not fully understood, this asymmetry highlights the sensitivity of flow
performance to hydraulic boundary conditions and system geometry.

These findings illustrate the inherent inaccuracy of open-loop pump control, where nei-
ther moment-to-moment flow consistency nor long-term volumetric accuracy can be guar-
anteed. In a clinical setting, such discrepancies could cause improper fluid balance, patient

discomfort, or safety risks during prolonged treatment. These issues motivated the transition
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to the closed-loop PI control strategy discussed below.

To address the limitations of open-loop control, a closed-loop flow-regulation system
based on a PI controller was developed and implemented. At fixed time intervals, the system
acquires real-time flow measurements from an integrated scale module, which provides both
instantaneous and accumulated mass-transfer data. Based on this feedback, the controller

calculates a corrective adjustment to the flow rate in mL/min as

k

AQy =K, (Q" — Qi) + K: Y (Q" — Q) At (3:2)

=0

where Q* is the target flow rate, (J; is the measured instantaneous flow rate, and the
summation represents the discrete integral of past flow errors. The constants K, and K; are
controller gains tuned to balance responsiveness and stability.

This adjustment is then applied to update the flow-rate estimate for the next control

interval,

Qr+1 = Qr + Al (3.3)

To implement this change at the hardware level, the updated flow rate is converted into
a corresponding pump speed in rpm using the pre-calibrated linear relationship derived from

benchtop testing,

Qr+1

RPMpyr = —

(3.4)

where k is the calibration coefficient determined experimentally during the initial pump-
calibration stage with the selected yellow tubing (Equation (3.1)). This linear relationship
was derived by correlating measured flow rates with pump speeds across a range of operating
conditions. By leveraging this conversion, the closed-loop mechanism dynamically adjusts
pump speed in response to flow disturbances that arise from variable backpressure, tubing
compliance, and mechanical tolerances. As a result, the system achieves substantial improve-

ments in both real-time consistency and long-term volumetric accuracy of fluid delivery.
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3.4 Selection of Optimized PI Gains

The optimized PI gains used in the flow-control experiments were obtained through a
data-driven gain-prediction procedure rather than by manual trial-and-error selection. A
total of 25 fixed-gain PI configurations were tested for each channel on the benchtop pre-
dilution hemofiltration platform. Each experimental run generated a time-series record of the
measured flow response and cumulative volume behavior under a known gain pair (K, K;).
These fixed-gain records provided the training and evaluation data used to learn how different
PI settings affected flow stability, transient response, and cumulative-error drift.

For each pump channel, the time-dependent model input included four dynamic features:
the measured flow rate y(t), the instantaneous flow error e(t) = Q* — y(t), the first-order
error difference Ae(t), and the accumulated flow error I(¢). The target flow rate Q*, fixed
at 40 mL/min under the water-density assumption, was included as a static input. Separate
models were trained for the replacement pump (RP) and ultrafiltration pump (UF), allowing
the two channels to learn different gain responses consistent with their different hydraulic
boundary conditions.

The gain-prediction model was a total-variation-regularized multi-head long short-term
memory network (TV-MTLSTM). The model first extracted local temporal features from the
input sequence, then used stacked LSTM layers to learn longer-term flow-response behavior.
The shared temporal representation was connected to two output heads. The main output

head predicted the PI gains,

é = (KmKi)v (3'5)

while an auxiliary output head predicted the future accumulated-error sequence. This
auxiliary task was included because cumulative error is the quantity most directly related
to long-term volumetric imbalance in dialysis operation. By requiring the model to predict
not only the gain pair but also the future accumulated-error trajectory, the model was

encouraged to learn gain settings that improved both instantaneous tracking and long-term
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volume control.

Training used a composite loss function combining four terms:

L = M Lpt + Ao Lgeq + AsLry + Ay Lierm- (3.6)

Here, Lpy penalizes error in the predicted PI gains, Le, penalizes error in the predicted
accumulated-error sequence, Lty penalizes abrupt variation in that predicted sequence, and
Lierm penalizes residual accumulated error at the end of the prediction window. The total-
variation term was included to discourage oscillatory behavior, while the terminal-error term
prevented the model from favoring smooth but biased responses that would leave persistent
cumulative drift.

During training, the experimental flow logs were converted into sliding-window samples.
The dynamic features, static target-flow input, and Pl-gain labels were normalized before
training. The datasets were split into training and validation subsets, and one record was
reserved for model inference. The resulting channel-specific TV-MTLSTM predictions were
K, = 0.6128, K; = 0.2463 for the RP channel and K, = 0.9527, K; = 0.3003 for the UF
channel. These predicted gains were then implemented on the physical system and evaluated
against the 25 fixed-gain configurations using flow-tracking RMSE, flow-tracking MAE, and
maximum absolute cumulative error. Therefore, the term “optimized PI gains” in this thesis
refers to the TV-MTLSTM-predicted channel-specific gains that produced the best overall

flow-tracking and cumulative-error performance on the tested benchtop platform.
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Chapter 4
DESIGN OF THE PORTABLE DIALYSIS PLATFORM

4.1 Design Requirements

The development of the portable dialysis platform for benchtop validation—and its even-
tual translation toward wearable applications—necessitates a careful balance of engineering,
economic, and biomedical constraints. To ensure the prototype effectively supports albumin

dialysis research, the following primary design requirements were established:

e Compact System Size: Unlike traditional hemodialysis machines that are bulky and
largely restricted to clinical settings, this platform requires a reduced footprint. The
system must be compact enough to fit conveniently on a standard laboratory benchtop.
Furthermore, a small form factor is desirable for improving system integration and

supporting future development toward portable and wearable implementations.

e Low-Cost Implementation: Commercial dialysis platforms are associated with high
operating costs. Therefore, reducing cost was considered an important requirement in
the design of the proposed prototype. In the present system, this goal was addressed
mainly by using a dialysis strategy with low dialysate volume, which reduces dialysate
consumption during each treatment. Lower dialysate use helps decrease the cost of

each treatment while maintaining system performance.

e Stable and Accurate Flow Control: Precise fluid management is critical for con-
sistent toxin clearance and maintaining transmembrane pressure balance. In this plat-
form, flow regulation is achieved through the precise control of the blood pump and the

ultrafiltration pump. To ensure reliable long-term operation, the system’s fluidic per-
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formance is evaluated against two key metrics: flow rate stability and cumulative total
flow error. The platform must actively minimize instantaneous flow fluctuations and
prevent volumetric drift over extended durations. Implementing real-time monitoring
and closed-loop control is therefore essential to meet these metrics and guarantee high

experimental repeatability.

e Air Intrusion Prevention: In extracorporeal blood circuits, preventing air intrusion
is a paramount safety requirement to mitigate the risk of air embolism. The proposed
platform must integrate robust, active bubble management. Specifically, the system
must feature an automated fail-safe mechanism: upon the detection of an air bubble,
the control unit must immediately halt pump operation and actuate a clamp on the
outflow line. This rapid, coordinated response ensures that air-infused blood is strictly

prevented from returning to the patient.

e Modular Architecture and Ease of Operation: Although the current system was
developed as a benchtop prototype, modularity was considered an important design
requirement for future clinical and portable applications. The system was designed to
allow straightforward assembly, disassembly, and replacement of consumable compo-
nents such as tubing sets and dialyzers. The use of a cassette architecture simplified
setup procedures, including priming, rinsing, and calibration, and improved the prac-
ticality of routine operation and maintenance. In addition, the design was intended
to support consistent operating conditions across experiments, thereby improving the

repeatability and reproducibility of benchtop testing.

4.2 Prototype

The physical prototype of the portable dialysis platform was fabricated using both laser
cutting and three-dimensional (3D) printing. This approach was chosen to balance structural

rigidity, manufacturing efficiency, and dimensional accuracy.
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The main chassis and cassette components were fabricated from clear acrylic sheets by
laser cutting, which provided sufficient precision for alignment and assembly. Two acrylic
thicknesses were used based on the mechanical requirements of different parts. The main
pump mounting plate was made from 5 mm acrylic to provide adequate structural support for
the pumps. By contrast, the cassette body and secondary enclosure panels were fabricated
from 3 mm acrylic, which provided sufficient stiffness while reducing the overall weight of
the device.

Components with more complex three-dimensional geometries were fabricated by fused
deposition modeling (FDM) 3D printing. Custom parts, including dialyzer mounting brack-
ets and auxiliary fixtures, were printed using polylactic acid (PLA) filament. PLA was
chosen because it provided adequate dimensional consistency and mechanical strength for
these components. In addition, 3D printing allowed rapid fabrication of customized parts

needed to accommodate the cylindrical dialyzer and the associated tubing.
4.3 System Integration and Control Architecture

The system operated on a standard 110 V AC supply, converted to a primary 24 V DC
bus via an external adapter. A DC-DC buck converter then stepped this down to 12 V to
power the bubble detector and USB hub.

The powered USB hub provided power and communication connections for several pe-
ripheral devices, including an Arduino Nano, two independent scale controllers, and an
RS-485 communication module. The RS-485 interface was used to communicate with three
dedicated pump controllers, allowing independent control of each pump unit.

To enhance operational safety, the system incorporated a hardware-based shutdown
mechanism. The primary 24 V DC bus also supplied a relay module that controlled a
solenoid pinch valve. After completion of the priming phase, the bubble detector continuously
monitored the fluid line during system operation. If a bubble was detected, the control
system immediately initiated a protected shutdown sequence by stopping all active pumps

and triggering the relay to actuate the solenoid valve. This action clamped the tubing and
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Figure 4.1: Prototype of the portable dialysis platform showing the blood, replacement,

and ultrafiltration flow paths, together with the integrated fluid scales.

interrupted fluid transport, thereby placing the system in a safe shutdown state.

4.4 Performance Evaluation and Results

Representative RP and UF flow-control results are shown in Figures 4.2 to 4.5. The
selected cases compare the uncontrolled baseline, pure integral control, an intermediate PI
setting, and the optimized channel-specific PI gains obtained using the TV-MTLSTM-based
procedure described in Section 3.4. The plots provide the corresponding time histories of
instantaneous flow and cumulative error, allowing the transient behavior, steady-state devi-

ation, oscillation level, and long-term volumetric accuracy to be evaluated together.
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The uncontrolled case (K, = 0, K; = 0) exhibited a systematic offset between the two
channels: the RP flow remained above the 40 mL/min target and the UF flow remained below
it. This offset produced a nearly monotonic drift in the cumulative error, which indicates that
open-loop operation is insufficient for maintaining long-term volumetric balance. When pure
integral control was applied (K, = 0, K; = 1.0), the cumulative-error drift was substantially
reduced, but the instantaneous flow showed pronounced oscillation, especially in the RP
channel. This result indicates that integral action alone can correct the accumulated error

but does not provide adequate damping.

RP: K,=0.0, K=0.0 | UF: K,=0.0, K;=0.0
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Figure 4.2: Flow-control response without proportional or integral feedback. Both RP and
UF channels show persistent offsets from the 40 mL/min target, resulting in nearly monotonic

cumulative-error drift over time.
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Figure 4.3: Flow-control response under pure integral control with /K, = 0 and K; = 1.0. The

cumulative-error drift is reduced compared with the uncontrolled case, but the instantaneous

flow exhibits pronounced sinusoidal oscillation, especially in the RP channel.

Adding proportional feedback improved the transient response. With K, = 0.25 and

K; = 0.75, both channels remained closer to the target and the cumulative errors were

bounded near zero, although damped oscillations were still observed. The optimized PI con-

dition, obtained from the TV-MTLSTM gain prediction, provided the most stable response

among the selected cases. Using channel-specific gains of K, = 0.6128, K; = 0.2463 for
RP and K, = 0.9527, K; = 0.3003 for UF, both channels converged rapidly toward the

40 mL/min target and maintained small cumulative errors without sustained drift or large

oscillation.
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RP: K,=0.25, K=0.75 | UF: K,=0.25, Ki=0.75
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Figure 4.4: Flow-control response with an intermediate PI setting of K, = 0.25 and K, =
0.75. The introduction of proportional feedback reduces the oscillation amplitude and keeps
the cumulative errors bounded near zero, although damped oscillatory behavior remains

visible.

To quantify this comparison across all 25 fixed-gain configurations and the TV-MTLSTM-
predicted condition, three metrics were computed per channel: the instantaneous flow-
tracking RMSE and MAE relative to the 40 mL/min target, and the maximum absolute
cumulative error. The maximum absolute cumulative error was used rather than only the fi-
nal cumulative error because it captures the largest cumulative deviation reached during the
entire experiment and is therefore less affected by cancellation between positive and negative
errors.

As summarized in Table A.1, under the TV-MTLSTM-optimized PI condition, the RP
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RP: K,=0.6128, K;=0.2463 | UF: K,=0.9527, Ki=0.3003
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Figure 4.5: Flow-control response under the optimized PI gains. Both RP and UF flows
remain close to the 40 mL/min target after the startup transient, and the cumulative errors

stay near zero without sustained drift or large oscillation.

channel achieved the lowest instantaneous flow-tracking errors among all RP cases, with an
RMSE of 0.737 mL/min and an MAE of 0.535 mL/min. The UF channel similarly achieved
the lowest instantaneous errors among UF cases, with an RMSE of 1.363 mL/min and an
MAE of 0.505 mL/min. The maximum absolute cumulative error was 4.63 mL for the
RP channel, the lowest among all RP cases, and 9.70 mL for the UF channel, the lowest
among all UF cases. Taken together, these results indicate that the optimized PI gains
minimized instantaneous flow deviation while keeping cumulative error bounded at a low

level, supporting the conclusion that the TV-MTLSTM prediction provided the best overall
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tradeoff between target-flow tracking, damping, and long-term volumetric balance.

Overall, the selected results reveal a clear progression in controller behavior. Without
feedback control, persistent flow offsets produce cumulative-error drift. Pure integral control
eliminates most of this drift but introduces significant oscillation. Introducing proportional
action improves damping and reduces oscillation, while a properly optimized PI combina-
tion yields the most stable and accurate control performance. Therefore, the optimized
PI controller was identified as the best-performing configuration because it simultaneously
minimized flow deviation from the target, reduced oscillatory behavior, and maintained cu-

mulative error near zero in both channels.
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Figure A.1: Flow rate-speed characteristics and dimensional specifications of the OEM DC

brushless motor (TH152) used in the system.
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Table A.1: Summary metrics for all tested PI combinations in the RP and UF channels. The
bold rows indicate the TV-MTLSTM-predicted PI settings for the corresponding channel.

RP channel UF channel
Ky K;
RMSE MAE Max. cum. err. RMSE MAE Max. cum. err.
(mL/min)  (mL/min) (mL) (mL/min)  (mL/min) (mL)
0 0 4.933 4.911 289.77 5.829 5.749 339.20
0 0.25 6.406 5.741 21.85 3.202 2.143 40.30
0 0.5 5.175 4.629 12.53 3.706 3.127 24.50
0 0.75 6.834 6.166 13.52 2.898 2.160 21.25
0 1 8.868 7.893 16.23 2.873 2.166 18.27
0.25 0 1.516 0.783 37.79 3.415 1.949 110.74
0.25 0.25 2.003 1.069 14.61 2.709 1.632 35.27
0.25 0.5 1.987 1.110 11.58 2.431 1.409 23.38
0.25 0.75 2.041 1.225 9.96 2.474 1.681 19.15
0.25 1 2.697 1.669 9.81 2.306 1.317 18.29
0.5 0 1.211 0.613 20.02 2.417 1.165 56.87
0.5 0.25 1.566 0.818 12.10 2.328 1.254 25.67
0.5 0.5 1.559 0.795 10.07 2.239 1.067 20.39
0.5 0.75 1.347 0.770 6.96 2.472 1.489 20.87
0.5 1 1.795 0.994 9.19 2.068 1.017 15.71
0.75 0 1.403 0.630 15.91 2.530 1.051 50.55
0.75 0.25 1.418 0.736 11.25 2.250 1.088 23.93
0.75 0.5 1.439 0.700 8.75 2.055 0.925 17.42
0.75 0.75 1.505 0.727 8.47 2.035 0.996 15.65
0.75 1 1.197 0.713 6.35 1.988 1.000 12.37
1 0 1.251 0.574 11.81 2.139 0.815 36.12
1 0.25 1.241 0.564 8.48 1.844 0.814 17.15
1 0.5 1.269 0.640 7.99 2.023 0.855 16.99
1 0.75 1.493 0.778 8.65 1.972 0.893 14.08
1 1 1.279 0.761 6.73 1.903 0.898 11.88
0.6128 0.2463 0.737 0.535 4.63 - - -

0.9527 0.3003 - - - 1.363 0.505 9.70
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