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ABSTRACT 
Novel molecular diagnostics devices, primarily nucleic acid 

amplification tests (NAAT) mandate the use of precise temperature control. Lab-
on-a-Chip (LoC) devices are self-contained molecular diagnostics devices, 
meaning they rely on no additional external instrumentation, thus the term non-
instrumented NAAT (NINAAT). Integrating microheating into a non-
instrumented molecular diagnostics device is challenging due mainly to the 
restrictions on cost, space and power. This limits commercialization efforts and 
therefore widespread use of rapid tests that would otherwise help decentralize 
clinical diagnostics, reduce waiting times for patients and healthcare costs in 
general.     

This PhD thesis proposes a workflow and methodology for the development of 
temperature control for non-instrumented molecular diagnostics devices and 
demonstrates its application to a LoC NINAAT device, called the InTime 
NINAAT. In its first part the thesis details the evaluation process for temperature 
control options as well as describes the evaluation of four microheating options, 
namely chemical heating, self-regulating electrical heating, thermostat-regulated 
electrical heating and thermoelectric heating. For the evaluation, physical and 
simulated thermal models are constructed. These thermal models are simplified 
representations of the molecular diagnostics device in development and are used 
solely for thermal analysis. The thesis proposes self-regulating heating and 
thermostat-regulated heating for use as integrated microheating candidates and 
demonstrates that both are capable of temperature regulation in the specified 
target range with 0.5 °C steady-state error (SSE) in the LoC NINAAT system 
being developed.   

The second part of the work describes the process by which the proposed 
microheating candidates are developed further and prepared for integration with 
the molecular diagnostics device. This part describes how to evaluate the 
candidates for multiple assay targets (demonstrated in the thesis through 
isothermal NAAT protocols) as well as in-detailed thermal analysis for a single 
assay target (the LAMP protocol in this work). Both microheating candidates 
developed for the NINAAT platform were demonstrated compliant with assay 
requirements and could maintain target temperatures for the LAMP protocol in 
95% of the reaction volume in steady state as calculated from simulated thermal 
models. The self-regulating heating candidate was chosen as the final solution 
due to its simplicity and lower cost compared to the alternative. A microheating 
solution was proposed based on a polymer resin PTCR self-regulating heater for 
use with the functional prototype of the NINAAT microfluidic chip. The heating 
solution was demonstrated to be capable of maintaining reaction temperatures in 
the required 60-63 °C range for 20 minutes powered by 2xAAA alkaline batteries 
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and to reach the target range in 10 minutes. From the simulated thermal model, it 
was calculated that about 85% of the reaction volume was in range in steady state. 
In a final experiment the functional prototype NAAT chip along with the 
microheating solution were demonstrated capable of executing the LAMP 
protocol and successfully detected the target DNA.  

The final part details the integration of the microheating solution into the 
functional prototype of the developed molecular diagnostics device. In this part 
the proposed microheating solution is integrated into the InTime NINAAT 
functional prototype device, complete with all fluidic and user interface 
functions. The InTime NINAAT device is a self-contained non-instrumented 
NAAT platform that carries a DNA amplification workflow from sample input to 
result output. After integrating the heater and a final compliance check, the device 
is demonstrated to work, as it would be used by the end-user.  
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INTRODUCTION AND MOTIVATION 
Novel approaches to medical diagnostics and in particular, molecular 

diagnostics, such as Lab-on-a-Chip (LoC) devices, promise to bring diagnostic 
tools to a much wider audience than traditional clinical diagnostics practices [1], 
[2]. Some of these devices are designed for use at decentralized clinics, brining 
testing to the point of care [3]–[6], reducing waiting lines and healthcare costs 
through early diagnosis, while others are targeted for use in homecare.  

According to data collected by the WHO (World Health Organization), the 
number of deaths worldwide associated with infectious diseases has decreased 
significantly since 1990 in comparison with other causes, such as injuries [7]. On 
the other hand, in low-income regions, infectious diseases were still among the 
leading causes of death in 2010 and large-scale outbreaks, such as the 2014 Ebola 
outbreak in West Africa, continue to occur [8]. According to a WHO report, 
between 2001 and 2013, 84% of all health hazards worldwide were due to 
infectious disease outbreaks [9]. Pathogens with long incubation times and 
potentially severe complications are of great concern, even in highly developed 
regions of the world. Sexually transmitted diseases (STD) have a high prevalence 
in high-income regions such as the USA, are passed on easily from host to host 
before symptoms occur, and may cause infertility [10]. Early detection and 
treatment to prevent or contain outbreaks is paramount. Rapid diagnostic tests 
(RDTs) are molecular diagnostic tests that meet the ASSURED (affordable, 
sensitive, specific, user-friendly, rapid, equipment-free and delivered) guidelines 
of the WHO [11]. First generation RDTs are typically cheap (<50 EUR per test), 
disposable tests that rely on immunoassays [12], such as the well-known 
pregnancy tests. They are readily available in pharmacies for various pathogen 
targets (HIV-1, Chlamydia Trachomatis etc.), but they cannot detect pathogens 
without an immune response from the host, which takes several days to build up, 
during which time the host is already infectious. Thus, they are inefficient at 
preventing outbreaks. Second-generation RDTs on the other hand rely on novel 
molecular diagnostics methods that are on par with clinical diagnostics. RDTs as 
bases of treatment have a low acceptance rate among medical doctors at present, 
but the market demand for a reliable second-generation RDT is strong. Their 
predicted share in the RDT market is in the range of 10 billion USD by 2021 [13]. 

In pathogen detection, nucleic acid amplification testing (NAAT) has been the 
long-standing gold standard with the PCR (polymerase chain reaction) protocol 
the most widespread [14]–[17]. PCR requires thermal cycling with high 
temperatures (up to 96 °C) maintained for well-defined durations in each cycle, 
and the cycles repeated 20-40 times until the desired DNA concentration is 
achieved. This practice requires sophisticated equipment that is hard to build into 
handheld, portable devices. Isothermal NAAT protocols on the other hand require 
only a single temperature or temperature range to be maintained for a specified 
amplification time [18]–[21], making them more suitable for use in Lab-on-a-
Chip applications. These protocols mostly require reaction temperatures in the 
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30-70 °C range and incubation times are typically less than an hour. In the ideal 
case, a LoC NAAT device should be fully disposable, self-contained and non-
instrumented [22]–[25]. Self-contained and non-instrumented devices require no 
external instrumentation and are capable of performing a complete diagnostic 
workflow from sample input to result output. However, implementing 
temperature control in a non-instrumented nucleic acid amplification test 
(NINAAT) is technically challenging, given the constraints on space, power and 
cost. These constraints make commercialization efforts difficult and thus slow 
down the distribution of these devices to the public.  

Most existing LoC devices in the literature are instrumented and rely on external 
means for temperature control, such as Peltier cells [26]–[29] or pre-heated 
liquids [30] introduced via channels surrounding the reaction volume. However, 
a fully portable system requires an integrated solution. Electrical heating is well 
known and widely used in consumer electronics, however, integration into Lab-
on-a-Chip systems is challenging for the reasons mentioned before. The heating 
element may be integrated into the device frame, or the Lab-on-a-Chip itself. For 
the former approach, most reported works use Peltier cells [31]–[34], for the 
latter, primarily thin film resistive heating elements [35]–[37] but also micro-
Peltier cells [33], [34], [38].  In the case of microfabricated LoC systems, the thin 
film heater can be integrated on the same substrate as the fluidic channels, 
resulting in a more compact and power-efficient layout. On the other hand, the 
previously mentioned heating elements all required external thermostats, which 
may limit integration. Self-regulating resistive heating elements [39]–[41] rely on 
the PTCR (positive temperature coefficient of resistance effect) for regulation: 
the resistance of the element increases rapidly beyond a threshold temperature, 
thereby regulating input currents. These elements offer an attractive solution for 
integrated heating [42], but their power efficiency may be lower than that of 
thermostat-regulated elements. An interesting alternative is offered by chemical 
heating, which is a heating element based on a highly exothermic chemical 
reaction of two or more components [43], [44], typically an oxidative process 
regulated by the addition of a phase-change material (PCM). Advantages are their 
low cost and simplicity; disadvantages are their large size and the difficult 
regulation of their temperature output. 

Despite the earlier mentioned challenge of realizing portable thermal cycling, 
many LoC systems with integrated heating reported in the literature execute the 
PCR protocol [36], [45]. There are examples of devices performing isothermal 
amplification protocols as well [46]–[48]. The Alere Influenza A&B [49], [50] is 
a benchtop instrument that relies on isothermal NAAT for a rapid influenza test 
on par with clinical diagnostics procedures in accuracy. However, it is not a 
handheld instrument. Some LoC NAAT chips exist that are more portable but 
require external heating [51]–[53]. Chemical heating was demonstrated in 
literature [54]–[56] and patented [57] as an integrated heater for LoC NAAT 
devices. Recently a highly integrated compact CMOS NAAT chip was 
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demonstrated by Gurrala et al. for HIV-1 detection with a very high sensitivity 
[58], but the demonstrated chip lacked integrated temperature regulation (but 
included a heating element) and a power source.    

Using microfabricated LoC devices with on-dye heating solutions is attractive in 
research but less cost-effective in mass-production due to the need of highly 
specialized microfabrication techniques as well as a clean room. Injection molded 
plastics are better suited for mass-production, primarily due to the low per-device 
cost and the high aspect ratio achievable in mass-production [59]–[61]. 
Furthermore, they do not require a clean room. However, mold fabrication is 
expensive and so design errors should be avoided. Finite element thermal analysis 
can greatly reduce development time and design errors by providing a tool to 
analyze heat transfer and thermally optimize device geometry and insulation. 
Most research efforts have targeted the thermal analysis of integrated heating 
elements developed in-house, primarily within the same clean room process as 
the fluidic chip itself [62]–[64]. However, injection-molded plastics require a 
separately manufactured heating element - preferably a commercially available 
heating element – that requires optimization of the thermal system. 
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PROBLEM STATEMENT AND RESEARCH 
QUESTIONS 
As detailed in the introduction, there are no off-the-shelf solutions 

suitable for temperature control in a non-instrumented molecular diagnostics 
platform. There are many temperature regulation options available on the market 
and in research, but none of them particularly suited for our proposed application 
as is. The implementation of a microheating solution is challenging due to the 
factors detailed in the introduction.  

This PhD work will focus on the development of temperature regulation for non-
instrumented molecular diagnostics devices and a disposable LoC NINAAT 
device in particular. It will 1) evaluate available temperature control options, 2) 
detail the process by which these options are characterized and evaluated for use 
in the proposed diagnostics device as well as the optimization process by which 
the best candidate(s) are integrated into the device, and 3) demonstrate the 
functional prototype of a NINAAT device. This PhD work, while it aims to 
provide guidelines for the development of a microheating solution for molecular 
diagnostics devices, will also demonstrate a complete microheating development 
process for a specific device, from start to finish.  

Summarily, this PhD work focuses on the following research questions: 

1. What temperature control options are available for use in non-
instrumented molecular diagnostics devices?

2. What are the performance characteristics of these options related to the
NINAAT concept device in this work?

3. What are the most suitable temperature control options for the NINAAT
concept device?

4. How to evaluate the performance characteristics of a microheating
candidate for multiple assay protocols?

5. What are the performance characteristics of the microheating candidates
in this work related to isothermal NAAT protocols and the LAMP
protocol in particular?

6. How is a microheating option developed into a microheating solution
optimized for use in a particular molecular diagnostics device?

7. How is a microheating solution integrated into a molecular diagnostics
device?

8. What is the development workflow of temperature regulation for a non-
instrumented molecular diagnostics device?

9. How can thermal analysis via the finite element method aid in this
development process?
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CONTRIBUTION OF THE THESIS 
As mentioned before, this thesis aims to demonstrate the process by 

which temperature regulation is developed for use in non-instrumented molecular 
diagnostics devices. Furthermore, it demonstrates the development process of a 
particular non-instrumented molecular diagnostics device built for the execution 
of isothermal NAAT protocols and the LAMP protocol in particular. The main 
contributions (i.e. theses/claims) of this PhD thesis are: 

I. The methodology to characterize and evaluate microheating options 
for their use in molecular diagnostics devices: experimental 
characterization and finite element modelling of heat transfer. In 
particular, the proposal of whole-device thermal modelling via the 
finite element method rather than solely focusing on the heater-chip 
thermal interface.   

II. Application of the methodology in Contribution I. to evaluate four
microheating options for a portable NAAT device.  All options were
characterized experimentally as well as modelled via the finite
element method: chemical heating, self-regulating resistive heating,
thermostat-regulated resistive heating and thermoelectric heating.
Physical, as well as simulated thermal models of the diagnostics
device were created for the evaluation. Chemical and thermoelectric
heating were proven unsuitable for the targeted application, whereas
self-regulated and thermostat-regulated heating were established as
microheating candidates.

III. The methodology and the development process by which
microheating candidates are developed into microheating solutions
for application in the functional prototype of a molecular diagnostics
device. Testing for additional temperature targets, geometry
optimization and heat transfer analysis via finite element modelling
are described.

IV. Application of the methodology in Contribution II. to develop two
microheating candidates into microheating solutions for use in the
functional prototype of the developed molecular diagnostics device.
Both self-regulating and thermostat-regulated heating were
demonstrated to comply with requirements for the loop-mediated
isothermal amplification (LAMP) protocol. Both temperature control 
methods had less than 0.6 °C SSE for the prescribed 20 minutes
incubation time and 62 ± 2 °C incubation temperature. Finally, self-
regulating resistive heating was chosen as the microheating solution
for the proof-of-concept prototype due to its lower complexity and
cost. A PTCR polymer resin self-regulating heating element is
demonstrated and evaluated for use in the functional prototype. In
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the proof-of-concept demonstration detailed in this work, the Lab-
on-a-Chip functional prototype in conjunction with the 
aforementioned polymer heating element was capable of executing a 
LAMP reaction that successfully detected a pathogen.   

V. The microheating solution developed for the InTime NINAAT (Non-
Instrumented Nucleic Acid Amplification Test) functional prototype 
and its proof-of-concept demonstration. The demonstration involved 
executing the test, as it would be at the end-user side, starting with 
sample input and finishing with visualizing results for a successfully 
executed amplification of the target pathogen’s DNA.   

The above-mentioned contributions are related to research papers (listed 
previously and available in full in appendices A-E) as described in Table 1. The 
thesis contains unpublished work that extends beyond the listed research papers. 

Table 1: Contributions partially or fully covered in published works 

Contributions Paper A Paper B Paper C Paper D Paper E 

I.    

II.    

III.  

IV.    

V.  
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ORGANIZATION OF THE THESIS 
This PhD thesis is divided into 5 chapters. The introductory chapter 

introduced the background and motivation of the research work including 
research trends to date related to microheating in molecular diagnostics devices.  

Chapters 1-3 detail the development process of microheating solutions in general 
and in relation to the NINAAT device prototype demonstrated in Chapter 3.  

Chapter 1 describes the characterization and evaluation of microheating options 
chosen based on literature and patent search. The options most suitable for use in 
the targeted device concept are developed further as microheating candidates 

Chapter 2 details how microheating candidates compliant with device 
requirements are evaluated further for their use in the functional prototype of the 
molecular diagnostics device under development, and steps are taken to integrate 
them with the Lab-on-a-Chip component of the device. Please note that a 
microheating candidate is not necessarily a single specific heating element but 
rather a heating principle. At the end of the chapter, a microheating solution 
optimized for the molecular diagnostics device is presented. 

Chapter 3 demonstrates integration and final validation of the microheating 
solution in the context of the functional prototype of the molecular diagnostics 
device under development. A proof-of-concept demonstration of the diagnostic 
test as would be executed by the end-user is presented at the conclusion of this 
chapter.  

The final chapter is the conclusion of this PhD thesis. 

Figure 1 below shows how chapters cover the complete development process of 
a temperature control solution for non-instrumented molecular diagnostics 
devices: 

Figure 1: Chapters in this work and how they relate to the heater development workflow 

Literature search
(Introduction)

Evaluation of 
microheating 

options 
(Chapter 1)

Development of 
microoheating 

solutions 
(Chapter 2)

NINAAT proof-of-
concept device
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1 CHARACTERIZATION AND EVALUATION OF 
MICROHEATING OPTIONS 

This chapter covers the following topics:  

• Methodology by which to analyze and evaluate integrated microheating
options for their viability in molecular diagnostics devices,

• Literature results to date,
• Outcome of the evaluation of microheating candidates conducted during

this PhD work.

This PhD work primarily focuses on disposable, non-instrumented isothermal 
nucleic acid amplification tests (NAAT) that require reaction temperatures in the 
20-65 °C range [18], but the methodology described in Chapter 1-2 is applicable 
to other molecular diagnostics assays as well, provided that they are performed 
in aqueous solutions. Being non-instrumented means that no additional 
instrumentation is required to perform the test, the device arrives in a single 
package as self-contained unit [56], [65], [66]. Being disposable means that as a 
minimum, the part of the device exposed to the biological sample must be 
disposable in household waste. Ideally, the whole device should be disposable.    

1.1 Characterization and evaluation methodology 
The core of the thermal system in a non-instrumented molecular diagnostics 
device is composed of the heating element, the reaction chamber and the thermal 
interface in between them. This core must be thermally insulated from the rest of 
the device as well as from the ambient environment. The goal of the evaluation 
is to determine whether the heated reaction volume is in the correct temperature 
range for the incubation time specified by the assay. In this section we cover the 
experimental characterization and evaluation process, as well as describe the 
instrumentation, prototypes and methodology used in this PhD work and in this 
chapter of the work in particular.     

1.1.1 Experimental characterization and evaluation 
Before development begins, requirement specifications for the device are drafted, 
followed by literature and patent search as well as analyzing user requirements. 
Once a microheating candidate is selected, the process for experimental 
characterization and evaluation is the following (Figure 2): 

1. Basic characterization: Dimensions are characterized first. In the case
of electrical heating elements, the heating element is characterized
electrically (base resistance and steady-state resistance if applies, input
voltage range). If compliance with basic operational parameters (power
supply, dimensions) is established, step 2 follows.

2. Functional characterization: The heating element is characterized in
context of the molecular diagnostics device. This is achieved by building
a thermal model and equipping it with temperature sensors in key
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positions (see details below), then measuring transient thermal response. 
This means applying a certain input (voltage/current/amount of chemical 
fuel) and measuring temperature in the reaction chamber. This defines a 
specific steady-state temperature and thermal time constant for a given 
input. Again, a compliance check follows for the following parameters: 
reaction temperature (steady-state temperature), incubation time and total 
assay time (derived from the time constant).  

3. Evaluation: If compliance is established in both steps, the microheating
candidate is considered for further development. If not, the candidate is
discarded and the process starts again from step 1 with a new candidate.
Following successful evaluation, the candidate is modelled via the finite
element method (see Section 1.1.2) to aid in future development, and the
simulated model is validated using experimental data.

For the experimental thermal characterization we use simplified or defeatured 
thermal models of a particular molecular diagnostics device. In this work, 
physical prototypes represent different design iterations of the same device. There 
are several key device components in a thermal model: 

• Core chip: A Lab-on-a-Chip (LoC) module that houses the reaction
chamber and performs liquid handling functions via microfluidic
channels. The model is heavily defeatured to simplify prototyping and
save cost.

• Reaction chamber (reactor): The heated reaction chamber where the
reaction takes place.

• Heater (heating element): The heating element or device that is directly
interfaced with the core chip, and provides the correct reaction
temperature for the prescribed incubation time.

• Temperature regulation: A method or instrument by which the heat
output of the heater is regulated.

• Thermal interface: The core chip-heater thermal interface is a
particularly important component. No thermal interface material was
used, as the modelled device was planned to have a disposable chip.

• Housing: The device frame that houses the core chip and the heater
• Temperature sensor(s): Digital thermometer probes: temperature

sensors are placed in key positions inside the thermal model.
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Figure 2: Experimental characterization and evaluation process of microheating 
candidates 

1.1.2 Finite element model for thermal analysis 
Thermal analysis via finite element modelling provides a tool to analyze spatial 
or spatiotemporal heat distribution in a simulated thermal model. It is best to build 
a simulated thermal model for a particular microheating solution and device 
concept after the experimental evaluation process established compliance with 
specifications (Figure 2). Once the microheating model is in place and 
experimentally validated, device geometry can be modified as needed according 
to future developments.  

Modelling efforts in the literature to date have primarily focused on modelling 
in-house heater developments, primarily thin film heaters built in the same clean 
room process as the core chip itself [67]–[69], with a focus on the chip-heater 
thermal interface. In this chapter, we focus on whole-device models with 
commercially available heaters. Modelling commercially available heaters is 
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challenging due to the scarcity of material data the manufacturers disclose. 
However, for a molecular diagnostics device targeted at the commercial market, 
in-house heater development comes with a higher risk and higher cost than 
adapting commercial heaters. Whole-device modelling is a novel approach that 
is an improvement above thermal interface models of the past. As compared to 
solely modelling the chip-heater thermal interface, whole-device modelling 
reveals far more data and provides better insight into the thermal system of the 
device under study, such as (Figure 3): 

• The heat distribution in the reaction chamber. For instance, the LAMP
protocol requires 60-65 °C reaction temperature, which can be verified
by modelling.

• Surface temperature modelling (user safety evaluation): standard
IEC60601-1 mandates a maximum of 45 °C surface temperature for a
skin exposure of less than 1 minute. Compliance can be checked by
modelling.

Figure 3: Examples for reaction temperature compliance check (left) and device surface 
temperature compliance check (right) using a simulated thermal model 

On the other hand, the added complexity of whole-device modelling involves a 
higher computational space requirement as well as more potential sources of 
simulation errors than interface modelling, thus great care must be taken to match 
boundary conditions and initial parameters to experimental data.      

The thermal model used in this PhD work consists of two main components: a 
heat generation and a heat distribution model. In the molecular diagnostics 
devices modelled in this work, the reaction liquid is stationary for the incubation 
time, thus we need not factor flow into our equations. Thermal models used in 
this work are built and solved in COMSOL® Multiphysics (version 5.2).  
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Heat distribution model 

We primarily model spatial heat/temperature distribution in three-dimensional 
models. Heat distribution is modelled with the well-known heat transfer equation 
in the following form [70]: 

ρCp
∂T
∂t
− ∇q = Q 

q = −k∇T 
(1) 

where ρ [kg/m3] is the density of the medium, Cp [J/kg K] the specific heat 
capacity at constant pressure, T [K] the absolute temperature in the system, k [W/
(mK)] the thermal conductivity, t [s] is the time, and Q [W/m3] is the heat source 
(sink). The heat generation model is coupled with the heat distribution model 
through Q. Convective, conductive and radiative heat losses are calculated on the 
external boundaries as boundary conditions. This model is valid if the modelled 
physical prototype is in a temperature-controlled, sealed environment with 
restricted ventilation. Ideally the physical thermal model is sealed in a climate 
chamber, but a closed, air conditioned laboratory is also sufficient. Through these 
conditions, we avoid having to perform conjugate heat transfer analysis, saving 
on computational space. The heat distribution model is solved via the Heat 
Transfer interface of COMSOL. Temperature sensors in the physical thermal 
model were modelled as Domain Point Probes. 

Heat generation model 

We will use two heat generation models in this work, one for chemical heating 
and one for electrical heating. In this section, we will describe the base model. 
For each specific microheating option, their respective section will describe 
additional model components.  

Chemical heating model: The chemical heating model consists of two sets of 
equations: reaction heat generation is modelled by a reaction model and reaction 
species concentrations are calculated from a convection-diffusion model. A two-
component exothermic reaction is considered for modelling, namely an A + B →
C reaction where A is the chemical fuel, B is water and C is the product species. 
Reaction rate Ri [mol/(m3s)] for chemical species i is calculated as the product of 
the species concentration ci [mol/m3] of all other species and rate constant k 
(calculated from the well-known Arrhenius equation). Species transport is 
calculated from the convection-diffusion equation in the following form:

∇ ⋅ (−Di∇ci) + u ⋅ ∇ci = Ri (2) 

Where Di [m2/s] is the diffusion coefficient, u [m/s] the flow velocity of the flow 
field. Walls have a no-diffusion boundary condition. Reaction heat Q [W/m3] is 
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calculated as the product of the reaction rate and the enthalpy of formation H 
[J/mol] of the product species. 

Electrical heating model: The electrical heating model is a Joule heating model 
with additional input terms for each specific heating element. The model consists 
of two sets of equations. Heat generation is expressed by the formula of power 

dP
dVheater

= J ⋅ E [71] where P [W] is the power, Vheater [m3] the volume of the heating 
element, J [A/m2] the current density, and E [V/m] the electric field. Fields J and 
E are derived from the following set of equations [72]: 

∇J = Qj 

J = �σ + ε0εr
∂
∂t
�E + Je 

E = −∇V 

(3) 

where Qj [A/m3] are current sources (sinks), Je [A/m2] the external current density 
(if there is one), V [V] the potential drop in all directions, σ [S/m] the conductivity, 
ε0 the relative permittivity of vacuum, and εr the relative permittivity of the 
material at the point of the geometry where the equations are evaluated. The 
materials in the simulated geometry are characterized electrically through their 
conductivity and relative permittivity, whereas heat transfer properties are 
characterized by their density (ρ [kg/m3]), heat conductivity (k [W/(m ⋅ K)]), and 
specific heat capacity (Cp [J/kg ⋅ K]) for each spatial point of the geometry. The 
electrical heating model is solved via the Electrical Currents interface in 
COMSOL and is coupled with the heat distribution model through the Joule 
Heating interface.  

Domains, boundaries, meshing and performance 

As mentioned before, whole-device models were built in this work. Device 
geometry was imported from Auotdesk Inventor in the form of three-dimensional 
CAD (computer-aided design) models. Boundary conditions and initial 
parameters were derived from the physical prototypes used for experimental 
characterization. Wires and screws were removed from the simulated model to 
decrease mesh complexity, and where applicable, axes of symmetry were used to 
cut the geometry. All physical domains are to be taken into account in the 
simulated model, but please note that in the case of prototypes described in later 
chapters, simulated prototypes were heavily defeatured and simplified to reduce 
computation space requirements. For all models, COMSOL generated tetrahedral 
meshes. For the model of each specific microheating option in this chapter we 
will display the average mesh element quality as calculated by the widely used 
radius ratio method [73]. Models were solved on a desktop computer with an Intel 
Core i5-4570 CPU and 16 GB RAM plus a 256 GB SSD storage. Solution times 
ranged from 2 minutes to 1 hour depending on model complexity.  
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1.1.3 Specifications for this PhD work 
The specifications will be the same for all microheating options evaluated in this 
PhD work, and at the end of this chapter, they will be compared with respect to 
their compliance with these specifications. As mentioned in the introduction, the 
developed device will execute the LAMP protocol, which is a highly sensitive 
and specific DNA amplification method developed by Eiken Chemical Co. that 
requires incubation for 15–60 min at 60–65 °C temperature [74]. Despite LAMP 
being the chosen protocol, in this chapter we will evaluate heater options for the 
25-65 °C temperature range, which covers most isothermal NAAT protocols [18], 
should the need arise to switch the protocol.  

Table 2: Specifications for the evaluation of microheating options in this chapter 

Property Value 

Basic 
requirements 

Total dimensions 60 mm  (W) x 120 mm 
(L) x 60 mm (H) 

Cost in mass-production Max. 5 - 6 EUR 

Ambient temperature 22 – 24 °C 

Disposability No hazardous/toxic parts 
allowed 

Assay 
requirements 

Reaction chamber temperature 
limits (lower; upper) 25 °C; 65 °C 

Temperature regulation SSE 1 °C 

Reaction target temperature 62.5 ± 2.5 °C 

Heat up time 10 minutes 

Incubation time 20 minutes 

1.1.4 Test setups and instrumentation 
For measuring dimensions, a digital caliper was used. For the basic electrical 
characterization (see Section 1.1.1), an Agilent 34410A Digital Multimeter was 
used.  

The test setups used for functional characterization (see Section 1.1.1) consisted 
of:  
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1. A thermal model according to principles detailed in Section 1.1.1.
2. Digital thermometer:

a. 10 kΩ NTC thermistors connected to the aforementioned digital
multimeter.

b. K-type thermocouples connected to a TENMA 72-7715 digital
thermometer

3. Agilent E3631A Triple Output DC Power Supply (for electrical heating
only)

Injection molded plastics are becoming vastly popular [75], [76] for molecular 
diagnostics devices designed for commercial applications due to the low per-
device cost and high aspect ratio achievable in mass-production. Rapid 
prototyping methods help in upscaling designs. In this PhD work, two rapid 
prototyping methods were used for fabricating prototypes: 3D printing and 
milling. The substrate of choice were ABS (acrylonitrile butadiene styrene) for 
the former and PMMA (polymethyl methacrylate) for the latter. For 3D printing, 
a DLP (digital light processing) printer (Envisiontec Perfactory XL), for milling, 
a CNC (computer numerical control) milling machine (Datron M7 HP) was used. 

The thermal model consisted of the following components: 

• Core chip (Figure 4): In this chapter, we used 2 core chips: (1) a plastic
chip (75 mm x 25 mm x 3.5 mm) with 2 reaction chambers and (2) a
glass chip (30 mm x 20 mm x 3.5 mm) with 1 reaction chamber.

• Reaction chamber (Figure 4): The reaction chamber in core chip (1)
was designed to hold 0.7 ml liquid, whereas in (2) was designed to hold
0.05 ml.

• Heater (Figure 5): The heating element or device that is directly
interfaced with the core chip, and provides the correct reaction
temperature for the prescribed incubation time.

• Temperature regulation: Temperature regulation methodologies will
be detailed along with the microheating options in this chapter.

• Thermal interface: In the devices demonstrated in this PhD work, the
thermal interface is a flat contact with no thermal interface material
between two plastic, or plastic and metal surfaces.

• Housing (Figure 6): Dimensions for each housing concept will be
detailed with the respective microheating options.

The thermal model designs for each microheating option/device concept tested in 
this Chapter are shown in Figure 6 and listed below: 

• Chemical heating (Figure 6/A)
• Self-regulating resistive heating (Figure 6/B)
• Thermostat-regulated resistive heating (Figure 6/C)
• Thermoelectric heating (Figure 6/D)
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Figure 4: Core chip prototypes used in this section with the reaction chambers in view 

Figure 5: Electrical heating elements tested in this chapter1 

1 B: http://uk.farnell.com/dbk/hp04-1-04-24/heater-ptc-f-plate-10w/dp/4408329, C:
http://uk.farnell.com/european-thermodynamics/aphc-03107-s/peltier-cooler-module-3-6vdc-
17w/dp/2484938  

B 

C 

A 

http://uk.farnell.com/dbk/hp04-1-04-24/heater-ptc-f-plate-10w/dp/4408329
http://uk.farnell.com/european-thermodynamics/aphc-03107-s/peltier-cooler-module-3-6vdc-17w/dp/2484938
http://uk.farnell.com/european-thermodynamics/aphc-03107-s/peltier-cooler-module-3-6vdc-17w/dp/2484938
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Figure 6: Thermal models for each microheating option and housing concept 

Given the fact that we target to develop a Point-of-Care molecular diagnostics 
device, test conditions were selected to simulate the target environment on the 
end-user side. Tests were conducted in free air, in an air conditioned lab at room 
temperature (22-24 °C ambient), with minimal ventilation.  

1.2 Chemical heating 
Chemical heating relies on heat release from highly exothermic chemical 
reactions, which are typically regulated by the additional of engineered phase-
change materials (PCM) that melt in a specific temperature range and carry away 
the excess heat [55], [65], [77], [78]. In the context of molecular diagnostics tests, 
chemical heating would be a cheap and simple heating method, but the 
development risk is higher than for electrical heating methods due to the highly 
nonlinear heat release profile and difficult temperature regulation [52], [56]. In 
this PhD work, we will deal with two types of reactions in particular: salt 
hydration reactions and corrosive reactions. The most prominent literature 
example for salt hydration is the device of LaBarre et al. [54], [56], [79] that 
relied on a calcium oxide hydration reaction (CaO(s) + H2O(l) ⇌
Ca(OH)2(aq) + heat). While CaO is easy to acquire, its quality and heat output 
may vary heavily. For salt hydration reactions, the volume change of the salt must 
be taken into account in the design. The most widely used implementation of a 
corrosive reaction is the flameless ration heater of the US Army [80], [81]. The 
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ration heater relies on a controlled oxidation reaction of a magnesium-iron alloy, 
initiated by adding water to the mixture (Mg + 2H2O → Mg(OH)2 + H2 + heat), 
supplemented by salt and carbon to catalyze the galvanic corrosion of iron. The 
MgFe alloy is a commercially available engineered material that has a consistent 
heat output and reliable quality. For this reaction, outgassing of hydrogen must 
be taken into account (0.8 l/g of MgFe). The PATH group successfully 
demonstrated a nucleic acid amplification test (NAAT) device that relied on the 
MgFe alloy for heat generation and an engineered PCM for heat regulation [57], 
[65], which was developed further into a patented test device [57], [66].   

We go through the evaluation process as detailed in Section 1.1.1. The 
specifications are defined in Section 1.1.3. Two specific reactions were 
evaluated: 

1. Lithium bromide salt hydration reaction (LiBr(s) + H2O(l) ⇌
BrH2LiO(aq) + heat)

2. Magnesium-iron alloy corrosive reaction (previously mentioned)

Heat output was regulated by adding Palmitic acid (melting point: 62.9 °C) to the 
mixture. In the case of lithium bromide, a filter paper layer divided the PCM and 
the chemical fuel to assure proper hydration. Lithium bromide is toxic if ingested 
in large amounts, therefore precautions must be taken with its applications. The 
magnesium-iron alloy has no toxic components.  

The volume of the heater cavity was determined experimentally to maximize 
reaction heat output given that no stirring or other external manipulation was 
allowed in this microheating option. The cavity was sized for the lithium bromide 
hydration reaction, intended as the primary candidate. Maximum heat output was 
achieved with 11 g of material (Table 3), which took 7.5 ml volume. Adding 
additional space for the PCM, the final heater cavity volume was 11 ml.      

Table 3: Experiment to determine chemical heater volume 

Water [g] LiBr [g] Maximum temperature [°C] 
3 5 72 
6 5 84 
9 5 67 

Dimensions of the thermal model were 90 mm (W) x 80 mm (L) x 20 mm (H), 
which complied with the specifications. The thermal model (see Section 1.1.4) 
was milled from PMMA plastic to house the plastic core chip with 2 reaction 
chambers, a cavity for the chemical reaction, four inlets for hydration and two for 
degassing (Figure 6/A). The plastic housing was encased in a polyurethane mold 
for thermal insulation. 

We did two series of tests, one with each reaction type. In both cases, water and 
reagent volume were fixed and the PCM volume varied (volumes were calculated 
to fit the heater cavity). The reagents were filled into the heater cavity of the 



36 

thermal model and water was added to start the reaction. In each case, temperature 
was measured for 10 minutes (past 10 minutes all reactions dropped heat output) 
and the average temperatures for this duration were compared. Table 4 shows the 
reagent mixtures and the 10-minute temperature averages for the conducted 
experiments.  

Table 4: Reagent mixtures and average temperature outputs for the first 10 minutes of 
each conducted chemical heating experiment 

H2O [g] LiBr [g] MgFe [g] PCM [g] 10-minute average [°C] 

4 3.5 0 0 36.96 
4 3.5 0 1 43.71 
4 3.5 0 2 47.61 
4 3.5 0 3 39.81 
10 0 2 0 48.64 
10 0 2 1 41.58 
10 0 2 1.5 48.58 
10 0 2 2 48.78 
10 0 2 2.5 46.81 
10 0 2 3 43.89 
10 0 2 4 21.57 

For the sake of demonstrating a simulated thermal model, LiBr-water reaction 
was modelled in COMSOL based on the principles detailed in Section 1.1.2. 
Average mesh element quality was 0.65 (element size: 0.91 mm3). The finite 
element model estimated measured temperatures with a MAE of 1.67 (± 0.5) °C. 

Figure 7: Chemical heating simulated thermal model demonstration 

Results from the simulated thermal model are shown in Figure 7. 

In conclusion, none of the conducted experiments was capable of producing the 
required target temperature, therefore compliance with assay specifications was 
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not established with this microheating option, and the development of chemical 
heating was halted due to a lack of time and resources. Lithium bromide hydration 
has the inherent issue that hydrate crystals will start forming very early on in the 
reaction and enclose lithium bromide inside them, inhibiting the reaction and 
limiting maximum output without stirring. We attempted to counter this by 
adding layers of filter paper between lithium bromide layers, but lithium bromide 
is highly hygroscopic and will immediately gather moisture from the 
environment, thus making experimentation challenging. As a result, finite 
element modelling of LiBr hydration is also very challenging as this imperfect 
hydration is hard to model. Furthermore, LiBr is toxic if ingested, and therefore 
does not comply with disposability requirements.   

1.3 Thermostat-regulated resistive heating elements 
Resistive heating is the most well-known and widespread electrical heating 
method. In the literature, primarily custom-made heater developments are 
reported, mostly thin film resistive heating elements [82]–[85] in conjunction 
with external thermostats for temperature regulation. Some of these heaters are 
integrated with the core chip for improved power efficiency [85], [86]. Using 
COTS (commercial off-the-shelf) heating elements, such as etched foil heating 
elements, can reduce development risks and costs (particularly advantageous for 
research projects), therefore in this section we will focus on integrating COTS 
heaters. This section reports and extends published work (see also Appendix B).  

We proceed by going through the evaluation process as detailed in Section 1.1.1. 
The specifications are defined in Section 1.1.3. The selected heating element, the 
Minco HR5303R70.2LI2A (from Minco Products Inc., Fridley, MN, USA), was 
a heating element made of a resistive film (chrome-nickel) etched to form heating 
tracks, encased in polyimide and silicone rubber sheets. According to 
manufacturer data, the (base and steady-state) resistance of the unit was 70.2 Ω 
[87], which we measured to be 76.38 ± 0.37 Ω. Heater dimensions were measured 
to be 21.6 mm (L) x 25.4 mm (W). For temperature regulation, we designed and 
implemented two open-source smart thermostat units based on an Arduino-
compatible hardware:  

1. Mini-thermostat: Thermostat box based on an Arduino Uno. This box
has a USB interface and a graphical user interface (GUI). Further details
on the mini-thermostat are available in Appendix B, schematics and
program code are available online under the GPL 3+ license2. Therefore,
this thermostat will not be detailed in this section. Dimensions: 62 mm
(W) x 112 mm (L) x 35 mm (H)

2. Micro-thermostat: Miniaturized version of the thermostat box designed
for integration. This prototype was based on an Arduino-compatible

2URL:  https://www.hackster.io/salhar1/mini-thermostat-e732ed
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microcontroller board (Adafruit Trinket 3V). Schematics and program 
code for a basic implementation are available online under the GPL 3+ 
license3. The interface board of the prototype reported in this section was 
designed in an open-source design software (Fritzing) and implemented 
on a printed circuit board (Figure 8). Dimensions: 20 mm (W) x 30 mm 
(L) x 6 mm (H). 

Figure 8: Micro-thermostat interface board PCB design from Fritzing (left), and 
prototype implementation (right) 

The thermostat relied on proportional control to regulate power inputs to the 
heater. This method was chosen over PID (proportional-integral-derivative) 
control for its minimal computational space requirement, in order to ensure easy 
downscaling to smaller microcontrollers while retaining timer and user feedback 
functionality. The thermostat software had a built-in timer that monitored 
incubation time and automatically stopped heating once it was over. Furthermore, 
it had built-in software-based overheat protection that would turn off the heater 
above the specified threshold. 

A heavily defeatured thermal model was designed (Figure 6/C) to include basic 
device components according to principles detailed in Section 1.1.1. For this 
model, a 25 mm x 75 mm plastic core chip was used, fitted with two thermistors 
in each of its channels. The thermostat and its enclosure were not included in the 
thermal model along with user and fluidic interfaces present in the final device 
implementation described in Chapter 3. Given the identical design of the two 
thermostats, results will not be reported separately for each. Dimensions of the 
thermal model were 37.5 mm (W) x 72 mm (L) x 10 mm (H). The footprint of 
the complete concept device design (Figure 6/C) excluding power supply was 
37.5 mm (W) x 72 mm (L) x 20 mm (H). The experimental setup consisted of the 
thermal model, including a core chip fitted with a thermistor as well as the heater, 
wired to one of the thermostats. The thermostat and the heater were connected to 
the DC power supply (15 V input voltage, 1 A limit), one thermistor was 
connected to the multimeter and the other to the thermostat (components are 

3URL: https://www.hackster.io/salhar1/micro-thermostat-deed1b

1 cm 
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described in Section 1.1.4). Proportional gain was set to 20 [1/K] for fast 
convergence.    

Figure 9: Results of functional characterization for the thermostat-regulated resistive 
heating option. The microheating option complied with all assay-related requirements. 

A finite element model was built based on the principles detailed in Section 1.1.2. 
Proportional control was factored into the model through the following equation 
[71]: 

Vin(t) = Kp ⋅ e(t) (4) 

where Vin [V] is the potential drop on the heating element (which contributes to 
the potential drop V in equation (3)), Kp [1/K] the proportional controller gain, 
and e(t) = Tset − Tcurrent the process error at time instant t [s]. Tset [K] is the 
temperature set point of the control algorithm, and Tcurrent [K] is the measured 
temperature at time instant t. Average mesh element quality for this model was 
0.673 (element size: 0.18 mm3). 

The functional characterization consisted of two steps: 

1. Evaluation of steady-state temperatures and SSE considering target
temperatures in the 25-65 °C range

2. Evaluation of 62.5 °C target temperature, 20 minutes incubation time

Results are shown in Figure 9. This microheating option was able to maintain 
temperatures within the 62.5 ± 2.5 °C target temperature range for 20 minutes, 
the SSE was 0.53 °C (± 0.19 °C). The thermal time constant for this setup was 9 
minutes. Therefore, this microheating option complies with all requirements 
listed in Section 1.1.3 and qualifies as a microheating candidate. The finite 
element model estimated experimentally recorded steady-state temperatures with 
a MAE of 0.64 °C. The proposed micro-thermostat unit is novel in the sense that 
it is an integrated smart device controller for molecular diagnostics, which has a 
built-in timer that automatically stops the reaction and can notify the user when 
the assay is done. Furthermore, the controller has built-in overheat protection and 
in the future could be upgraded by additional user interfaces, such as wireless 
data communication.  
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1.4 Self-regulating resistive heating elements 
As mentioned in Section 1.3, most resistive heating element developments 
reported in the literature in the context of molecular diagnostics devices rely on 
external temperature regulation. However, self-regulating resistive heating 
elements are capable of regulating their current input through the positive 
temperature coefficient of resistance (PTCR) effect, which means a rapid increase 
in resistance above a threshold temperature. Therefore, out of the 3 electrical 
heating solutions tested in this chapter, this is the simplest as well as the cheapest, 
as will be indicated at the end of the chapter. Existing commercially available 
self-regulating heating solutions to date are primarily based on ceramic 
semiconductors [39], [88]–[92]. Some more recent developments rely on polymer 
composites [40], [93], [94]. Despite their potential, not many Lab-on-a-Chip 
devices using self-regulating resistive heaters have been demonstrated thus far. 
The group of Wyzkiewicz et al. [95] demonstrated a self-regulating heater for 
microfluidics that relies on interdigitated carbon-copper-silver tracks to produce 
30-70 °C reaction temperatures. This heater could support a wide variety of 
assays in disposable tests. However, in this paper we focus on adapting 
commercially available heaters.  

According to the design process in Section 1.1.1 and specifications in 1.1.3, a 
ceramic PTC heating element was chosen for the evaluation in this section. The 
DBK HP04-1/04-24 was a PTC ceramic heating element with an aluminum 
profile that had a flat face (35 mm (W) x 40 mm (L) x 8.5 mm (H)). Although not 
stated explicitly by the manufacturer, related patents [90], [91] indicated that the 
heater relied on doped (3-or 5-valent dopants) polycrystalline barium titanate 
(BaTiO3) ceramic pellets [96]. The threshold temperature for the PTCR effect is 
called Curie temperature, at which a transition from ferroelectric to paraelectric 
phase occurs inside the ceramic. This temperature is adjusted by doping [92], [97] 
to determine the temperature set point of the heating element. The PTCR effect 
of the heater can be modelled in three ways: 

1. Using an experimentally recorded temperature-dependent resistivity
profile when one is available

2. Estimating with the linear approximation [98]: R(T) = R0 ⋅ [1 + α ⋅
(T − T0)]. α [1/K] is the temperature coefficient of resistivity. This
method requires the least amount of data.

3. Estimating with the Steinhart-Hart equation for thermistors [99] if the
coefficients are given

A heavily defeatured thermal model was designed (Figure 6/B) to include basic 
device components according to principles detailed in Section 1.1.1. For this 
model, a 25 mm x 75 mm plastic core chip was used with a single thermistor. 
Dimensions of the thermal model were 60 mm (W) x 78 mm (L) x 20 mm (H). 
The heating element was connected to the DC power supply and the thermistor 
to the multimeter. The maximum input voltage for the heater stated by the 
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manufacturer was 30 VDC [100]. To model the PTCR effect, the linear 
approximation was used. The base resistance of the heating element was 
measured to be 10 ± 0.4 Ω at room temperature. To determine the temperature 
coefficient, the heating element was encased in a polyurethane mold for thermal 
insulation, then connected to the power supply, and the input current was 
recorded at 1–24 V input voltage with 1 V steps while recording surface 
temperatures. At each step, the heater was allowed to reach a steady state and 
then to cool down to room temperature. The reference temperature was defined 
as 24 °C (room temperature), and monitored with a digital thermometer. The 
temperature coefficient of resistivity was calculated as 0.16 ± 0.09 [1/K] from 
recorded data. The heating element complied with basic requirements.  

For the functional characterization, input voltages were selected in the 5-24 V 
range (1 A current limit) and reaction temperatures were recorded. A finite 
element model was built based on the principles detailed in Section 1.1.2, using 
the linear approximation to model the PCTR effect. 

Figure 10: Results of functional characterization for the self-regulating resistive heating 
option. The microheating option complied with all assay-related requirements 

Results are shown in Figure 10. This microheating option was able to maintain 
temperatures within the 62 ± 2 °C target temperature range for 20 minutes, the 
SSE was 0.59 °C (± 0.39 °C). The thermal time constant for this setup was 7.5 
minutes. Therefore, this microheating option complies with all assay 
requirements listed in Section 1.1.3 and qualifies as a microheating candidate. 
The finite element model estimated experimentally recorded steady-state 
temperatures with a MAE of 0.96 °C. The proposed self-regulated heating 
concept was developed further (see Chapter 2) into a novel, patented 
microheating solution.  

1.5 Thermoelectric heating elements 
Peltier (thermoelectric) elements have been extensively covered in the literature 
as potential candidates for Lab-on-a-Chip temperature control, both as external 
and integrated solutions. Integrated thin-film Peltier elements (micro-Peltier 
cells) have been demonstrated in the context of NAAT chips, namely for PCR 
(polymerase chain reaction) [85], [86]. Although Peltier elements can work both 
in cooling and heating regimes [101], their power efficiency is largely determined 
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by the quality of the heat sink installed, as well as thermal design factors (effective 
heat transfer and heat losses). Finite element modelling is a great tool to optimize the 
thermal structure of the device, and thereby improve the efficiency of the Peltier 
element. Literature work in this regard has primarily focused on modelling the 
element itself [102], and primarily in the cooling regime [67]. A wide variety of 
COTS Peltier elements are available but they are far more expensive than the other 3 
options evaluated in this chapter, making them unattractive for disposable tests. The 
true potential of Peltier elements lies in benchtop applications where cooling is also 
utilized and cost is not so much a determining factor. This section reports on work 
published in Appendix C.  
We proceed by going through the evaluation process as detailed in Section 1.1.1. The 
specifications are defined in Section 1.1.3. The selected heating element was the 
APHC-03107-S from European Thermodynamics Ltd. Manufacturer data [103] 
stated the maximum temperature difference as 65 °C, maximum input voltage as 3.6 
V and maximum input current as 7.4 A (maximum power output 17 W) for this 
element. Thermoelectric elements are composed of series of junctions made up of n-
doped and p-doped semiconductors, sandwiched between two metal plates (hot and 
cold sides). Most thermoelectric elements are composed of Bi2Te3 junctions [67], 
[104], and although not stated by the manufacturer explicitly, we will assume the 
same material composition for the tested element. The dimensions of the 
thermoelectric element were 20 mm x 24.5 mm x 3.5 mm.  
A heavily defeatured thermal model was designed to include basic device 
components according to principles detailed in Section 1.1.1. This model was built 
around the glass core chip. Dimensions of the thermal model were 37 mm (L) x 27 
mm (W) x 11 mm (H). During testing, the core chip was fitted with a thermistor, and 
the Peltier element was connected to the DC power supply. See Section 1.1.4 for 
further details on the test setup. Input voltages were tested in the 1-3.5 V range, with 
0.25 V steps, and steady-state temperatures were recorded in each step.     

Figure 11: Results of functional characterization for the thermoelectric heating option. 
The microheating option did not comply with requirements. 

A finite element model was built for this concept device based on the principles 
detailed in Section 1.1.2. A thermoelectric element is essentially an electrical heat 
pump. When a current (I) flows through a junction of dissimilar conductors A and B, 
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heat (Q) is generated or removed at the junction, resulting in a heat flux between A 
and B sides of the thermoelectric element: Q = (PA − PB) ⋅ I. This is called the 
Peltier effect, PA and PB are Peltier coefficients. The second Thomson relation (P=ST) 
relates Peltier coefficients to the Seebeck coefficients. The following relation 
determines the contribution of thermoelectric elements to local current densities in 
our finite element model [105]: 

Je = −σS∇T (5) 

Where Je [A/m2] marks the current density that contributes to Je in equation (3), σ 
[S/m] the electrical conductivity, S[V/K] the Seebeck coefficient and T [K] the 
temperature. The conductive term of the heat transfer equation (equation (1)) is 
modified as q = −k∇T + PJ to factor in contributions from the thermoelectric effect. 
Results are shown in Figure 11. The thermoelectric element in the tested setup was 
capable of regulating reaction temperatures in the 25-52 °C range. An increase 
beyond 3.5 W power consumption did not lead to an increase in steady-state 
temperature. Therefore, this microheating option did not comply with requirements 
set out in  Section 1.1.3, and did not qualify as a microheating candidate. The finite 
element model estimated experimentally recorded steady-state temperatures with a 
MAE of 0.97 °C in the compared range (0.5-3.5 W). 
1.6 Chapter summary 
In this chapter, we covered the methodology by which to analyze and evaluate 
integrated microheating options for use in molecular diagnostics devices. We 
described the evaluation workflow, and evaluated four microheating options 
(chemical heating and three electrical heating options). We demonstrated two 
microheating candidates that were proven suitable for use in our molecular 
diagnostics device prototype. The above claims correspond to Contribution I. and II., 
as well as Papers A-C of this PhD thesis.  
Along with the evaluation of each option, we described related results demonstrated 
in the literature. This evaluation was part of a device development process that 
culminated in the prototype in Chapter 3, and each thermal model described in this 
chapter represented one early device concept. Each thermal model was designed for 
use with a particular microheating option. Each microheating option was 
experimentally characterized by itself as well as in the context of the diagnostics 
device. The outcome of the experimental evaluation is summarized in Table 5. 
Furthermore, finite element models were created for all four options to simulate heat 
transfer, and were demonstrated to estimate experimental results accurately. At the 
end of the evaluation, two out of four options complied with specifications and were 
designated as microheating candidates fit for further development. Resistive heating, 
both self-regulated and thermostat-regulated, proved to be the best candidates for our 
molecular diagnostics test device. Although the other two microheating options 
had certain attractive properties, their development was discontinued due to a lack 
of time and resources.    

Table 5: Evaluation summary of all microheating options tested in this chapter 
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Property Chemical 
heating 

Self-
regulating 
resistive 
heating 

Thermostat-
regulated 
resistive 
heating 

Thermoelectric 
heating 

Complexity 
(by number 

of 
components) 

Low Low High Medium 

Disposable? Only MgFe 
alloy Yes Yes Yes 

25 °C & 65 
°C limits 

met? 
No Yes Yes No 

SSE [°C] Not 
measured 

0.59 ± 
0.39 0.53 ± 0.19 Not measured 

Incubation 
time 

compliance? 
No Yes Yes No 

Heat up time 
compliance? No Yes Yes No 

Incubation 
temperature 
compliance? 

No Yes Yes No 

Thermal 
model 

dimensions 
[cm] 

W: 90 
L: 80 
H: 20 

W: 60 
L: 78 
H: 20 

W: 37.5 
L: 72 
H: 20 

W: 27 
L: 37 
H: 11 

Battery-
operated? 

(IEC 60601-1 
applies) 

No Yes Yes Yes 

Unit cost in 
mass-

production 
[EUR] 

~1 ~2 ~6 ~30 

Microheating 
candidate? 

(reason) 

NO 
(unreliable) YES YES NO (too 

expensive) 
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2 DEVELOPMENT PROCESS FOR MICROHEATING 
SOLUTION 

This chapter covers the following topics: 

• Testing microheating candidates for additional temperature targets (an
optional step in the development process)

• Developing microheating candidates into microheating solutions for a
specific molecular diagnostics device and diagnostics protocol

• Optimizing the microheating solution and testing the targeted molecular
diagnostics protocol in the core chip functional prototype

This chapter will demonstrate the process by which microheating candidates are 
developed further into microheating solutions fit for use in a proof-of-concept 
molecular diagnostics device prototype. Please note that a microheating candidate 
does not necessarily mean a single microheater, but a microheating solution does. 
Furthermore, we demonstrate the evaluation of microheating candidates for 
additional temperature targets, should the need arise during development to alter 
the assay targets. The chapter is concluded by a proof-of-concept demonstration 
of a prototype device performing the targeted molecular diagnostics assay.    

2.1 Process overview 
In the previous chapter, we described the process by which several microheating 
options were evaluated and two compliant options were declared microheating 
candidates for the molecular diagnostics device under development. In this 
section we will describe the process by which these candidates are developed 
further into microheating solutions applicable in a functional prototype device 
implementation (Figure 12). This development process starts with microheating 
candidates and the requirements specification from the previous chapter and ends 
with a proof-of-concept demonstration of the assay using the developed 
microheating solution. Until this point, the assay parameters may have changed 
for any previously unforeseen reason. If they did, it could be necessary to test 
alternative assay targets (covered in Section 2.2). Once the assay targets 
(incubation time and temperature) are fixed, development can continue with the 
selected microheating candidate. First, physical and simulated thermal models are 
created for the functional prototype of the diagnostics device, including liquid 
handling functions to perform the assay without instrumentation. User interfaces 
are not included in the thermal model. The thermal model is tested to ensure assay 
target temperature and incubation time are met. If compliance is established, the 
heater is combined with the functional prototype device and a proof-of-concept 
diagnostics assay is executed in the device. In this step, a sample concentration 
above the limit of detection (LOD) is used to avoid false negatives. If the assay 
is successful, development concludes with a working microheating solution.    
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Figure 12: Developing microheating candidates into microheating solutions for use in 
the functional prototype molecular diagnostics device 

If parameter compliance is not established with the thermal model, a geometry 
optimization is performed. Deficiencies in heat transfer and insulation are 
eliminated and compliance with assay targets is checked again. If this check fails, 
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the microheating candidate does not meet requirements and a new candidate is 
selected. 

2.2 Testing for multiple temperature targets 
In this section, we evaluate a scenario where the originally chosen assay did not 
work and a variety of alternatives had to be tested. In this PhD work, we focus on 
the development of a molecular diagnostics device that performs the LAMP 
protocol to amplify target DNA, but a multitude of other isothermal DNA 
amplification protocols exist, as summarized in Table 6. All of these protocols 
have incubation temperature targets in the 25-65 °C range, thus the previously 
established microheating candidates can be used for this test. For this evaluation, 
we use the setups described in Section 1.1.4. The thermostat-regulated setup was 
run with 15 V input, 1 A current limit, with a 20 [1/K] proportional gain, whereas 
the self-regulated setup was run with a range of inputs between 5-24 V (1 A 
current limit). Target temperatures were defined according to the evaluated 
NAAT protocols. Table 6 summarizes test results. Both microheating candidates 
were capable of regulating temperatures with SSEs less than 2 °C for all selected 
target temperatures. 

Table 6: Target temperatures for isothermal NAAT protocols [18] 

Method Full Name Target 
range 

SSE (Self-
Reg.) 

SSE 
(Thermostat) 

NASBA Nucleic Acid Sequence 
Based Amplification 

41 °C 0.1 °C 0.6 °C 

HDA Helicase dependent 
amplification 

64 °C Not tested 0.3 °C 

LAMP Loop mediated isothermal 
amplification 

60–65 °C 0.6 °C 0.3 °C 

NEAR Nicking Enzyme 
Amplification Reaction 

55–59 °C Not tested 0.7 °C 

RCA Rolling Circle 
Amplification 

30–65 °C 0.9 °C 0.6 °C 

RPA Recombinase Polymerase 
Amplification  

37–42 °C 0.2 °C 0.2 °C 

SPIA Single primer isothermal 
amplification  

45–50 °C 1.2 °C 0.2 °C 

RAM Ramification amplification 
method 

35 °C 0.75 °C 0.2 °C 

2.3 Performance analysis for a single temperature target 
Using the requirements detailed in Section 1.1.3 and the test structures in Section 
1.1.4, we evaluated our two microheating candidates for the LAMP protocol, 
comparing their performance. Figure 13 shows a comparison of reaction 
temperatures between the two solutions, indicating a minor difference (1.5 ± 0.9 
°C) between the two.  



48 

Figure 13: Performance comparison of self-regulating and thermostat-regulated heating 
related to the LAMP NAAT protocol 

Using the finite element models from Sections 1.3 and 1.4, heating efficiency ηh 
of the two solutions was compared. The evaluation was performed based on the 
following expression: 

ηh =
1

coord
⋅� (T > 59.99[°C] ∩  T < 65.01[°C])

coord
 (6) 

where coord denotes the spatial coordinates (x, y, z), and ηh ∈ [0; 1]. This 
expression was evaluated in steady state to determine the maximum heating 
efficiency for both setups for a direct comparison (Figure 14). In the self-
regulated setup, 95% of the reaction volume was in range (0.66 mL out of 0.7 
mL). In the thermostat-regulated setup, 8% of the reaction volume was in range 
(0.06 mL). However, adding a heat spreader —a 1 mm thick aluminum sheet—
to the heater–chip interface in the thermostat-regulated setup increases the 
reaction volume in range to 95% (0.66 mL). 
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Figure 14: Finite element thermal analysis to check heating efficiency for the self-
regulating and thermostat-regulated microheating candidates 

The experimental evaluation indicated that the self-regulated setup reached the 
control target 1.5 min earlier than the thermostat-regulated setup, whereas steady 
state was reached 25 min earlier in the thermostat-regulated system. The 
controller gain was set high to ensure rapid heating, but the algorithm cut down 
the output near the set point to prevent overheating, which resulted in a longer 
heat up. In a portable application, the thermostat-regulated setup would be 
powered by 2 pieces of 9 V alkaline batteries, whereas the self-regulated setup 
would be powered by 3 pieces. Considering the dimensions of the thermal 
models, both microheating candidates require sizeable power supplies, which 
would constitute the largest part of the microheating solution. If the size of the 
reaction chamber and the heating element are reduced, the size of the power 
supply can also be reduced, and with that the size of the whole device. Self-
regulating heating is more favorable for a disposable application given its lower 
cost and lower complexity resulting in a smaller footprint and therefore less waste 
generated. Therefore, at this stage in the development process, the decision was 
made to significantly reduce device size by reducing the size of the reaction 
chamber and fitting it with a new self-regulating microheater operated by AAA 
alkaline batteries.   

2.4 Optimized microheating solution for the LAMP NAAT protocol 
The LAMP NAAT protocol used in the functional prototype device was 
demonstrated by Jevtuševskaja et al. [106] for the bacterial pathogen chlamydia 
trachomatis. Assay parameters were refined according to qLAMP (quantitative 
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LAMP) test results: the target temperature range was changed to 61.5 ± 1.5 °C as 
tests indicated a maximum amplicon yield in this range. The expected heat up 
time was restricted to 5 minutes to make sure a longer incubation time of 25 
minutes.  

As mentioned in Table 2, the heater was expected to bring the reaction volume to 
target in maximum 5 minutes and hold it at least for another 20 minutes. The 
input voltage was defined as 3VDC. 2xAAA alkaline batteries were chosen as the 
power supply for their low price, small size and comparatively good energy 
density. In addition, alkaline batteries do not generate hazardous waste and some 
recycling options are available for them. BM117 batch PTCR polymer self-
regulating heaters were provided by Heatron Inc. [107] in two different sample 
lots with different electrical characteristics and target temperatures (Table 7). The 
heater had a sandwich structure consisting of the resin sandwiched between 2 
conductive films.  

Table 7: Design parameters of BM117 sample lot heaters 

Batch and 
lot nr. 

Input 
voltage 

[V] 

Base resistance at 
room temperature [Ω] 

Set temperature 
range by design [°C] 

BM117-83-
A 3 1.15 58-62 

BM117-83-
B 3 0.5 60-64 

Each heater was electrically characterized using an Agilent 34410A digital 
multimeter. Base resistance values were measured at room temperature (Table 8). 
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Table 8: Experimental electrical and thermal characterization of BM117 sample lot 
heaters 

Heater 
(BM117-

83-) 

Base 
resistance 
at RT [Ω] 

Steady-
state 

power 
output 

[W] 

Time 
constant 
[mm:ss] 

Steady-state 
reaction 

temperature in 
chip [°C] 

SSE4 
[°C] 

A18 1.5 0.77 06:28 61.98 0 

A20 1.15 0.71 05:56 62.7 0 

A24 1.12 0.72 07:20 59.8 -0.2 

A34 1.12 0.72 08:52 61.79 0 

A36 1.11 0.62 06:48 59.33 -0.67 

B1 0.5 0.79 04:45 62.79 0 

B4 0.63 0.63 05:47 60.79 0 

B7 0.64 0.76 04:23 63.68 +0.68 

B8 0.56 0.62 04:14 63.62 +0.62 

B12 0.52 0.75 04:39 63.95 +0.95 

B13 0.55 0.64 04:17 64.21 +1.21 

A thermal model was created for the core chip functional prototype including a 
frame for the chip and the heater, as well as a carrier platform for the heater 
(Figure 17). A temperature probe was attached to one of the reaction chambers 
while the other was sealed airtight with thermoplastic adhesive. The chip was 
sealed with a Greiner multiwell plate sealer film (P/N A5596 from Sigma-
Aldrich). The core chip had reaction chambers with 0.5 ml reaction volume, 2 
inlets, 2 outlets, microchannels and a liquid splitting junction that would split 

4 Considering 60°C as the control target 
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the initial volume into the two microreactors. The heater was contacted by 
adhesive copper tape (3M-1245) and connected to a DC power supply. Under 
the heated area, a block of polyurethane foam (ESD P/N 961.1000.10) was 
placed for insulation. Reaction chambers were filled with distilled water using a 
3 mm syringe. The other inlet was sealed off. In the functional prototype, the 
heater would be directly interfaced with the reaction chambers of the core chip 
with no thermal interface material involved. Test results (Table 8) indicated that 
out of the 11 tested heaters only 5 were compliant with the temperature criterion 
and out of these, only sample B1 was compliant with the time criterion (Figure 
15). 

Figure 15: Reaction temperature in the functional prototype core chip over 30 minutes 
using heater sample BM117-83-B1 

A simulated thermal model was set up according to the principles in Section 1.1.2. 
The model was set up for heater sample BM117-83-B1. Material properties were 
defined by library values from COMSOL or manually inputted based on data 
sheets from the supplier. Boundary conditions and initial parameters were derived 
from the physical prototype. Convective, conductive and radiative heat losses 
were taken into account. A quadratic mesh was generated for the model with 
average element quality 0.68 and element size 0.07 mm3. A steady-state thermal 
simulation (solved by the Stationary Solver of COMSOL) had an average 
solution time of 40 s on a PC with a Core i5-4570 CPU and 16 GB RAM. The 
model was validated through comparing simulated and experimentally recorded 
temperature data. A thermistor was embedded in the reaction chamber and the 
exterior of the device was recorded by an infrared camera (Jenoptik VarioCAM 
384 HiRes IR) in steady state (Figure 16/a, b). Furthermore, a domain point probe 
was defined in COMSOL at the location of the physical temperature probe in the 
experimental setup and comparison between experimentally recorded and 
simulated temperatures indicated an absolute error of 0.16 °C. The volumetric 
temperature condition from Equation (4) was applied to the model with the 
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revised temperature target boundaries. The reaction volume in range was 
calculated to be 84.6 % of the whole volume (≈42 µl per chamber), which was 
sufficient to run the LAMP protocol and produce a positive result (Figure 16/c, 
d). Temperature maps indicated a deficiency in heat transfer on the outer side of 
the reaction chamber. This will be solved in future device iterations by adding 
more insulation to the outer reactor wall.  

Figure 16: Thermal modelling for the core chip functional prototype indicated about 
85% of the reaction volume was in the defined target temperature range 

For our proof-of-concept demonstration of in-device LAMP, template DNA 
(Serotype E; DSMZ; DSM 19131 at a concentration of 1000 copies per reaction) 
was used instead of DNA extracted from patient samples. Two equal volumes of 
liquid master mix and buffer were prepared in Eppendorf tubes, and mixed with 
the DNA samples, resulting in a 250 µl total volume. The core chip was attached 
to a large base plate with two 10 ml syringes, the heater carrier and the heater. A 
polyurethane block was placed under the heater carrier for insulation. The 10 ml 
syringes were connected to the outlet features to serve as gas springs for liquid 
splitting. The sample volume was sucked into a 3ml syringe connected to one 
inlet, while a 3ml syringe filled with air was connected to the other. After sealing 
the chip and inputting the reaction mix, batteries were connected to the heater. To 
prevent cross-contamination, the prototype setup was sealed in a plastic bag and 
incubation was performed under a lateral flow hood (Figure 18). For the duration 
of the experiment, the reaction chambers were covered from above by a paper 
towel for added thermal insulation (discarded after each use). Incubation time 
was 30 minutes in total, including the 5 minutes allowed for the heating element 
to reach steady state. The test protocol was repeated twice, for both reaction 
chambers of the Lab-on-a-Chip prototype device. After incubation, reaction 
volumes were extracted and pipetted into Eppendorf tubes, into which lateral flow 

(a) (b) 

(c) (d) 
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strips were placed to detect amplicons. Results indicated a successful 
amplification in all 4 reaction chambers tested. 

Figure 17: Thermal model for the core chip functional prototype (a) including a frame, 
electrical connections (b) and a heater (c) 

Figure 18: LAMP testing in core chip functional prototype (left) resulted in successful 
DNA amplification (right) 

Core chip 
Housing 
Heater 
Other 

(a) 

(b) 

(c) 

2 cm 

3 mm 
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2.5 Chapter summary 
In this chapter, we covered the process and methodology by which microheating 
candidates are developed into a single microheating solution optimal for the 
molecular diagnostics device and chosen diagnostic assay protocol. We evaluated 
the two microheating candidates established in the previous chapter as potential 
microheating solutions and established a novel microheating solution based on a 
self-regulating PTCR polymer resin heater. This novelty formed part of the patent 
published as Paper E. The above claims correspond to Contribution III. and IV., 
as well as Papers A, B and D of this PhD thesis. 

During development, it may occur that the assay protocol is changed or 
temperature targets are revised. Therefore, this chapter detailed an evaluation for 
the two microheating candidates from the previous chapter for a wide array of 
isothermal amplification protocols with target temperatures in the 30-65 °C 
range. Both candidates regulated temperatures with less than 2 °C SSE. The two 
microheating candidates were further analyzed for their performance with the 
LAMP protocol. Both candidates were capable of sustaining the reaction within 
the specifications, with only 1.5 °C difference in steady-state reaction 
temperatures between the two. Both candidates met the time targets as well. From 
the simulated thermal model, it was calculated that 95% of the reaction volume 
was in range in the self-regulated heating setup and with some thermal 
optimization also in the thermostat-regulated setup. However, at the end of this 
evaluation process, self-regulated heating was chosen as the final candidate due 
to its lower cost and complexity compared to the alternative. Our early device 
concept would have required a sizeable power supply, so the device geometry 
was overhauled and a new self-regulating heater was selected for a far smaller 
heated area and thus, lower power consumption. BM117 PTCR polymer heater 
samples from Heatron Inc. were powered by 2xAAA batteries. By this point the 
functional prototype for the core chip of the device was ready and a thermal 
model was constructed. Out of the 11 heater samples only 1 complied with all 
specifications and was evaluated further in the simulated thermal model. It was 
concluded that about 85% of the reaction chamber would be in range, and so a 
LAMP assay was performed with the functional prototype device and yielded 
positive amplification results.  
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3 MICROHEATING IMPLEMENTATION FOR 
INTIME NINAAT  

This chapter covers the following topics: 

• Integrating the microheating solution into the functional prototype of the
molecular diagnostics device

• Final assay compliance check (temperature, heat up time)
• Demonstrating the InTime NINAAT device prototype for LAMP assays

This chapter will demonstrate the process by which the microheating solution is 
integrated into the functional prototype of the molecular diagnostics device 
(Figure 19). By this point in the development process, the housing design, 
including user interface functions, is assumed to be ready. The heater is adapted 
to the housing design (including the user interface) and a final test to check 
compliance with assay targets (time, temperature) follows. Once compliance is 
established, the device is tested as a molecular diagnostics test. In the case of this 
work, the InTime NINAAT device prototype performs the LAMP protocol for 
the detection of chlamydia trachomatis in the demonstration.   

Figure 19: The final steps in the development process: integrating and testing a 
microheating solution in the functional prototype of the molecular diagnostics device 
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3.1 Process overview 
In the previous chapter, we detailed the development of a microheating solution 
optimized for the functional prototype of the core chip. In this section, we 
describe the final steps of the development process. This process (Figure 19) 
starts with the microheating solution from the previous chapter. The requirements 
specifications stay the same (Section 1.1.3). Any user requirements concerning 
the heater are also taken into account at this step. At this point in the development 
process, the device housing and user interface designs must be ready. Heater 
integration with the device concept means adapting device geometry to house the 
heater, factoring in insulation needs, electrical connections and integration with 
the user interface. For instance, in the demonstrated device, heating must be 
initiated by the user by pulling a paper/plastic tab and thereby closing the 
electrical circuit. Following integration, a final validation is performed to check 
compliance with assay targets, that is, reaction target temperature and heat up 
time. If the test is successful, the molecular diagnostics assay is tested in the 
functional prototype. If not, then device geometry and insulation optimization 
follows. If the assay test is successful, the development is concluded and the 
device is cleared for production as far as heating is concerned.     

3.2 Device integration of the microheating solution 
The functional prototype of the InTime NINAAT device (Figure 22) was 
designed as a closed, self-contained unit with user interfaces in place. It consisted 
of the following components: 

• Core chip functional prototype (described in the previous chapter) with
lateral flow (LF) strips for amplicon detection

• Supporting fluidic components (buffer reservoirs, tubing) for the core
chip

• Heater with insulation and electrical connections
• Battery compartment for 2xAAA alkaline batteries
• LED backlight module to increase contrast during readout of the LF

strips
• User interfaces and I/O functions

During operation, the device was designed to be sealed airtight. The final device 
would be fully disposable, but in the functional prototype, the core chip and 
fluidic components are discarded after each test but the rest is reused. The heater 
used in this prototype demonstration was a pre-production sample based on 
BM117-83-B1 detailed in the previous chapter. The heater was contacted by two 
copper clips (RS Pro P/N 680-959) cut to shape, and wires soldered to the clips. 
A polyurethane foam block was used to support the heater and insulate the system 
from the bottom. The heater was contacted directly with the core chip, no thermal 
interface material was used. Above the reaction chamber, another polyurethane 
foam block was placed for additional insulation. In this device, an LED was 
included to improve the contrast of the lateral flow strips used to detect and 
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visualize amplicons (Figure 20). This LED was a 3V (forward voltage range: 2.8-
3.2 V) white backlight module from Dayear Electric Co. Ltd (size: 23 mm x 60 
mm x 2 mm). The LED was connected in parallel to the heater. The LED was 
designed to be on during the whole 30 minutes of operation and would in turn 
indicate to the user that the device was working correctly. The battery 
compartment was designed for 2xAAA alkaline batteries and relied on 
commercially available metal battery contacts (Keystone P/N 324-7319 and 324-
7331). Connections to the LED and heater were established with wires. The 
circuit was closed by removing a plastic tab that was between the battery and the 
contact on the negative end. Dimensions of the complete device prototype were 
10 cm (W) x 20 cm (L) x 10 cm (H).   

Figure 20: LED backlight module (left) and a rendering of the complete electrical 
circuit of the molecular diagnostics device (right) 

Figure 21: Reaction temperature during the assay duration in the functional prototype 
device 
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3.3 Final assay compliance check 
For the final compliance check, an injection molded core chip and its fluidic 
components were taken from the stock at Selfdiagnostics Deutschland GmbH, 
whereas the housing and additional plastic components were 3D printed (see 
Section 1.1.4 for details about the printer). The core chip was fitted with a 
temperature sensor in one of the reaction chambers, and filled with distilled water 
from a syringe. Two 3 ml syringes were used as gas springs for liquid splitting. 
The device was assembled and prepared for testing with all device components, 
and the measurement started with the removal of the plastic tab and closing the 
electrical circuit inside. The test was run for 30 minutes at 22-24 °C ambient, and 
temperatures inside the reaction chamber were recorded. The recording indicated 
that compliance with assay targets was maintained (Figure 21). 

Figure 22: Functional prototype of the InTime NINAAT device in exploded view 
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3.4 InTime NINAAT device demonstration 
LAMP reaction parameters were identical to those in Section 2.4, but the buffer 
and master mix were separately contained within the core chip and/or its 
connecting fluidic components, whereas the sample was introduced via the 
sample stick. The sample stick had a separate disposable tip that would 
permanently fix into the core chip. After testing, the core chip and its connecting 
fluidic components were discarded along with the batteries, but the rest of the 
prototype was reused.  

Figure 23: InTime NINAAT device functional prototype test (I.): the device is fully 
assembled (left) except for the sample stick, which is laid on the workbench (right)  

Figure 24: InTime NINAAT device functional prototype test (II.): First, the sample is 
inserted (1.), then the plastic tab is removed and button 2 pushed (2.). After 25 minutes 

wait time button 3 is pushed (5.) and the results become visible in 2 minutes (6.) 
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As the first step in the process, the device prototype was prepared with all its 
components attached, except for the sample stick (Figure 23). Then the sample 
stick was dipped into the sample (not shown) and inserted into the device (Figure 
24/1.). Then the plastic tab was removed and button nr. 2 was pushed all the way 
in (Figure 24/2.). This initiated heating, turned on the LED and inputted the buffer 
solution into the core chip (Figure 24/3.). Next, the user had to wait for 25 minutes 
for the amplification reaction to take place. Finally, button nr. 3 was pushed to 
forward the amplicons to the lateral flow strip for detection and visualization 
(Figure 24/5.). After about 2 minutes, the control and test lines were visible on 
the lateral flow strips indicating successful amplification and a positive result 
(Figure 24/6.). In the case of a real-life test, this would mean the pathogen was 
present in the sample.      

3.5 Chapter summary 
In this chapter, we detailed the method by which the microheating solution 
optimized for the developed molecular diagnostics device is integrated into its 
functional prototype. We demonstrated the integration of the previously claimed 
microheating solution into the functional prototype of the developed molecular 
diagnostics device. Finally, we demonstrated that the functional prototype of the 
NINAAT device could function as a molecular diagnostics test, and could 
successfully amplify and detect the DNA of the target pathogen. We therefore 
claim a novel molecular diagnostics device, which is a second-generation RDT 
that is, to the knowledge of the authors, the first of its kind. This device formulates 
the basis of the patent application published in Paper E. The above claims 
correspond to Contribution V. and Paper E of this PhD thesis.  
A functional prototype design was made, adapted to using the microheating 
solution from chapter 2. This prototype was designed as a self-contained unit, 
including user interfaces and input/output functions as well as all internal 
components. The functional prototype was fitted with the functional prototype of 
the core chip including supporting fluidic components (buffer reservoirs, tubes) 
as well as integrated lateral flow strips for visualizing results. An LED was added 
to increase contrast for the readout and connected in parallel with the heater. A 
battery compartment for two AAA alkaline batteries was included in the design. 
Sampling was done by a sampling stick with a disposable tip, which would get 
fixed into the core chip, allowing for the separate disposal of the core chip 
assembly after each test. The device was assembled from a 3D printed housing 
and injection molded fluidic components. A final assay compliance check was 
performed: a core chip was fitted with a temperature sensor and filled with 
distilled water. Reaction temperature was recorded for 30 minutes while heating 
was turned on. Results indicated that both the 5 minutes heat up time condition 
and 60-63 °C target temperature range were met. Finally, the device was 
assembled with all components for a LAMP test. This test was performed as it 
would be at the end user’s side. The amplification reaction took place and positive 
results were visualized correctly. Therefore, the development of temperature 
regulation for this particular device is concluded and may be released for 
production.  
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CONCLUSIONS 
This PhD thesis focused on the development of integrated microheating for the 
temperature regulation of non-instrumented molecular diagnostics devices. 
Temperature regulation is essential for a wide variety of diagnostic protocols, 
primarily nucleic acid amplification testing. In this work, the methodology by 
which to develop temperature regulation for such tests was discussed and as an 
example, the development process of microheating for the InTime NINAAT 
device was detailed. This PhD thesis explored the experimental methodology 
involved in this process and described the workflow with which similar 
applications can be developed. 

As mentioned in the introduction, the thesis was divided into 5 chapters, the first 
being an introduction that reviewed literature results and the background of this 
application. Chapter 1-3 covered the development process, introducing the 
methodology along with its application to a real-world development, which 
concluded with a functional prototype demonstration using the integrated heating 
solution developed during this process.  

In the introductory chapter of this PhD thesis, the following research questions 
were proposed: 

1. What temperature control options are available for use in non-
instrumented molecular diagnostics devices?

2. What are the performance characteristics of these options related to the
NINAAT concept device in this work?

3. What are the most suitable temperature control options for the NINAAT
concept device?

4. How to evaluate the performance characteristics of a microheating
candidate for multiple assay protocols?

5. What are the performance characteristics of the microheating candidates
in this work related to isothermal NAAT protocols and the LAMP
protocol in particular?

6. How is a microheating option developed into a microheating solution
optimized for use in a particular molecular diagnostics device?

7. How is a microheating solution integrated into a molecular diagnostics
device?

8. What is the development workflow of temperature regulation for a non-
instrumented molecular diagnostics device?

9. How can thermal analysis via the finite element method aid in this
development process?

This section of the thesis discussed the contributions of the thesis and how they 
help in answering the above questions.  
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Paper A 
This paper proposed self-regulating electrical heating as a novel integrated 
microheating option for disposable non-instrumented molecular diagnostics. The 
paper demonstrated the application of this heater in an early concept of our 
molecular diagnostics device built for a plastic microfluidic chip. The paper 
reported on the electrical and thermal characterization of this heating option as 
well as evaluated its performance related to the LAMP NAAT protocol. The 
paper demonstrated that the heating element could control with 0.13 °C SSE for 
the 60-65 °C set temperature range required by LAMP. Furthermore, the paper 
demonstrated accurate heat transfer simulation via thermal modelling (0.31 °C 
estimation error of experimental results) for the proposed prototype. The paper 
corresponds to research questions 1., 2., 5., 9. 

Paper B 
This paper focused primarily on modelling heat transfer in a disposable molecular 
diagnostics device with thermostat-regulated electrical heating. A thermostat was 
demonstrated that relied on open-source hardware. A thermal model was built for 
the early concept device (relying on the same microfluidic chip as paper A with 
a different housing) and experimentally evaluated for temperature targets 
required by various isothermal NAAT protocols. A simulated thermal model was 
constructed and its performance compared to experiments. The thermostat 
regulated temperatures with and SSE of 0.53 °C for 12 distinct temperature set 
points in the 30-70 °C typical for isothermal NAAT protocols. The model 
estimated experimental results with a MAE of 0.5-0.7 °C for all three 
experimental setups. In this paper, battery operation is discussed as well. The 
paper corresponds to research questions 1., 2., 4., 5., 9. 

Paper C 
For the sake of completeness, thermoelectric heating was evaluated as a 
microheating option for use in our molecular diagnostics device. This paper 
reported results on the experimental and simulated thermal characterization of a 
second iteration of our device concept using a glass microfluidic chip and a plastic 
housing. Experimental and simulated results were compared to indicate a MAE 
of 0.5-1 °C for the described experimental setups. The paper corresponds to 
research questions 1., 2., 9. 

Paper D 
This journal article was a summary of the development process that was detailed 
in this thesis. It built on the results of Paper A and B in the sense that it used the 
microheating candidates proposed by those papers and evaluated them as 
potential microheating solutions. The paper described the process by which these 
candidates were characterized for their performance with several isothermal 
NAAT protocols and LAMP in particular. Furthermore, it detailed the use of 
finite element modelling for thermal analysis to reveal design deficiencies and 
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evaluate heating performance in a molecular diagnostics device. According to the 
simulated thermal analysis, both the self-regulating and thermostat-regulated 
microheating candidates could keep the about 95% of the reaction volume in 
range in steady state, although the thermostat-regulated setup would need some 
thermal optimization to achieve this performance (installing a heat spreader). The 
paper concluded by proposing self-regulating microheating as the final solution 
due to its lower complexity and smaller size. The paper corresponds to research 
questions 3.-9. 

Paper E 
The patent application described temperature regulation for the InTime NINAAT 
device concept. Based on results disclosed in Paper A and D, self-regulating 
electrical heating was chosen as the microheating solution for use in our NINAAT 
device due to its low cost and simplicity. The microfluidic chip was redesigned 
to have a smaller heated area than in early device concepts and a PTCR polymer 
resin heater was acquired to regulate reaction temperatures. The heating element 
was designed to fit tightly under the reaction chambers of the fluidic chip. This 
paper covers research questions 3., 6., 7.  

Summary of claims 
Below is a summary of the theses/claims of novelty that this PhD thesis made. 
The claims correspond the Contributions I.-V. as well as papers A-E as detailed. 

Claim 1: The evaluation methodology for microheating options, including 
experimental characterization and whole-device finite element modelling. The 
methodology is described in detail as well as applied in practice. To the 
knowledge of the authors, such an extensive summary has not been published 
previously. Furthermore, whole-device modelling is a novel approach that can 
yield more information than heater-chip thermal interface models could. This 
corresponds to Contributions I.-II. and Papers A-C.  

Claim 2: Four distinct integrated microheating options (chemical heating, self-
regulated electrical heating, thermostat-regulated electrical heating and 
thermoelectric heating) evaluated and two successfully demonstrated as 
microheating candidates for application in non-instrumented molecular 
diagnostics devices. Integrated thermostat-regulated heating based on a 
microcontroller carries novelty due to the fact that additional user-related 
functions can be integrated into the controller, such as the demonstrated built-in 
timer and overheat protection. Self-regulated heating was developed further into 
a novel microheating solution that formed part of the patent application published 
in Paper E. This corresponds to Contributions I.-II. and Papers A-C.   

Claim 3: The methodology and process by which microheating candidates are 
developed into integrated microheating solutions. The methodology is detailed 
and demonstrated through practical applications. The process includes evaluating 
for additional assay targets, geometry optimization and heat transfer analysis via 
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finite element modelling. To the knowledge of the authors, this process has not 
been published in such detail previously. This corresponds to Contribution III. 
And Paper D. 

Claim 4: Two microheating candidates evaluated for use with the functional 
prototype of the NAAT chip of the NINAAT platform. Self-regulating heating 
was developed further into a novel microheating solution based on a PTCR 
polymer resin heater that could be operated from two alkaline AAA batteries. The 
heating solution was demonstrated to work with the functional prototype of the 
NINAAT chip through the successfully amplification and detection of a pathogen 
target. This novel heating solution formed part of the patent in Paper E. This 
corresponds to Contribution IV. and Papers A,B and D.  

Claim 5: The final microheating solution demonstrated in the NINAAT device 
functional prototype. The NINAAT device is a self-contained second-generation 
RDT test that can perform NAAT assay workflows form sample input to result 
output. To the knowledge of the authors, this device, and the heating solution 
within, are the first of their kind. This novelty formed the basis for the patent in 
Paper E as well as Contribution V.    

Perspectives 
As mentioned previously, the author hopes that other teams presented with the 
problem of developing integrated temperature control for their non-instrumented 
molecular diagnostics devices may benefit from the workflow described in this 
work and will reach results faster. The work described in this thesis took part 
under a research and development project targeted at implementing the first fully 
self-contained and disposable nucleic acid amplification test in a Lab-on-a-Chip 
format, which was designed to have the same accuracy and sensitivity metrics as 
centralized clinical diagnostics. The InTime NINAAT platform was designed to 
facilitate NAAT assays with various targets and make rapid testing more robust 
and reliable, preferably to allow treatment based on decentralized rapid testing to 
strengthen preventive medicine and save healthcare costs. LAMP and RT-LAMP 
(reverse transcription LAMP) protocols cover a wide variety of DNA and RNA 
targets, therefore applications are not limited to the pathogen used as an example 
in this work.   
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KOKKUVÕTE 
Kiiplabor (Lab-on-Chip: LoC) tüüpi seadised on iseseisevad 

miniatuursed diagnostika-vahendid, mis üldjuhul ei kasuta täiendavaid väliseid 
mõõteriistu. Sellest tingituna on õigustatud ka nende puhul termini mitte-
seadmestatud (mitte-instrumenteeritud) testivahendite kasutamine. Näitena võib 
tuua nukleiinhapete detekteerimise molekulaarsed diagnostikaseadmed (Non 
Instrumented Nucleic Acid Amplification Tests: NINAAT). Enamuses selliseid 
miniatuurseid kiiplaboreid vajavad funktsioneerimiseks täpset temperatuuri 
kontrollimist ja selle juhtimist. Mikro-kuumutamise integreerimine molekulaar-
diagnostika seadmesse on aga keeruline tingituna kulude, ruumi ja võimsuslikest 
piirangutest. See aga omakorda piirab tulemuste kommertsialiseerumist ning 
seetõttu ka kiir-testi vahendite laialdast kasutamist, mis aitaks näiteks 
detsentraliseerida kliinilist diagnostikat, vähendada patsientide ooteaegu ja 
kahandada tervishoiukulusid tervikuna. 

Käesolevas doktoritöös uuritakse NINAAT tüüpi molekulaarsete 
diagnostikaseadmete termilisi nähtusi ja esitatkse temperatuuri kontrolli ning 
juhtimise tarbeks erinevaid lahendusi. Tulemused on realiseeritud ja rakendatud 
LoC NINAAT-i seadistes, mida tuntakse nimetuse InTime NINAAT lahenduste 
all. 

Töö esimeses osas kirjeldatakse erinevaid temperatuuri reguleerimise võimalusi 
ning kirjeldatakse nelja konkreetset mikrosoojendusvõimalust: keemiline 
kuumutamine, isereguleeruv elektriküte, termostaadiga reguleeritav elektriküte ja 
termoelektriline soojendamine. Kõigi nelja meetodi hindamiseks on teostatud nii 
reaalsed füüsikalised katsed kui viidi läbi ka numbrilised eksperimendid 
(simulatsioonid lõplikel elementidel põhinevate termiliste mudelite abil). 
Uurimistulemuste analüüsi põhjal leiti, et optimaalseima praktilise realisatsiooni 
saab luua kasutades kas isereguleeruvat kuumutamist või termostaadiga 
reguleeritavat kuumutamist. Seega mõlemad meetodid on sobivad kasutamiseks 
loodavates LoC NINAAT süsteemis olles võimelised reguleerima temperatuuri 
kindlaksmääratud sihtvahemikus täpsusega +-0.50C (stabiilne viga (SSE)). 

Töö teises osas kirjeldatakse uuritud mikrokütte lahenduste edasiarendusi ja 
esitatkse konkreetsed tehnoloogilised lahendused integreerimaks neid 
molekulaardiagnostika seadmetega. Hindamiseks kasutatkse isotermilisi NAAT-
i protokolle. Süvendatud termilise analüüsi jaoks kasutati LAMP (Loop-mediated 
isothermal amplification)-protokolli. Mõlemad NINAAT-i platvormil välja 
töötatud mikroküttekehade parameetrid olid vastavuses testi nõuetega ja 
saavutasid LAMP-protokolli jaoks vajaliku temperatuuri. Lõpp-lahendusena 
valiti isereguleeruval küttel põhinev lahendus tingituna selle realiseerimise 
lihtsusest ja väiksemast hinnast võrreldes alternatiivsete lahendustega. 
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Praktilised uuringud viisid sellise lahenduseni, kus mikrosoojenemise lahus 
põhineb polümeervaigul PTCR, mida kasutati isereguleeriva soojendina 
(küttekehana) NINAAT mikrokiibi funktsionaalse prototüübi valmistamisel. 
Näidati, et kuumutuslahus suudab säilitada reaktsioonitemperatuure nõutavates 
60-630 C vahemikus ja nimetatud temperatuurivahemik saavutatakse 10 minuti 
jooksul. Kasutades termilist simulatsiooni leiti, et ligikaudu 85% 
reaktsioonikogusest ei muutu ajaperioodi lõpuni. Uuringute tulemusel selgud, et 
funktsionaalne NINAAT-kiibi prototüüp koos mikrosoojendamislahusega, 
kasutades LAMP-protokolli on võimeline edukalt avastama ka siht-DNA-d. 

Doktortöö viimases osas uuritakse mikrosoojenemise integreerimise lahendusi, 
mis integreeritakse InTime NINAAT-i prototüüpi seadmega koos kõigi vedelike 
ja kasutajaliidese funktsioonidega. InTime NINAAT-seadis on seega iseseisev 
mitte-instrumenteeritud NAAT-platvorm, mis töötab nii, nagu seda vajab 
lõpptarbija.  
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Appendix A 
Tamas Pardy, Toomas Rang, Indrek Tulp 

“Modelling and experimental characterisation of self-regulating resistive 
heating elements for disposable medical diagnostics devices,” 2015, pp. 
263–271. (ETIS 3.1) 
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Appendix B 
Tamas Pardy, Toomas Rang, Indrek Tulp 

“Finite Element Modelling for the Optimization of Microheating in 
Disposable Molecular Diagnostics,” International Journal of 
Computational Methods and Experimental Measurements, vol. 5, no. 1, 
pp. 13–22, Jan. 2017. (ETIS 3.1) 
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Appendix C 
Tamas Pardy, Toomas Rang, Indrek Tulp 

“Modelling and experimental characterisation of thermoelectric heating 
for molecular diagnostics devices,” 2016, pp. 27–30. (ETIS 3.1) 
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Appendix D 
Tamas Pardy, Toomas Rang, Indrek Tulp 

“Development of Temperature Control Solutions for Non-Instrumented 
Nucleic Acid Amplification Tests (NINAAT),” Micromachines, vol. 8, 
no. 7, p. 180, Jun. 2017. (ETIS 1.1) 
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Appendix E 
Tamas Pardy, Indrek Tulp, Clemens Kremer 

“Microfluidic test device”, PA 2017 70310 (patent application) 

The patent application is available as a confidential appendix. 
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