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Abstract 

Melt-spun man-made fibres are crucial for the ever-rising demand for fibres. To use them in 

clothing or home textiles, they need the feel and properties of natural fibres, often imparted 

through texturing processes. The most dominant process, with 30 Mio. t production capacity 

per year, uses false-twist texturing to smooth melt-spun partially oriented yarns (POY) into 

crimped, fluffy draw-textured yarns (DTY). However, the heaters used in the process are 

long and inefficient, thereby compromising production efficiency. Short, efficient microwave 

heaters are proposed to overcome these drawbacks, reducing energy consumption by 40 % 

and increasing productivity by 20 %, leading to significant cost savings and equivalent CO2 

reductions during DTY production. However, conventional microwaves do not reach peak 

electric field strengths needed to heat the yarns in such a short residence time. Therefore, 

an optimisation algorithm is developed that couples a Genetic Algorithm and a high-

frequency simulation to identify an unconventional microwave resonator geometry with high 

electric field strengths along the yarn path of polymeric multifilament yarns. First results 

show promising process behaviour and industrial yarn qualities. Future work will quantify 

energy efficiency and validate on a pilot scale along with a novel yarn temperature sensor. 
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1. Introduction 

Due to steadily increasing demand, more and more fibres need to be produced 

efficiently (Figure 1). Man-made fibres make up the majority of these fibres with 75 % market 

share. 79 % of those polymeric fibres are made using polyester (PET). Considering 

worldwide filament yarn production, PET has an even greater market share of 86 %, making 

it the single most important feedstock for man-made fibres. [1] 

 

Figure 1: Importance of man-made fibre production in the world market. Created by the 

authors based on [1,2]. 

Smooth polymeric filaments are primarily employed in technical applications. To 

facilitate their use in apparel such as outerwear, sportswear, activewear, lingerie, hosiery, 

and stockings, home textiles such as carpets, upholstery, curtains, drapes, and bedding, or 

even technical textiles such as seats and headliners for automotive applications, yarns 

undergo a texturing process. There are different techniques for texturing. These include air 

jet texturing, knit-de-knit texturing, stuffer-box texturing, edge crimping, and false-twist 

texturing (FTT). Most of these techniques are already obsolete and have not changed in 

recent years. Partially oriented yarn (POY) is of significant importance for texturing. POY is 

predominantly drawn and crimped via false-twist texturing to produce draw-textured Yarn 

(DTY) [3,4]. As POY accounts for 60 % of globally manufactured melt-spun filament yarn, 

FTT – with an estimated 76-90 % market share and an annual output of approximately 30 

million tonnes of DTY – represents the most significant texturing method within the textile 

industry. In total, approx. 25 % of all fibres are DTY. [1,2,5–9] During the production of DTY, 

crimp is imparted to each filament in the yarn (Figure 2), thereby providing a natural-fibre-

like feel and appearance with greater elasticity, higher volume, better moisture absorption, 

dullness and improved comfort. This allows them to be used either independently or blended 

with natural fibres like cotton or wool, while maintaining strength, durability, quick drying, 

and moisture wicking in yarns and fabrics. [3,5,10,11] The dullness is caused by a change 

in the cross-sectional shape of the filaments. Round POY filaments become hexagonal DTY 

filaments during the extremely close packing of the filaments in the yarn compound during 

twist insertion in FTT, as can be seen in Figure 2. [12,13] 
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Figure 2: (a) SEM of flat partially oriented yarn (POY); (b) Light microscopy of round POY 

cross-section; (c) SEM of round POY cross-section (slightly smeared due to 

cutting); (d) SEM of crimped draw-textured yarn (DTY); (e) Light microscopy of 

hexagonal DTY cross-section; (f) SEM of hexagonal DTY cross-section. 

False-twist texturing, also called false-twist draw-texturing or draw texturing, is a 

technique used to give synthetic yarns a natural fibre appearance and feel. It was developed 

in the early 1930s by R. H. Kägi for Heberlein AG in Switzerland (then patented as 

“Helanca”) first in a discontinuous process and, almost at the same time, in a continuous 

process by D. Finlayson and F. Happey of British Celanese, Ltd. in Great Britain and for the 

Celanese Corporation of America in the United States. [14,15] Nowadays, it is a continuous 

process that utilises the thermoplastic properties of yarn. As shown in Figure 3, the passing 

yarn is [12,16]: 

1. stretched (“drawn”) to increase molecular orientation and crystallinity, 

2. highly twisted to deform each filament, 

3. heated to break intermolecular secondary bonds, 

4. cooled to fix the twisted shape by re-forming secondary bonds, 

5. untwisted, post-treated, and wound. 

200 µm 200 µm

25 µm25 µm25 µm 25 µm

(a)

(b) (c)

(d)

(e) (f)

Smooth and parallel partially oriented 

yarn (POY) with round cross-section

Crimped and bulky draw-textured yarn 

(DTY) with hexagonal cross-section
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Figure 3: Schematic of the false-twist texturing process. Created by the authors based on 

[2,3,5,12,17,18] 

The heaters in FTT are characterised by their substantial length and inefficiency 

(typically 2-2.5 m, with 85-90 % of energy lost as waste heat), accounting for 40-50 % of a 

texturing machine's total energy consumption [8,19]. Consequently, reducing the energy 

requirements of these heaters significantly lowers the overall energy footprint. Furthermore, 

reducing heater length shortens the texturing zone, increasing process speed and 

productivity, as the texturing zone length is one factor influencing process speed. It is limited 

by process instabilities, specifically periodic variations in yarn tension known as (tension) 

surging, which results in negative DTY properties. A shorter heater length automatically 

raises the surging speed, the threshold production speed at which these instabilities occur, 

allowing for higher operating speeds and, therefore, increased productivity. The everlasting 

long-term goal of combining POY and DTY production in a true single-step process requires 

DTY production speeds to exceed 5000 m/min – even higher than typical POY production 

speeds, as another drawing step takes place in texturing with a factor of about 1.7. In the 

last decades, production speed has increased by four or five times – however, surging 

usually occurs slightly above 1000 m/min, and a combined POY-DTY process is still not 

possible. [7,12,16,18,20] However, to ensure consistent DTY quality, the thermal energy 

transferred to the yarn must remain constant; thus, the temperature of shortened heaters 

must be increased. This temperature elevation is subject to upper limits, is inherently 

inefficient, and may result in thermal damage to the yarn. [8,12]. 

A compact, alternative, and more efficient solution for heat input in FTT could lower DTY 

production costs while maintaining the desired yarn feel. Moreover, such a solution would 

reduce the need for imported primary energy, leading to further cost savings and contributing 

to the Federal German Climate Protection Plan 2050 and the Federal German Strategy for 

Adaptation to Climate Change, as set out in the Federal Climate Adaptation Act [21–23]. 

Furthermore, this contribution supports the United Nations’ 17 Sustainable Development 

Goals, with a focus on Climate Action and Sustainable Cities and Communities [24]. The 

derived goals for the research are therefore: 

• A reduction of the energy consumption of the FTT heater by at least 40 %, as well as 

• an increase in productivity via a 20 % increase in production speed. 

The innovative approach (Figure 4) to achieving these goals is to develop a short 

(< 0.8 m) and energy-efficient microwave heater suitable for high production speeds and the 

corresponding polymeric yarn materials. This heater will shorten the texturing zone, allowing 

for higher production speeds without tension surging. Furthermore, microwave radiation 

penetrates the material more deeply than convection heating, which only heats the surface 

and then transfers heat to the yarn’s interior. Current short high-temperature electric heaters 
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(HTI) with a length of 1 m create a strong heat gradient in the yarns, resulting in temperature 

differences between the outside and the core of the yarn and leading to a different yarn feel. 

As PET, the main polymer used for man-made fibre production, can be heated via 

microwave radiation due to its molecular structure, a microwave heater poses a feasible 

approach. [1,25] So far, microwave heating has not been utilised in FTT. Current uses in 

textile technology include carbon fibre production and composite curing, as well as the 

drying, dyeing, printing, or finishing of textiles and yarns. [26–30] 

Certain challenges arise when using microwaves in false-twist texturing. The 

consistency of applied heat is a highly important quality criterion in FTT, as deviations along 

the yarn axis or from position to position render the yarns unusable in downstream 

processes due to streaks and other defects arising from variations in polymer crystallisation. 

[12,18,20,31,32] Adding to that, the yarn travels with high speeds through the texturing 

machine and, thus, also through the heater. Yarn speeds usually range from 500 m/min at 

the beginning of the process, when POY is fed into the machine, to 1000 m/min (17 m/s) at 

the winder, due to the desired drawing of the yarn. The yarn speed in the heater where the 

microwave will be applied lies between those values. On top of that, the yarn is twisted up 

to 3000 times per meter, resulting in up to 60000 twists per second. These movements 

introduce vibrations into the yarn, posing challenges for the process, especially the required 

constant temperature, which strongly influences the resulting yarn properties. These are 

crucial for downstream processes like knitting. Another critical factor is the diameter of the 

yarns susceptible to texturing. Typical yarn diameters range from 100 to 125 µm (about 83 

to 167 dtex final titre in the DTY). The input yarn (POY) is thicker, of course, as the yarn is 

drawn during texturing to align the molecules – ranging from 140 to 290 dtex on 

average. [12,33] Current textured yarn production even trends towards even finer yarns in 

the range of 20-50 dtex. Therefore, a deep penetration depth is not required, which facilitates 

the usage of 5.8 GHz and smaller microwave resonant cavities in the process. Nonetheless, 

precise focus on the intended electromagnetic field is needed to guide the energy into the 

yarn for heat generation. [34,35] Adding to that is the effect of heater contamination, caused 

by debris containing polymer, polymer additives and spin finish. Long-term contamination 

must be evaluated, and either sophisticated cleaning cycles or a self-cleaning mechanism 

needs to be introduced. [12] 

Furthermore, the dominant yarn material in FTT, PET, has a weak polarity, especially 

below its glass transition temperature, where molecules are rigid and bonded by strong 

covalent forces. Therefore, a strong electromagnetic field is needed (at least 1 MV/m, based 

on the given process parameters) to generate sufficient heat in the material, usually 

achieved by increasing the power input or by more effectively leveraging the electromagnetic 

field distribution and amplification in the resonator. Once the yarn is heated by sufficient 

electromagnetic energy, the molecules become more mobile above the polymer’s glass 

transition temperature, thereby facilitating a greater temperature increase in the material. 

This effect can lead to a so-called thermal runaway if not properly controlled, which, in the 

worst case, can result in yarn breakage and machine downtime. [36] Therefore, to monitor 

heat application during texturing with the challenges outlined above and to validate the novel 

heater’s functionality, a cost-effective temperature sensor with suitable lens optics for thin, 

fast, and spinning polymeric yarns is being developed and validated at lab and pilot scales, 

as current solutions for yarn temperature monitoring are not sufficient. This sensor, however, 

is not part of this work but will be published in upcoming work. 

All in all, microwave heating offers great potential for yarn texturing facilities. In 

Germany, a yarn texturing company could save 961 to 25950 MWh annually, i.e., 343 to 

9264 t CO2 equivalents per year. In China, where the main textile industry is located, those 

CO2 equivalents can reach even higher values due to a higher emission index, resulting in 

approx. 558 to 15051 t CO2 equivalents per year. Therefore, the MicroHeatTex project and 
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this work directly influence the achievement of climate goals. Those numbers are 

proportional to the number of texturing machines sold to customers using the novel and 

efficient microwave heating technique. With an annual sale of 2400 texturing machines and 

a market penetration of 5 %, between 5768 and 31140 MWh of energy can be saved 

annually worldwide, which, with a global emissions index of 466 gCO2/kWh, results in annual 

CO2 savings of between 2688 and 14511 tonnes. [37] 

 

  

Figure 4: Mission Statement of the project MicroHeatTex 
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2. Fundamentals of Microwave Heating 

2.1 The Theory of Microwave Heating 

Electromagnetic waves are transverse waves composed of coupled oscillating electric 

fields E⃗⃗  and magnetic fields H⃗⃗ , which propagate through vacuum or material media. The 

behaviour of electromagnetic waves is described by Maxwell’s equations, which unify the 

phenomena of electricity and magnetism. Microwaves are harmonic solutions of Maxwell’s 

equations in the range of 300 MHz to 300 GHz. To uniquely determine the electromagnetic 

field in a given physical system, boundary conditions must be specified; this is the underlying 

principle used by simulation software to compute the electric field distribution. [25,38–40] 

In the false-twist texturing process, polymeric yarn materials that require heating, such 

as PET and polyamide, are Class II materials (inorganic solids, organic solid crystals, and 

liquid crystals). For these materials, microwaves interact primarily with the electric dipoles 

or polarisable groups within the molecular structure. Free rotational motion is restricted in 

these solids. Both the orientation polarisation of polar groups and the excitation of local 

vibrations of atoms or molecular segments cause heating. Lattice flaws or vacancies can 

also function as effective dipoles in polar solids or ionic crystals. When ions move between 

sites in response to a microwave electric field, their dipole orientations shift, thereby 

producing heat. These units become mobile as the temperature rises, which improves 

polarisation and microwave energy absorption. [41] 

To quantify the microwave energy absorbed by the corresponding material, the 

volumetric power density P can be expressed as a function of the electric and magnetic 

fields as well as the material properties [35,41] 

P = 
1

2
(ε''ω|E|2 + μ''ω|H|2 + σ|E|2) (1) 

• where ω = 2πf is the angular frequency, 

• f is the frequency, 

• ε'' and μ'' are the imaginary parts of permittivity and magnetic permeability, 

• and σ is the electrical conductivity. 

For nonmagnetic, poorly conducting materials like PET, both the magnetic-field 

contribution μ''ω|H|2 and the conduction term σ|E|2 are negligible. Instead, heating occurs 

primarily because the microwave's oscillating electric field interacts with internal electric 

dipoles and polarizable groups. Thus, the absorbed power is dominated by the electric field 

effects. Instead of applying accurate material models to map molecular relaxation effects, 

such as the Havriliak-Negami model with mathematical correction factors, the Debye 

relaxation model is used here to approximate the material behaviour. Therefore, an 

additional term accounting for the conduction loss can be neglected when heating non-

conductive chemical fibre materials. Once the microwave field strength, frequency, and 

complex dielectric constant of the material are determined, the average absorbed power of 

the material can then be calculated as [34,35,42,43] 

P = 
ε0(ε's - ε'∞)ω2τ

1 + ω2τ2
|E|2 (2) 

• where ε0 ≈ 8.854×10
-12 F·m-1 is the permittivity of free space, 

• ε's is the static permittivity, 

• ε'∞ is the high-frequency permittivity, 

• and τ is the relaxation time of the molecular dipoles. 

 

This theoretical derivation proves that the absorbed power density P is directly 

proportional to the square of the electric field magnitude |E|2: 
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P ∝ |E|2 (3) 

Unlike traditional convective or radiant heating, microwave heating generates heat 

directly within the material itself. An essential factor in heating performance is the penetration 

depth, defined as the distance from the material’s surface at which the incident microwave 

power drops to 
1

e
 , approximately 37 % of its original value. [34,44] Industrial microwave 

processing is generally performed at frequencies reserved for industrial, scientific, and 

medical use (ISM frequencies), namely 915 MHz, 2.45 GHz, 5.8 GHz, and 24.124 GHz. 

Among these, microwaves operating at 2.45 GHz are most commonly used. The primary 

reason is that 915 MHz magnetron devices are physically too large, while 5.8 GHz 

microwaves have a very shallow penetration depth Dp, which is inversely related to the 

frequency f: [34,35] 

Dp ∝ 
1

f
.  (4) 

However, the limited penetration depth of higher-frequency microwaves is not a 

drawback for false-twist texturing. Since the yarns and filaments have small diameters 

(typically only a few hundred micrometres), effective internal heating is easily achieved. 

Operating at 5.8 GHz offers two distinct advantages: the penetration depth perfectly 

matches the micrometre-scale filaments, and the shorter wavelength allows for a more 

compact resonant cavity with highly localised heating zones. This space-saving design 

facilitates easy integration into the processing machine. Therefore, the cavity geometry 

analysed in this study focuses on a 5.8 GHz operating frequency. 

2.2 The Structure of a Microwave Oven 

A full microwave heating apparatus typically includes several components that work 

together to generate, guide, and trap electromagnetic energy within a specific region. As 

illustrated below, the main elements involve a microwave generator, a tuner, a waveguide, 

and the resonant cavity (Figure 5). [45] 

 

Figure 5: Schematic of a microwave heating apparatus with a yarn passing through 

A microwave generator, such as a magnetron or a semiconductor-based microwave 

generator, produces electromagnetic waves at the designed ISM frequencies. The total 

energy available for further excitation of the resonant cavity is determined by the generator’s 

output power and frequency stability. The generated microwave passes through a matching 

network, or tuner, which can be adjusted to achieve impedance matching between the 

source and the downstream waveguide-cavity system. Proper adjustment of the tuner 

reduces reflected power to the generator, thereby improving the overall system performance. 

Next, a waveguide with a hollow metallic structure is used to transmit the energy, confining 

Microwave generator Tuner Wave guide

Yarn

Resonator

Scope of this work
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and directing the generated electromagnetic waves via boundary conditions imposed on the 

electric and magnetic fields. Rectangular waveguides are widely used in industrial systems 

because their dimensions are standardised for specific frequency bands. Although the 

present work does not involve designing the waveguide itself, a basic understanding of wave 

propagation in rectangular waveguides is required for correctly modelling how energy enters 

the resonant cavity. The theoretical background is discussed below. The guided microwaves 

eventually reach the resonant cavity, where multiple reflections at the conductive walls 

create standing waves. Discrete resonant modes are excited, resulting in spatially localised 

regions of high electric field intensity, depending on the cavity geometry and boundary 

conditions. As demonstrated before, the absorbed microwave power is proportional to the 

square of the electric field magnitude P ∝ |E|2, making these electric-field maxima crucial 

for efficient heating in the false-twist texturing process. [45] 

Rectangular waveguides, the most commonly used waveguide type in industrial 

applications, support a set of discrete propagating modes that can be conceptually 

understood as the superposition of plane waves. Operating the waveguide in a single-mode 

regime ensures a stable, predictable field profile. The single-mode prevents higher-order 

modes from being excited, thereby avoiding undesired field distributions and reducing power 

distortion. [45] Since mode propagation depends on the relationship between the operating 

frequency and the waveguide's transverse dimensions, it is necessary to determine 

appropriate waveguide dimensions for operation at 5,8 GHz. The relationship between cutoff 

frequencies of different modes and the size of the rectangular waveguide is given by [25,46] 

fc =  
c0

2
√(

m

a
)
2
 + (

n

b
)
2
 (5) 

where c0 ≈ 3×10
8
 m/s is the speed of light, a is the wider dimension of the rectangular 

waveguide, b is the narrower dimension, and m, n are the mode indices. 

According to [47], the waveguide type “WR159” with dimension 40.386 × 20.193 mm is 

commonly used for microwaves at 5.8 GHz. The reason is that the cutoff frequency of its 

fundamental TE10 mode is approximately 3.71 GHz, which is well below the operating 

frequency of 5.8 GHz, ensuring low-loss propagation of the dominant mode. In contrast, the 

next higher-order modes, most notably TE20 and TE01, have cutoff frequencies of 

approximately 7.42 GHz, placing them safely above the operating frequency of 5.8 GHz. 

Therefore, WR159 waveguides operate strictly in a single-mode regime at the intended 

frequency without interference from higher-order modes. The results of the calculation fully 

agree with publicly available industrial specifications [47], proving that WR159 is a wise 

choice for the simulation experiment. 
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3. Materials and Methods 

To achieve the research goals, a microwave oven is first simulated using Genetic 

Algorithms and simulation software, in an iterative optimisation approach, to identify 

unconventional resonator geometries that maximise the electric field strength along the yarn 

path. The information generated will be used to develop the microwave oven. The hardware 

used for the implementation and simulation is an ASUS Gaming Laptop with the 

specifications given in Table 1. 

Table 1:  Adaptive meshing parameters used in Ansys HFSS 

Parameter Value 

Laptop model ASUS TUF Gaming F15 

Operating System Windows 11 23H2 

CPU Intel i7-12700H 

RAM 16 GB 

GPU Not supported by Ansys Teaching License 

 

The following research hypothesis is proposed: Using the optimisation workflow 

developed in this research paper, the microwave resonator geometry can be iteratively 

optimised using a Genetic Algorithm and high-frequency simulation software to find an 

unconventional geometry that leads to an electric goal field strength of more than 1 MV/m, 

which is sufficient to heat the PET yarn beyond 190 °C. 

3.1 Genetic Algorithm for the Optimisation Problem 

Complex optimisation problems require modern metaheuristic algorithms inspired by 

nature. A commonly used approach for single-objective optimisation problems is the bio-

inspired Genetic Algorithm (GA) with differential evolution. [48] Key advantages include 

global search capabilities applicable to high-dimensional, multimodal, and nonlinear 

optimisation problems, as well as robustness and parallelism. Furthermore, a GA does not 

rely on gradient information and imposes few mathematical requirements on the objective 

function, making it applicable to real-time system modelling and black-box optimisation 

problems. The working principle consists of the following steps: initialisation, fitness 

evaluation, selection, crossover and mutation. A globally optimal solution is not guaranteed, 

so the parameters and strategies have to be adjusted in practice. [49–51] 
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Figure 6: Flowchart of the standard genetic algorithm. Created by the authors based 

on [50,52] 

3.2 Parametrisation of the Cavity Geometry 

The resonant cavity to be optimised needs to be expressed appropriately through a 

mathematical parametrisation with sufficient geometric freedom. The geometry must allow 

the yarn to pass directly through without interruption or bending, thereby serving as the 

structure's primary axis. Consequently, the three-dimensional cavity geometry can be 

defined by specifying a two-dimensional surface and extruding it along the primary axis. In 

this representation, the surface determines the cavity's radial profile, while the extrusion 

operation ensures a straightforward channel for the filament. This abstraction reduces the 

three-dimensional parametrisation problem to a two-dimensional one without violating the 

physical constraint imposed by false-twist texturing. The predefined waveguide is then 

directly attached to the side of the resonant cavity, as illustrated below. 

 

Figure 7: Extrusion-based resonant cavity parameterisation with waveguide 
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A “surface-contour” method is used to represent the extruded 2D surface. The method 

was particularly applied for the optimisation of dielectric resonant antennas. It works 

especially well with global optimisers. [53,54] The surface-contour method can be 

conceptually described by a three-step procedure. First, the height values are defined at a 

finite set of control points arranged on a regular grid. Next, a continuous three-dimensional 

surface is reconstructed from these discrete values using an interpolation technique. Finally, 

the target two-dimensional contour is extracted as the intersection between the interpolated 

surface and a plane at a constant height (cf. Figure 8). Through this method, a continuous 

planar geometry with a high degree of shape flexibility can be described using only a limited 

number of discrete, optimisation-friendly variables. Furthermore, the control point values can 

be naturally expressed in matrix form, allowing for an efficient exploitation of symmetric 

geometries. 

 

Figure 8: An example of conceptual steps of the surface contour method 

From this parametrisation, a 3D model is generated in a decoupled software module 

which can be used for subsequent simulations. The model generation pipeline is 

implemented in Python 3.10.19 (Python Software Foundation, Beaverton, OR, USA) with 

support from the libraries CadQuery 2.3.1, SciPy 1.15.3, and Matplotlib 3.10.6. [55,56]. The 

pipeline chooses a valid (closed) contour and interpolates a smooth 2D profile from it. This 

profile is extruded along the yarn axis, with cylinders representing the yarn entrance and exit 

added. The final result is saved as a .step file. The microwave port is added, and faces are 

defined so the simulation setup can automatically locate and assign boundary conditions to 

the relevant faces. 

3.3 Optimisation Workflow with Simulation in ANSYS HFSS 

The fitness value determination used in the Genetic Algorithm is realised via high-

frequency electromagnetic simulations with excitation powers of 60 and 100 W, respectively. 

To succeed, simplifications and assumptions are made to simulate the 3D resonator 

geometry and its corresponding electromagnetic field. The simulation relies on numerical 

computation of Maxwell’s equations, with only limited realistic physical behaviour, to 

preserve the dominant effects governing the electromagnetic field distribution. This 

approach saves computational costs and often increases the model stability. The simulation 

is performed in the frequency domain, assuming steady-state electromagnetic field 

distributions. The metallic parts of the resonator are modelled using a finite-conductivity 

boundary rather than volumetric bodies with explicit thickness, representing the walls via an 

impedance formulation. The surface roughness, microscale defects, and material 

inhomogeneities are not considered. Electromagnetic-thermal coupling is not regarded in 

this work. Only the electromagnetic field distribution is calculated during simulation, and no 

temperature information is generated. Therefore, the electrical conductivity is assumed 

Interpolation Intersection
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constant and independent of temperature. Material parameters are assumed to be 

frequency-independent over the operating band, which is reasonable since the simulation is 

conducted at a single frequency, 5.8 GHz. The yarn is not explicitly modelled, as it is 

electrically small, and thus only small perturbations are assumed from it, compared to the 

operating wavelength of 51.7 mm at 5.8 GHz. Omitting it avoids unnecessary mesh 

refinement, improving the simulation efficiency. 

The simulation is performed using Ansys HFSSTM (ANSYS, Inc., Canonsburg, PA, 

USA) with the Finite Element Method (FEM) using the Teaching License provided by RWTH 

Aachen University, Aachen, Germany. [57] Using this license, only single-thread (serial) 

simulations are possible. The Driven Modal Solver is used in this work. With it, the 

electromagnetic response under a defined source excitation and operating frequency can 

be determined – in contrast to the Eigenmode Solver, which only calculates the natural 

resonant frequencies and corresponding field distributions based on the geometry and 

material properties. Adaptive Meshing is applied with the parameters given in Table 2. With 

these parameters, some precision might be lost at corners and edges. Still, the computation 

time remains acceptable (in the order of a few minutes in most of the cases simulated in this 

work). Furthermore, the field distribution along the yarn path through the resonator’s centre 

is accurately simulated.  

Table 2:  Adaptive meshing parameters used in Ansys HFSS 

Parameter Name Value Description 

BasisOrder 1 First-order basis functions for field approximation 

DoLambdaRefine True Mesh refinement based on the wavelength 

DoMaterialLambda True Mesh refinement according to material properties 

LambdaTargetForIESolver 0.15 Target max. element size relative to wave length 

Target 0.1 Overall mesh accuracy target 

MaximumPasses 10 Maximum number of adaptive mesh passes 

MinumumPasses 3 Minimum number of adaptive mesh passes 

PercentRefinement 30 Max. percentage of elements refined per pass 

 

In Ansys HFSS, the electromagnetic field information can be extracted at specified 3D 

coordinates. A discrete set of electromagnetic field magnitudes along the yarn path can be 

obtained as a file for further processing. As the absorbed electromagnetic power is 

proportional to the square of the electric field, a larger field magnitude results in a 

disproportionately stronger heating effect. To rapidly raise the yarn temperature while 

minimising heat dissipation to the surrounding environment, the maximum field strength is 

chosen as the primary performance indicator, with higher values indicating better heating 

performance. 

Coupling of Python scripts and Ansys HFSS is achieved using PyAEDT – the official 

Python interface by ANSYS. The operating system's file system manages the 

interconnections among different software tools. All results are always stored on disk for risk 

minimisation, reproducibility, and subsequent data analysis. 

The optimisation using the Genetic Algorithm first initialises with random individuals via 

the surface-contour method, which are then filtered with multi-thread acceleration to ensure 

suitable geometries. The simulation results are ranked by the maximum field strength along 

the yarn path within the resonator cavity. Selection strategies that rely solely on absolute 

values, however, may lead to excessive selection pressure and early convergence, 

potentially trapping the algorithm in a local maximum. Therefore, in this work, individuals are 

ranked by their relative performance, and the most suitable parents are chosen. Furthermore, 
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elite individuals are identified and permanently recorded until a better one is found, to ensure 

that the best-performing individuals are not abandoned. 

Once the parents have been identified, they are combined to generate children for the 

next generation. The design variables are the control point values for the surface-contour 

method, which is highly abstract. They lack geometric meaning, so arbitrary mixing of points 

will yield meaningless shapes. Therefore, a single-point crossover strategy is employed (see 

Figure 9). After crossover, each child has a probability of mutating with random noise 

applied to each control point, preserving the overall spatial structure of the geometry while 

still allowing the algorithm to explore new regions of the design space. 

 

Figure 9: An example of the effect of the single-point crossover strategy 

During the optimisation workflow, the population size is varied from 120 to 1000, with 

an initial control point value bound set between to [-100, 100]. The mutation rate is set to 

0.5, with a mutation range of 20. The top 30 individuals are selected as candidate parents 

for the next generation. Various symmetry options are chosen to reduce computational costs. 

  

+( / 2 = 

Parent 1 Parent 2 Child

)
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4. Results and Discussion 

The results of the iterative microwave resonator optimisation and the very first 

application of the temperature sensor are presented below. All simulations were conducted 

under the same modelling assumptions and simplifications introduced before. 

To investigate the effect of different ranking probability distributions, a linear and an 

exponential approach are applied under otherwise identical settings. No symmetry is 

applied; the excitation power is set to 60 W, and the population size is set to 220. The results 

are shown in Figure 10 below. 

  

Figure 10: Evolution of simulated electric field strength using linear and exponential ranking 

selection probability distributions with axisymmetric shape; The excitation power 

is set at 60 W 

It can be observed that both the maximum and the mean electric field strength increase 

rapidly during the early generations when using the exponential probability distribution 

strategy, but remain at relatively low, stable levels in later generations. This indicates 

stronger exploitation of the currently best-performing solutions, thereby accelerating 

convergence. However, this also implies that the algorithm is trapped in a local maximum. 

In contrast, the linear approach leads to slower improvement in the mean electric field 

strength, with consistently lower values until the very end, and a less stable evolution of the 

maximum value. It can be noticed that a markedly higher-performing individual emerges 

around the sixth generation (200000 V/m), which is considered to be enabled by the wider 

range of selection. This behaviour shows that the linear distribution explores the design 

space more effectively over a longer optimisation horizon, which is preferred in this work to 

achieve strong electric field peaks. Simulating the best resonator geometry from the above 

results with an increased excitation power of 100 W and the corresponding resonator length 

of 176.7 mm results in a max. field strength of 258084 V/m (Figure 11). 
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Figure 11: Electric field strength distribution at 100 W using an axisymmetric geometry with 

a resonator length of 176.7 mm, achieving 258084 V/m 

The density of control points directly determines the dimensionality of the design space, 

with higher density leading to a more detailed description of the resonator cavity on the one 

hand, but also to higher computational costs on the other. To investigate the effect of control 

point density, a 6x6 grid with a population size of 250 is compared with an 8x8 grid with a 

population size of 500. Both cases are simulated with 60 W of excitation power, no symmetry 

applied, and with the same linear ranking strategy and mutation settings (Figure 12). 

 

Figure 12: Evolution of the simulated electric field strength comparing a control points 

density of 6x6 (population size 250) to 8x8 (population size 500) with 60 W of 

excitation power 
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It can be observed that the mean electric field strength of the two cases is comparable, 

slowly rising in the beginning and plateauing towards the final generations. The max. field 

strength, however, is higher for the 6x6 case beginning with the 3rd generation. It is only in 

the very last generation that the 8x8 case nearly catches up with the simpler 6x6 case. In 

total, the 6x6 shows higher peak electric field strengths, up to 225000 V/m – the 8x8 

simulation stays at a lower max. Random initialisation values could explain the field strength 

values at the beginning and warrant further investigation. Nonetheless, higher resolution 

requires a larger population size and thus a longer optimisation time to achieve comparable 

results. Therefore, the best individual from the 6x6 grid trial run is simulated again with 

100 W and achieves 364341 V/m at a resonator length of 99.4 mm (Figure 13). 

 

Figure 13: Electric field strength distribution of a non-symmetric resonator geometry with a 

6x6 grid, a resonator length of 99.4 mm, 100 W excitation power and a max. field 

strength of 364341 V/m 

In addition to the parameter variations given above, symmetric geometries are 

investigated using representative examples to speed up the optimisation process. First, a 

4-fold symmetry is applied to the resonator geometry using a 4x4 control grid, a population 

size of 120 and an excitation power of 60 W (Figure 14). 
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Figure 14: Evolution of the simulated electric field strength for a 4-fold symmetric shape 

with a 4×4 control-point grid and a population size of 120 with an excitation 

power of 60 W 

The electric field strength steadily increases from one generation to the next, achieving 

a breakthrough at the 20th generation with a peak value of approx. 550000 V/m. This best 

individual is simulated again using 100 W, resulting in an increased max. electric field 

strength value of 711674 V/m. However, this value was achieved before full numerical 

convergence to save computational costs. Forcing full convergence still yields a peak value 

of 628513 V/m along the yarn path under 100 W excitation power at a resonator length of 

185.3 mm, as shown in Figure 15, alongside the corresponding 3D geometry with 4-fold 

symmetry. This implies that the higher value originally obtained was an overestimation due 

to incomplete convergence. The peak field strength values up to 0.96 MV/m in the figure 

occur at the boundary regions and interfaces of the geometry, so they do not affect heat 

transfer into the yarn. Nonetheless, this approach seems promising, with further tweaking in 

the future. 
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 Figure 15: Left: Electric field strength distribution of a 4-fold symmetric resonator 

geometry with a 4x4 grid, a resonator length of 185.3 mm, 100 W excitation 

power and a max. field strength of 628513 V/m. Right: 3D resonator geometry 

(4-fold symmetry) with waveguide and electric field distribution at 100 W. 

The evolutionary development of the resonator geometry applying 4-fold symmetry is 

shown in Figure 16. There, it is evident that different shapes are explored and evaluated, 

ultimately leading to the rounded double-diamond shape, which exhibits the highest electric 

field strength. 

 

Figure 16: Exemplary evolution of 4-fold symmetric resonator geometries 

Last but not least, a more complex, larger-scale attempt is undertaken, as a non-

symmetric geometry combined with denser control points may yield better results – at the 

cost of substantial computational resources and time. Firstly, this is due to the inevitable 

need to assess each candidate geometry using costly electromagnetic simulations. 

Secondly, the optimisation algorithm needs to explore an exponentially increasing number 

of possibilities when the design space expands. To do so, a non-symmetric 8x8 grid is used 

for a resonator simulation with a population size of 1000 at 100 W (Figure 17). 
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Figure 17: Evolution of the simulated electric field strength for a non-symmetric shape with 

an 8x8 control-point grid and a population size of 1000 with an excitation power 

of 100 W 

During the simulation, noticeable fluctuations can be observed in the max. electric field 

strength with an overall upward trend. In the 36th generation, a pronounced peak is observed, 

reaching an exceptionally high field strength of 0.9 MV/m. Numerical instabilities in the HFSS 

electromagnetic solver can explain this peak. By examining the visualised electric field 

distribution, one can see that it appears to be an implausible anomaly (Figure 18). 

 

Figure 18: Electric field strength distribution of a non-symmetric resonator geometry 

visualised in 3D with an 8x8 grid at 100 W excitation power and an implausible 

field distribution with a peak of 0.9 MV/m 
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Subsequent simulations with higher precision removed the implausible peak in the 36th 

generation, yielding a lower maximum solution of 415969 V/m electrical field strength along 

the yarn path while maintaining numerical stability. The corresponding resonator length was 

224.7 mm (Figure 19). 

 

Figure 19: Electric field strength distribution of a non-symmetric resonator geometry with 

an 8x8 grid, a resonator length of 224.7 mm, 100 W excitation power and a max. 

field strength of 415969 V/m 

Next, the best unconventional resonator geometry found in this work at 5.8 GHz is 

compared with a conventional cylindrical resonator at 2.45 GHz to demonstrate the 

potential of this optimisation process. The waveguide used in the 2.45 GHz case has 

dimensions of 54.61 mm × 109.22 mm, which is the standard size of WR430 [58]. Based on 

previous work in the field of analytical design of cylindrical microwave resonators, the 

resonator is set with a length of 310 mm and a radius of 46.834 mm. It is evident that under 

the constraints of the false-twist texturing scenario, combining the waveguide and the 

resonator in the manner proposed in this work does not yield satisfactory results when using 

a cylinder-shaped resonator. In contrast, unconventional shapes optimised by the algorithm 

demonstrate superior energy-concentration capabilities and achieve a more compact size. 

The comparison is visualised in Figure 20. 
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Figure 20: Simulation results of a standard cylindric resonator (left) at 2.45 GHz and the 

best unconventional geometry developed in this work at 5.8 GHz (right); 

Excitation power set at 100 W 

5. Conclusion and Outlook 

In this work, a novel approach to the optimisation of (unconventional) microwave 

resonator geometries for use as an innovative, energy-efficient heating method in false-twist 

texturing has been developed. The main focus was to identify geometries capable of 

generating high electric field strengths along the (theoretical) yarn path. To achieve this, a 

fully automated optimisation workflow was developed that combines geometric 

parameterisation, electromagnetic simulation, and an artificial intelligence-based 

optimisation algorithm. 

A parametrisation approach based on the surface-contour method, inspired by [53], was 

developed to describe complex resonator cross-sections using a limited number of control-

point parameters while retaining sufficient geometric flexibility. A genetic algorithm was 

selected to explore the high-dimensional and non-linear design space. Strategies including 

ranking-based selection, elite preservation, single-point crossover, and random-based 

mutation were combined to adapt the general genetic algorithm framework to the specific 

characteristics of the present optimisation problem. 

The optimisation results demonstrate that using the proposed workflow, the electric field 

concentration can be consistently improved. Under suitable parameter settings, the 

algorithm reliably discovers non-intuitive cavity geometries that exhibit significantly 

enhanced electric field maxima. Within the investigated design space and under the applied 

modelling assumptions, the best-performing geometry generated a maximum electric field 

strength of approximately 0.63 MV/m with an excitation power of 100 W. However, despite 

the observed improvements, the currently identified optimal geometry cannot yet be 

considered a final or sufficient solution for industrial applications. The achieved electric field 

strength is still considered insufficient to meet the heating requirements of approx. 1 MV/m 

for an industrial false-twist texturing process. It should be noted that this is only a very local, 

punctual fitness value. The yarn passes through several points of high field strength, and 

the generated heat will accumulate in the material. On the other hand, thermal losses to the 

surrounding air must be taken into account. The research hypothesis could not yet be fully 

validated, as the optimisation workflow has not yet identified an unconventional geometry 

that yields an electric field strength greater than 1 MV/m, which is sufficient to heat the PET 

yarn beyond 190 °C. 

Several directions for future research can be identified. First, the geometric diversity of 

the resonator could be further increased at the cost of greater computational resource 
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consumption by increasing the density of control points in the surface-contour representation 

and by adopting a slice-based parametrisation approach to introduce another degree of 

freedom along the axial direction of the cavity. 

Second, future work could extend the optimisation formulation beyond a single-objective 

criterion. In addition to maximising the peak electric field strength at a single point, additional 

performance metrics, such as heating uniformity or reflected power, could be incorporated 

into a multi-objective optimisation framework. These additional metrics would enable a more 

comprehensive assessment of resonator performance under practical constraints. Other 

optimisation algorithms, in addition to the genetic algorithm, may also be explored. 

Third, a multiphysics analysis and simulation approach that couples electromagnetic 

and thermodynamic effects should be explored. This approach would enable a deeper 

understanding of the temperature distribution within the yarn, minimising the sim-to-real gap 

for industrial applications. 

Last but not least, construction restrictions need to be taken into account. Processes 

like welding, screwing, drilling, milling or 3D printing can only achieve certain geometries, so 

the optimal solution the algorithm determines might not be feasible to manufacture when 

those constraints are disregarded. Once a resonator cavity has been manufactured, the 

simulation needs to be validated by determining the resonator's unloaded Q-factor and by 

applying the prototype in the false-twist texturing process. 
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