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Extending Transient Plane Source-Based Measurements for Accurate 
Determination of Thermal Properties  

Zijin Zeng 

Department of Chemistry and Chemical Engineering  
Chalmers University of Technology 

ABSTRACT 

The Transient Plane Source (TPS) method is a widely used technique for measuring the thermal 

properties of isotropic materials, including the thermal conductivity, the thermal diffusivity, and the 

specific heat capacity. To accommodate various sample geometries and samples with directional 

properties, several variants of the TPS method have been developed. 

One variant was designed to characterize micrometre-thick layers with a low thermal conductivity 

( < 2 W/(m ∙ K)), which involves sandwiching the layer between the TPS probe and backing substrates. 

By assuming one-dimensional (1D) heat flux across the layer after a certain period, its thermal 

conductivity can be estimated by incorporating Fourier’s law in the calculation. However, thermal 

contact resistance impedes heat conduction and leads to significant errors. This thesis shows that 

introducing a liquid interface material, e.g., deionized water, effectively reduces 𝑅௖ and enables arcuate 

thermal conductivity determination (errors < 4 %) from measurements of layers with different 

thicknesses.  

Once the layer has either a higher thermal conductivity ( > 2 W/(m ∙ K)) or a greater thickness ( >  

600 μm), the measured thermal conductivity tends to be significantly overestimated, as the heat flux 

across the layer can no longer be assumed to be 1D. To overcome this limitation, the Layer 2D model, 

which accounts for 2D heat flux within the layer, was proposed. This model extends the measurable 

range of thermal conductivity by an order of magnitude (up to 20 W/(m ∙ K)) and thickness by about 

three times (up to 2000 μm), while maintaining errors below 10 %. 

Another TPS variant was developed that allows to directly characterize the specific heat capacity. 

In this approach, the sample is placed in a holder that is attached to the TPS probe. Although the sample-

holder assembly is surrounded by thermal insulation, the influence of heat loss increases over time and 

eventually introduces substantial errors, particularly for low thermal conductivity samples. To address 

this issue, a novel data analysis method assisted by finite element simulations was proposed, which 

allows for precise estimation of heat loss and thus accurate determination of the heat capacity (error < 4 

%).   

Overall, this study offers critical insights that significantly extend the applicability of TPS 

measurements, thereby contributing to the advancement of thermal property characterization. 

Keywords: Transient Plane Source method, thermal conductivity, finite element simulation, 

specific heat capacity, data analysis, polymer. 
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1. Introduction  

 

1.1 Heat conduction 

 

1.1.1 Thermal properties and heat equations 

Heat transfer is the exchange of thermal energy driven by temperature gradients. It 

is a ubiquitous phenomenon throughout the universe spanning an extraordinary range of 

scales — from tiny atoms to enormous galaxies. Furthermore, heat transfer plays a vital 

role in various industries, including energy, electronics, aerospace, and manufacturing. 

A comprehensive understanding of heat transfer improves device performance and 

reduces energy consumption, paving the way for a more sustainable future. 

There are three mechanisms in heat transfer [1]: conduction, convection, and 

radiation. Heat conduction is the process by which thermal energy is transmitted through 

a material without any macroscopic movement of the substance itself. Conversely, 

convection refers to heat transfer through relative motion of portions of the heated body. 

Radiation is in turn the process by which heat is transferred directly between distant 

portions of the body by electromagnetic radiation. 

In heat conduction, there is a linear relationship between the temperature gradient 

(𝛻𝑇, in K/m) and the heat flux (𝑞, in W/mଶ). This relationship is called Fourier’s law 

and expressed as follows [1]: 

 𝑞 = −𝜆𝛻𝑇 (1.1) 

where the minus sign indicates the direction of heat flow from regions of high to 

regions of low temperatures, the constant of proportionality 𝜆 is thermal conductivity, a 

material property measured in W/(m ∙ K).  
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At the macroscopic scale, thermal conductivity can be expressed as the product of 

density (𝜌), specific heat capacity (𝐶௣) and thermal diffusivity (𝛼) [1]: 

 𝜆 = 𝛼𝜌𝐶௣ (1.2) 

where 𝛼 (in mmଶ/s) quantifies the rate at which temperature diffuses through a 

material. Considering energy conservation in an isotropic element, the following heat 

equation in a three-dimensional (3D) Cartesian coordinate system can be used to 

describe heat conduction [1]: 

 𝜌𝐶௣
డ்

డ௧
+ 𝛻𝑞 = 𝑄 (1.3) 

where 𝑇(𝑥, 𝑦, 𝑧, 𝑡) represents the temperature at a position (𝑥, 𝑦, 𝑧)  and time 𝑡, and 

𝑄 (in W/mଷ) is the power generated per unit volume.  

 

1.1.2 Heat conduction in polymers 

In solids, heat conduction is generally considered to arise from lattice vibrations and 

electron migration at the microscopic scale. Therefore, the thermal conductivity is 

normally expressed as the sum of the contributions from phonons (𝜆௣௛) and electrons 

(𝜆௘) [2]: 

 𝜆 = 𝜆௣௛ + 𝜆௘ (1.4) 

Based on the kinetic theory of gases and its extension, 𝜆௣௛ can be further expressed 

as [3, 4]: 

 𝜆௣௛ =
ଵ

ଷ
 𝜌𝐶௣𝑣𝑙 (1.5) 

where 𝑣 denotes the average phonon velocity, and 𝑙 is the phonon mean free path. 

In metals and highly doped semiconductors, 𝜆௘ is considered to be proportional to 

the electrical conductivity (𝜎) based on the prediction of the Wiedemann–Franz law [5]: 

 𝜆௘ = 𝐿̇𝜎𝑇 (1.6) 

where 𝐿̇ is the Lorenz number, and 𝑇 is the absolute temperature. 
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In insulating polymers, heat transport is dominated by 𝜆௣௛ . However, 𝜆௣௛  of 

polymers is generally isotropic and small, typically 0.1 - 0.5 W/(m ∙ K) , due to 

structural disorder and weak inter-chain coupling [6-8]. In highly doped conjugated 

polymers with high conductivity, the contribution of 𝜆௘  becomes significant and can be 

described by Eq 1.6 [5]. On the other hand, when an oriented structure is introduced, for 

example through mechanical processing [9-11] or advanced deposition techniques [12, 

13], the thermal conductivity of polymers can become anisotropic and significantly 

higher. 

 

1.2 Techniques for measuring thermal properties 

Accurate determination of thermal properties is essential for both scientific research 

and engineering. For instance, reliable information about the thermal conductivity 

enables accurate correlation between material microstructure and its performance, 

thereby advancing the development in material design [11, 14, 15]. In engineering, 

accurate thermal conductivity values are a prerequisite for reliable thermal simulations 

[16-18]. Even minor inaccuracies in thermal conductivity can lead to significant errors 

in temperature predictions [17], potentially resulting in design failures and substantial 

economic losses. 

 

1.2.1 Measuring thermal conductivity and/or thermal diffusivity 

Numerous well-established techniques are available to measure the thermal 

conductivity, thermal diffusivity, or both, in bulk materials and thin layers [19, 20]. 

Based on the time dependence of the thermal response to be measured, these techniques 

can be broadly classified as steady-state or transient methods. 

Steady-state methods measure a time independent temperature response. The 

Guarded Hot Plate (GHP) [21] and Heat Flow Meter (HFM) [22] are two 

commercialized and widely used examples. These two methods measure the heat flux 

across a thick slab sample and the resulting time difference. Subsequently, the thermal 

conductivity can be calculated directly using Fourier’s law. Steady-state methods are 

straightforward but have two main limitations: (1) they require long measurement times 
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to achieve a time-independent state, and (2) they cannot be used to measure thermal 

diffusivity or heat capacity. 

Transient methods offer faster measurements but involve greater complexity. These 

methods can be further categorized into two types: contact and contactless methods, 

depending on whether the sensing element is in physical contact with the specimen. 

Transient contactless methods, primarily based on optical techniques, include time-

domain thermoreflectance (TDTR) [23, 24], frequency-domain thermoreflectance 

(FDTR) [25, 26] and laser flash analysis (LFA) [27]. A major advantage of these 

methods, especially thermoreflectance, is the disregard of thermal contact resistance (𝑅௖ ⁠) 

between the specimen and the sensing element, enabling the characterization of 

nanometer- to micrometer-thick films. However, these methods often require depositing 

a transducer layer (e.g., gold [28, 29], aluminum [15, 30], graphite [31]) on the sample 

surface. The transducer facilitates the conversion between optical and thermal energy, 

which however tends to increase both the time and complexity of the measurement 

process. 

Transient contact methods comprise the 3w method [32], the temperature wave 

analysis (TWA) method [33], and the transient plane source (TPS) method [34]. The 3w 

method is a frequency-dependent method employing a metal sensor deposited on the 

sample surface. This method allows for the measurement of the thermal conductivity of 

submicrometer-thick films, which are thin compared to other contact methods [35]. 

TWA, another frequency-dependent method, is utilized to measure cross-plane thermal 

diffusivity of micrometer-thick films. The determination of thermal conductivity is 

achieved by multiplying the measured thermal diffusivity by a given volumetric heat 

capacity [36]. The TPS method in turn is a time-dependent technique offering versatile 

and nondestructive testing. For isotropic bulk samples, the TPS method can 

simultaneously determine thermal conductivity and diffusivity, which can be used to 

determine volumetric heat capacity. For uniaxial anisotropic bulk samples (𝜆୶ = 𝜆୷ ≠

𝜆୸ ), the TPS method can determine 𝜆୶  and 𝜆୸  provided volumetric heat capacity is 

known [34]. 
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1.2.2 Measuring heat capacity  

There are several methods available for measuring heat capacity, including drop 

calorimetry [37, 38], Differential Scanning Calorimetry (DSC) [37], TPS-based 

methods [34, 39], TDTR [24, 40, 41] and FDTR [40, 42]. Drop calorimetry determines 

the heat capacity by dropping a heated specimen of known temperature into a coolant 

and measuring the resulting temperature change. This is a rapid and straightforward 

technique yet requires careful management of heat loss. DSC obtains heat capacity and 

other thermal properties by measuring the heat flow associated with the average 

temperature change of a sample. It requires a small sample volume, typically 40 – 100 

μl [43], so that a uniform temperature within the sample can be easily achieved [44, 45]. 

Through slight modifications, TDTR [24, 40, 41] and FDTR [40, 42] as optical methods 

can also be utilized to measure heat capacity of bulk and thin films. 

In contrast to DSC, the TPS method requires relatively large samples. From a single 

measurement, the thermal conductivity and thermal diffusivity can be determined 

simultaneously, thereby enabling the indirect estimation of volumetric heat capacity 

using Eq. 1.2. However, this method is limited to isotropic and homogenous samples. 

To enable the measurement of anisotropic and/or inhomogeneous samples, the TPS 

method has been extended to the Transient Plane Source Scanning (TPSS) method [39], 

which is explained in detail in Section 1.3.4 of this thesis.   

 

1.3 The TPS methods and its variants 

 

1.3.1 Measurement setup and theory 

In TPS measurements, a probe consisting of a metal foil covered by insulation sheets 

is utilized (Fig. 1.1 a). The metal foil serves as the sensing element, typically made of a 

pure nickel spiral, although alternatives include spirals made of molybdenum [46], a 

nickel–polymer composite [47] for printable sensors, and platinum for low-temperature 

measurements [48]. The insulation sheets, most commonly polyimide (Kapton), provide 

both electrical insulation and mechanical support for the spiral. 
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Figure 1.1. (a) Profile of a TPS sensor encapsulated in insulation layers of polyimide, with 

the sensing (upper) part featuring a spiral. (b) Schematic of a standard TPS measurement of 

bulk samples. 

 

For the measurement of bulk materials, the TPS probe is sandwiched between two 

samples with identical properties (Fig. 1.1 b). A mounting force is applied to enhance 

the physical contact within the sample–probe assembly. During a measurement, the 

metal spiral performs two functions simultaneously: (1) it heats up the surrounding 

material with a constant power, and (2) it functions as a thermometer, detecting the 

resulting temperature response (Δ𝑇(𝑡), Fig. 1.2 a) through the resistance of the sensor 

(𝑅(𝑡)). Assuming a small temperature perturbation, a linear approximation can be 

applied to relate Δ𝑇(𝑡) and 𝑅(𝑡) [34]: 

 𝑅(𝑡) = 𝑅଴[1 + 𝑎 ⋅ 𝛥𝑇(𝑡)] (1.7) 

where 𝑅଴ is the initial resistance of the nickel spiral and 𝑎 represents the temperature 

coefficient of resistance of the spiral. 

In general, the temperature response can be regarded as consisting of two 

components [34]:  

 𝛥𝑇(𝑡) = 𝛥𝑇௦(𝑡) + 𝛥𝑇௔(𝑡) (1.8) 

where 𝛥𝑇௦(𝑡) denotes the temperature increase of the sample surface in immediate 

contact with the probe, and 𝛥𝑇௔(𝑡)  represents an additional temperature difference 
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caused by the thermal resistance between the sample and the probe. In case of bulk 

measurements, 𝛥𝑇௔(𝑡) typically reaches a constant value shortly after the measurement 

begins. 

By assuming (1) that the spiral can be approximated as a series of concentric, equally 

spaced circular line sources, and (2) that the heat wave generated by the probe does not 

reach the sample boundary so that the sample can be assumed as “semi-infinite”, the 

thermal properties can be related to the temperature response at the sample surface [34]: 

 𝛥𝑇௦(𝜏) = 𝑃(𝜋ଷ/ଶ𝑟𝜆)ିଵ𝐷(𝜏)   𝑎𝑛𝑑   𝜏 = ቀ
௧ି௧೎

ఏ
ቁ

ଵ/ଶ

,   𝜃 =
௥మ

ఈ
 (1.9) 

where 𝑃 is the heating power supplied by the sensor, 𝑟 is the radius of the sensor, 𝑡௖ 

denotes the time correction factor compensating for hardware and software delays, and 

𝐷(𝜏) is a dimensionless time function. For isotropic bulk samples, the general form of 

𝐷(𝜏) can be expressed as [34]: 

 𝐷(𝜏) =  [𝑚(𝑚 + 1)]ିଶ ∫ 𝜎ିଶఛ

଴
ቂ∑ 𝑛௠

௡ୀଵ ∑ 𝑘 exp ቀ
ି൫௡మା௞మ൯

ସ௠మఙమ ቁ 𝐼଴ ቀ
௡௞

ଶ௠మఙమቁ௠
௞ୀଵ ቃ d𝜎 (1.10) 

where m denotes the number of concentric ring sources, 𝜎 is an integration variable 

related to dimensionless time, and 𝐼଴ is the first kind modified Bessel function of the 

zeroth order. 

To determine the thermal properties, a least-squares iterative process is employed to 

fit the measured 𝛥𝑇(𝑡)  with respect to 𝛼  and 𝑡௖ . The optimal results of 𝛼  and 𝑡௖  are 

those that produce a linear relationship between 𝐷(𝜏) and Δ𝑇(𝑡), as illustrated in Fig. 

1.2 b. Subsequently, the thermal conductivity can be calculated from the slope of this 

line according to Eq. 1.9. Optionally, the volumetric heat capacity can be calculated 

from the ratio between thermal conductivity to thermal diffusivity.  
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Figure 1.2. A typical temperature increase of the sensor versus (a) time and (b) 

dimensionless time during a TPS measurement. The data between two green dashed lines are 

used in the iterative process to determine the thermal properties. 

 

Over the past two decades, the TPS method has evolved into several variants to 

accommodate diverse measurement requirements and different sample geometries. For 

example, its algorithm has been modified to allow the characterization of samples with 

various shapes, including rods [49], slabs [50, 51], and thin layers [52, 53]. In addition, 

the probe design and measurement procedure has been upgraded to enable direct 

measurements of the specific heat capacity, namely the Transient Plane Source Canning 

(TPSS) method [39]. This thesis focuses on TPS measurements on thin layers and TPSS 

measurements, two widely adopted methods with significant potential for further 

improvement. The principles and limitations of these methods are presented in Section 

1.3.3 and Section 1.3.4, with corresponding solutions discussed in Sections 3 and 4, 

respectively. 

 

1.3.2 Key concepts 

Before delving into the detailed measurement procedures and theory, several key 

concepts are explained and defined in this subsection. 

 

Probing depth 

The probing depth represents the distance of a heat wave has travelled within the 

sample, which can be given by [34]: 
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 ∆𝑝(𝑡) = 𝑘 √𝛼𝑡 (1.11) 

where 𝑘 is a constant dependent on the sensitivity of the temperature recordings. A 

typical value of 𝑘 in the TPS measurement is 𝑘 = 2 [54].  

To ensure the validity of the semi-infinite assumption and the applicability of Eq. 1.9, 

∆𝑝(𝑡୫ୟ୶) must be smaller than the shortest distance between the probe and any sample 

boundary, i.e., the available probing depth (∆𝑝ୟ୴ୟ୧୪). Here, 𝑡୫ୟ୶ denotes the final time 

point of the recorded data used in the fitting process. 

 

Thermal contact resistance 

Thermal contact resistance (𝑅௖) is caused by imperfect contact between different 

components [55, 56]. The presence of 𝑅௖ can significantly impede the conduction of 

heat during thermal conductivity measurements and might lead to inaccurate results. In 

case of measurements of bulk samples, 𝑅௖ leads to a positive constant offset of Δ𝑇(𝑡) 

compared to the ideal case without thermal contact resistance. In such cases, the 

influence of 𝑅ୡ can be mitigated by excluding the initial data points from the fitting 

process. In case of measurements of thin layers, however, the influence of 𝑅௖  is 

intertwined with the thermal properties of sample. This complication and a simple 

resolution will be discussed in Section 1.3.3 and Section 3, respectively. 

 

Sensitivity 

Sensitivity refers to the ratio between the change of the output with regard to the 

corresponding change in an input parameter [57, 58]. In TPS measurements, the 

sensitivity of Δ𝑇(𝑡) to a parameter 𝑥 can be defined as [59, 60]: 

 𝑆௫(𝑡) =
డ ୪୬൫୼்(௧)൯

డ ୪୬(௫)
≈

௫ ఋ൫୼்(௧)൯

୼்(௧) ఋ(௫)
 (1.12) 

where 𝛿 presents a small perturbation. 

Sensitivity analysis can be used to evaluate whether a parameter can be reliably 

extracted from a measurement. Comparing the sensitivities with regard to different 

parameters further reveals potential mutual correlation. When multiple parameters, e.g., 

𝜆 and 𝛼 in bulk measurements, exhibit sufficiently high sensitivities and low correlation, 

they can be determined accurately and simultaneously. 
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Time window 

The time window is defined as the data segment [𝑡୫୧୬, 𝑡୫ୟ୶] utilized in the fitting 

process. In a measurement of bulk samples, there are specific criteria for 𝑡୫୧୬ and  𝑡୫ୟ୶ 

respectively:  

(1)  𝑡୫୧୬ should be sufficiently large, typically on the order of 10 – 100 ms [34, 54], 

to mitigate the influence of thermal contact resistance at the beginning of the 

measurement;  

(2)  𝑡୫ୟ୶  should satisfy the dimensionless criterion 0.3 <  𝑡୫ୟ୶ 𝛼/𝑟 ଶ <  1.0  to 

ensure a reliable simultaneous determination of 𝜆 and 𝛼 [34]. This condition can also be 

expressed in terms of probing depth as 1.1 𝑟 < ∆𝑝(𝑡୫ୟ୶) <  2.0 𝑟. Considering that 

∆𝑝(𝑡୫ୟ୶) must also be smaller than ∆𝑝ୟ୴ୟ୧୪, the condition is further refined to 1.1 𝑟 <

∆𝑝(𝑡୫ୟ୶) <  min{2.0 𝑟, ∆𝑝ୟ୴ୟ୧୪}. 

Below is an example illustrating the fitting results against the selection of the time 

window (Fig. 1.3). In this case, the sample is an isotropic polymer with a ∆𝑝ୟ୴ୟ୧୪ of 4 

mm, and the probe utilized has a radius of 3.2 mm (see details in Paper V). Within the 

data range satisfying 1.1 𝑟 < ∆𝑝(𝑡୫ୟ୶) <  ∆𝑝ୟ୴ୟ୧୪ , the fitting results show good 

variance of 1.6 %, even though different measurement parameters were employed. 

These results show that the selection of time window plays a vital role for the fitting 

process and should be carefully considered. 
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Fig. 1.3 Thermal conductivity obtained for different measurement parameters and time 

windows. Unpublished data in Paper V. 

 

1.3.3 TPS measurements on thin layers 

 

This type of TPS measurement requires a sample layer to be positioned between the 

probe and a bulk material of relatively high thermal conductivity (Fig. 1.4 b). A 

specialized probe with a wide nickel spiral (Fig. 1.4 a) is utilized to approximate an ideal 

circular heat source. Under these conditions, the dimensionless time function 𝐷(𝜏) 

reduces to [58, 61]: 

 𝐷୭ (𝜏) =  ∫ d𝜎𝜎ିଶ ∫ 𝑣
ଵ

଴
d𝑣 ∫ 𝑢

ଵ

଴
d𝑢 · exp ቀ−

௨మା௩మ

ସఙమ ቁ 𝐼଴ ቀ
௨௩

ଶఙమቁ
ఛ

଴
 (1.13) 

where variable 𝑣 and 𝑢 represent normalized radial coordinates. 
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Fig. 1.4 (a) Profile of a specially designed TPS sensor used for characterization of thin layers. 

(b) Schematic of a TPS measurement for sample layers. 

 

For a layer with a low thermal conductivity (𝜆௟) and a small thickness (𝐿) compared 

to the sensor radius, one-dimensional heat flow between the probe and the bulk material 

is assumed. Under this assumption, the total thermal resistance between them can be 

estimated using the following equation [34]: 

 𝑅௧௢௧ =
ଶగ௥మ୼்ೌ

௉
 (1.14) 

In this case, the total thermal resistance consists of the sum of the thermal resistance 

caused by the layer (𝑅௟ = 𝐿/𝜆௟) and thermal contact resistance: 

 𝑅௧௢௧,௟ = 𝑅௟ + 𝑅௖,௣ି௟ + 𝑅௞+𝑅௖,௟ି௕ (1.15) 

where 𝑅௞ is the thermal resistance caused by the Kapton insulation sheet, 𝑅௖,௣ି௟ is 

the thermal contact resistance between the probe and the layer, and 𝑅௖,௟ି௕ represents the 

thermal contact resistance between the layer and the backing bulk material.  

In a measurement without a layer between the probe and the bulk materials (similar 

to Fig. 1.1 b), the following expression can be written in a similar way: 

 𝑅௧௢௧,௕ = 𝑅௞  + 𝑅௖,௣ି௕ (1.16) 

By comparing 𝑅௧௢௧,௟  and 𝑅௧௢௧,௕ , it is possible to estimate the apparent thermal 

conductivity of the sample layer (𝜆௟,௔), which includes the influence of thermal contact 

resistance: 

 𝑅௧௢௧,௟ −  𝑅௧௢௧,௕ ≈ 𝐿/𝜆௟,௔ (1.17) 
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Owing to thermal contact resistance, the currently used implementation of the TPS 

method cannot directly determine the intrinsic thermal conductivity of layers. The 

measured apparent thermal conductivity is typically much lower than the intrinsic 

thermal conductivity [62, 63]. Moreover, to satisfy the one-dimensional heat-flux 

assumption, sample layers must have a thermal conductivity below 2 WmିଵKିଵ and 

thickness below 600 μm [49].  

There are several studies on the improvement of TPS measurements with respect to 

these limitations. Ahadi et al. [64] mitigated the influence of thermal contact resistance 

by comparing measurements of layers with varying thickness, which allows for 

estimation of the intrinsic thermal conductivity. This approach, known as the slope 

method, has been reported to achieve an accuracy of approximately 7–15 % [63-65].  

The method implicitly assumes that thermal contact resistance remains constant across 

measurements on layers of different thicknesses, but this assumption is not explicitly 

justified and could lead to significant errors. Zhang et al. [62] systematically studied the 

influence of non-1D heat flux through FEM simulations and provided an empirical 

function for results calibration. This approach is applicable only in limited cases and 

does not comprehensively address non-one-dimensional heat-flux effects. 

 

1.3.4 Transient Plane Source Scanning (TPSS) measurements 

The TPSS method is an adaptation of the standard TPS technique, employing the 

same type of probe but mounted on a specially designed sample holder (Fig. 1.5 a). This 

modification allows for the direct determination of the specific heat capacity, which can 

subsequently be used to calculate the anisotropic thermal conductivity. 
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Fig. 1.5 (a) A probe attached to a sample holder for a TPSS measurement. (b) Image of a 

sample heat capacity measurement setup (left), with a cross-sectional diagram showing the 

internal structure (right). Figure reproduced with permission from Paper II; Copyright 2024 

(CC-BY), Elsevier.    

 

There are two steps involved in the TPSS methods. The first step, known as the 

holder measurement, requires a temperature record with an empty sample holder 

embedded in pieces of an insulation material. This step provides information about the 

heat capacity of the holder and the heat loss during the measurement. Here, heat loss 

refers to the thermal energy transferred into the surrounding insulation material rather 

than into the sample. Once an internal non-varying temperature gradient (Ref. [39] and 

Paper II, section 2.2) is established in the sample holder, typically after 10 s [49], 𝛥𝑇௛(𝑡) 

recorded by the probe can be considered representative of the entire holder. Accordingly, 

the holder measurement can be described by the following conservation equation [39]: 

 𝑃௛ = [(𝑚𝐶௣)௛ + 𝑓௛(𝑡)]
ௗ

ௗ௧
൫𝛥𝑇௛(𝑡)൯ (1.18) 

where 𝑃௛ is the power supplied by the probe in the holder measurement, 𝑚 the is 

mass, (𝑚𝐶௣)௛  denotes the heat capacity of the sample holder. Given good thermal 

insulation, it is assumed that a heat loss function, denoted as 𝑓(𝑡) [39], can be utilized 

to describe the heat loss by 𝑄(𝑡) =
ௗ

ௗ௧
൫Δ𝑇(𝑡)൯𝑓(𝑡). Here, 𝑓௛(𝑡) represents the heat loss 

function that describes the holder measurement. 

The second step, referred to as the sample measurement (Fig. 1.5 b), involves a 

temperature recording with a sample inside the sample holder. Similarly, the sample-
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holder assembly requires a certain period of time to establish an internal non-varying 

temperature gradient (Ref. [39] and Paper II, section 2.2), after which 𝛥𝑇௛(𝑡) recorded 

by the probe can be regarded representative of the entire assembly. Consequently, the 

sample measurement can be described by the following equation [39]: 

 𝑃௦ = [(𝑚𝐶௣)௛ + (𝑚𝐶௣)௦ + 𝑓௦(𝑡)]
ௗ

ௗ௧
൫𝛥𝑇௦(𝑡)൯ (1.19) 

where 𝑃௦  is the power provided from the probe during the sample measurement, 

(𝑚𝐶௣)௦ represents the heat capacity of sample, and 𝑓௦(𝑡) is the heat loss function in the 

sample measurement.  

The period of time for internal non-varying temperature gradient of holder-sample 

assembly can be approximated by 2 · 𝐿ଶ/𝛼 , where 𝐿  is sample thickness and 𝛼 

represents thermal diffusivity of sample [49]. In practice, data from the fixed time 

window [2 · 𝐿ଶ/𝛼, 4 · 𝐿ଶ/𝛼] are typically utilized for calculating 𝐶௣ of sample (Paper II, 

section 2.2). If 𝛥𝑇௦(𝑡) and 𝛥𝑇௛(𝑡) are linear and closely aligned in this time window, 

𝑓௛(𝑡) can be used to approximate 𝑓௦(𝑡). Consequently, the following equation can be 

used to calculate the heat capacity of a sample [39]: 

 
௉ೞ

ఋೞ
−

௉೓

ఋ೓
= ൫𝑚𝐶௣൯

௦
 (1.20) 

where 𝑃 is the average heating power from the probe and 𝛿 is the average rate of 

temperature increase, defined as 
ௗ

ௗ௧
𝛥𝑇(𝑡). 

The TPSS technique is generally applicable to centimeter-scale samples whose 

thermal conductivity is above approximately 1 W/(m ∙ K) [49]. For materials with a 

lower conductivity, the influence of heat loss becomes significant and leads to 

underestimation of heat capacity. Consequently, the TPSS method cannot reliably 

characterize a broad range of industrial materials, such as polymers, wood and textiles. 

Berge et al. [66] conducted a systematic investigation of TPSS measurements of high-

thermal-conductivity materials and proposed a setup to mitigate heat loss. However, the 

application of TPSS to low thermal conductivity materials remains unexplored. 
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1.4 Numerical simulation of TPS measurements 

Numerical simulation can be used to obtain approximate solutions to governing 

equations when analytical solutions are unavailable or impractical due to complex 

geometries, boundary conditions, or material properties [60, 67]. Mesh-based numerical 

methods are among the most robust and practical approaches [68-70]. A key step of 

mesh-based numerical methods is discretizing the computational domain into a mesh, 

thereby approximating differential operators with algebraic equations that can be solved 

iteratively. 

Based on the discretization framework, methods are commonly classified into the 

finite difference method (FDM) [68], finite volume method (FVM) [69], and finite 

element method (FEM) [70]. The FDM discretizes the computational domain into a 

structured grid and directly approximates derivatives using finite differences, while the 

FVM divides the domain into control volumes and enforces local conservation laws by 

integrating the governing equations over each volume. FEM in turn discretizes the 

computational domain into small elements and uses shape functions to approximate the 

solution. Mesh-based numerical methods have been widely applied to various 

engineering problems, including the design of thermoelectric generators [71, 72], the 

analysis of polymer flow during injection molding [73] or extrusion [74], and the 

detailed study of TPS measurements [59, 60, 62, 75-80]. 

FEM and FVM are commonly used in TPS studies to offer insights of measurement 

design and accuracy. Mihiretie et al. [75] developed an accurate FEM model to 

investigate the current density and temperature distribution of a probe, gaining more 

understanding of TPS measurements. Zhang and Tao et al. applied FVM to study the 

influence of the probe geometry [62, 78] and radiation [76, 77] in TPS measurements. 

Emanuel et al. [79, 80] utilized the FEM method to generate reference TPS data for 

verification of analytical models. Zheng et al. [59, 60] performed a detailed sensitivity 

analysis through comprehensive FEM-based numerical calculations, providing 

thorough information for selecting time windows as part of the fitting process. 
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2. Aims of this thesis 

 

This thesis aims to enhance the scope of TPS-based measurements by broadening 

their applicability and improving their accuracy, thereby contributing to the fields of 

thermal characterization and material development. With focus on the limitations of the 

current implementation of the technique, the following scientific and engineering 

questions are considered and addressed: 

For TPS measurements of layers: 

Can the intrinsic thermal conductivity of thin layers be determined with high 

accuracy? (Section 3) 

How does thermal contact resistance affect the results of layer measurements, and 

can its influence be mitigated? (Section 3.2) 

How does the non-1D heat flux across the sample layer impact the measurement 

results, and can such effects be incorporated into the theoretical framework? (Section 

3.3) 

For TPSS measurements: 

Can the specific heat capacity of low-thermal-conductivity samples be accurately 

determined? (Section 4) 

How does the heat loss influence the measurement results, and are there data-

analysis methods available to compensate for it? (Section 4.2) 
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19 
 

 

 

 

 

3. Extended TPS measurement for layer characterization 

 

In this chapter, I discuss how the TPS method can be employed to determine the 

intrinsic thermal conductivity of films or thin layers. The effect of thermal contact 

resistance on the measurements is first systematically examined, and an effective 

mitigation strategy is introduced (Section 3.1). (Section 3.1). Furthermore, I propose a 

new mathematical model accounting for the non-1D heat flux across the layer, which 

considerably expands the scope of the TPS method (Section 3.2). 

 

3.1 Deconvolution of thermal contact resistance 

 

3.1.1 The influence of thermal contact resistance 

I have fabricated two types of polymer layers using high-density polyethylene 

(HDPE) and polypropylene (PP), respectively. These polymers are widely used with 

well-known thermal (Table 3.1) and mechanical properties, making them suitable for 

evaluating the TPS measurement. Specifically, HDPE and PP were hot-pressed into a 

circular layer with a diameter of 30 mm and thicknesses ranging from approximately 30 

to 400 μm. More properties regarding the hot-pressed polymers are available in Paper I. 
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Table 3.1 Polymer properties. The error corresponds to the measurement uncertainty.  

a. Measured by the TPS measurements of bulk samples. b. Determined from the mass and 

volume of the samples. c. Obtained by DSC measurements. 

Material 𝜆 (W/(m ∙ K)) 𝜌 (kg/𝑚ଷ) 𝐶௣ (J/(kg ∙ K)) 

HDPE 0.465 ± 0.023a 950 ± 29b 1923 ± 38c 

PP 0.269 ± 0.013a 900 ± 27b 1613 ± 32c 

 

I conducted two rounds of measurements on the same set of samples. In the first 

round, thermal conductivity of layers was determined strictly according to the TPS 

procedure described in Section 1.3.3. Different levels of mounting force were applied to 

the measurement assembly to investigate their influence on the results. The second 

round was conducted in a similar manner, but with thermal interface materials applied 

between the probe, sample layers, and backing bulk material to enhance thermal contact. 

The backing material used in this study was stainless steel with a thermal conductivity 

of 13.5 W/(m ∙ K). The thermal interface materials include deionized water and silicone 

oil, enabling non-destructive measurement of micrometre-thick polymer layers. 

In the first round of measurements, virtually all determined thermal conductivities 

are significantly lower than their respective reference values—0.465 W/(m ∙ K)  for 

HDPE and 0.269 W/(m ∙ K) for PP (Table 3.1). I attribute these lower values to the 

presence of thermal contact resistance, which impedes heat conduction and increases 

the total thermal resistance between the layer and the backing bulk material. Thicker 

layers display higher values of determined thermal conductivity. I associate this with 

their larger intrinsic thermal resistance, which makes the influence of thermal contact 

resistance less significant. 

Furthermore, I observed that a higher mounting force resulted in higher values of 

determined thermal conductivity, particularly in the case of HDPE. This increase likely 

resulted from reduced thermal contact resistance under a higher mounting force. Notably, 

thin HDPE layers (< 50 μm) exhibit anomalously higher values of thermal conductivity 

under high mounting force of 300 N, likely owing to their softer nature, which results in 

better contact with the sensor and the backing bulk material. I expect the relatively larger 
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thermal conductivity observed in PP layers thinner than 80 μm to arise from the same 

reason. 

 
Fig. 3.1 Comparison of determined thermal conductivity values as a function of layer 

thickness: (a) without a TIM; (b) with deionized water as the TIM. Mounting forces applied 

by the pressure stand: ● 0 N, ■ 50 N, ◆ 300 N, ▲ 550 N. Figures reproduced with 

permission from Paper I; Copyright 2025, American Society of Mechanical Engineers. 
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In a second round of measurements, ionized water was introduced as a TIM. The 

determined thermal conductivity values exhibited significantly reduced dependence on 

the mounting force. Moreover, these values are higher than the previous cases without 

any TIM, which can be attributed to reduced thermal contact resistance. Despite this 

increase, the determined values of thermal conductivity are still noticeably lower than 

the reference values, with a difference of up to approximately 25 % in cases of both 

HDPE and PP. This implies that the introduction of a TIM did not completely eliminate 

thermal contact resistance. 

 

3.1.2 The slope method 

When assuming that the thermal contact resistance remains identical across different 

layer thicknesses, the measured 𝑅௧௢௧,௟ −  𝑅௧௢௧,௕ can be written as a linear function of 

layer thickness 𝐿: 

 𝑅௧௢௧,௟ −  𝑅௧௢௧,௕ = 𝐿/𝜆௟ + 𝐶 (3.1) 

where 𝐶 denotes the additional thermal contact resistance introduced by a sample 

layer.  

Based on this equation, a linear fit can be applied to the measurement data, whose 

slope corresponds to the reciprocal of the intrinsic thermal conductivity (1/𝜆௟). This 

approach is therefore referred to as the slope method.  

To extract the intrinsic thermal conductivity, the experiment results in Fig.3.1 a,b 

are expressed in the form  𝑅௧௢௧,௟ −  𝑅௧௢௧,௕ and linear fits are applied to these data (Fig. 

3.2). Data points from layers thinner than 80 μm are excluded from the fitting owing to 

large fluctuations.  

In case of measurements without a TIM, the slope decreases with increasing 

mounting force (Fig. 3.2 a), which corresponds to a higher thermal conductivity (see 

Table 2 in Paper I). Specifically, the extracted thermal conductivity of HDPE increases 

from 0.343 to 0.411 W/(m ∙ K), while that of PP increases from 0.209 to 0.230 W/(m ∙

K) . However, these values remain lower compared to the reference values, with a 

difference of up to 26 % in case of HDPE and 22 % in case of PP. 
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Fig. 3.2 (a) 𝑅௧௢௧,௟ −  𝑅௧௢௧,௕ as a function of layer thickness, along with linear fits: (a) without 

a TIM; (b) with deionized water as the TIM. Data points from the specimens thinner than 80 

μm (open symbols) were excluded from the fitting. Mounting forces applied by the pressure 

stand: ● 0 N, ■ 50 N, ◆ 300 N, ▲ 550 N. Figures reproduced with permission from Paper I; 

Copyright 2025, American Society of Mechanical Engineers. 

 

With the introduction of ionized water, the fitted lines corresponding to different 

mounting forces nearly overlap (Fig. 3.2 b). The extracted values of thermal 
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conductivity are more consistent across different mounting forces, with a variation of 

approximately 1 %, indicating a negligible dependence on mounting force. Finally, the 

average value of extracted thermal conductivity across different mounting forces is 

(0.450 ± 0.003) W/(m ∙ K) for HDPE and (0.277 ± 0.004) W/(m ∙ K) for PP. These 

values agree with the reference values obtained from the TPS measurements on bulk 

materials, differing by approximately 4 %. 

 

3.1.3 The influence of sample number 

In the previous section, the slope method was applied to data from numerous 

samples of varying thicknesses. This section, in turn, discusses the minimum number of 

samples required by the slope method to achieve precise results with low uncertainty. 

Using fewer samples can reduce the time and effort required for each measurement, but 

the influence of measurement uncertainty may be more significant.  

I first applied the slope method to data from only two pairs of samples (2×2), 

extracted from Fig. 3.2 b. The extracted thermal conductivity is denoted as 𝜆௟,ଶ  and 

plotted against the thickness difference between the two samples pairs (Fig. 3.3 a). In 

general, the values of 𝜆௟,ଶ show greater scatter when the thickness difference is small, 

but become more consistent as the thickness difference increases. Overall, the average 

values of 𝜆௟,ଶ is 0.448 W/(m ∙ K) with a standard deviation of 0.022 W/(m ∙ K) (5 %) 

for HDPE, and 0.289 W/(m ∙ K) with a standard deviation of 0.065 W/(m ∙ K) (22 %) 

for PP (Table 3.2). When only considering the sample pairs with a thickness difference 

larger than 200 μm, the average values of 𝜆௟,ଶ are (0.451 ± 0.006) W/(m ∙ K) (1 %) for 

HDPE and (0.277 ± 0.013) W/(m ∙ K)  (5%) for PP, with markedly smaller uncertainties. 

Similarly, the slope method was applied to the data from three pairs of samples (3×2) 

to obtain the intrinsic thermal conductivity (𝜆௟,ଷ). The values of 𝜆௟,ଷ, plotted against the 

largest thickness difference between the samples, are less scattered compared to the case 

of 𝜆௟,ଶ, especially when the thickness difference is small. Overall, the standard deviation 

is 0.012 W/(m ∙ K) (7 %) for HDPE and 0.019 W/(m ∙ K) (5 %) for PP. 

Lastly, the intrinsic thermal conductivity values obtained from four pairs of samples 

(𝜆௟,ସ) are examined. Notably, the values of 𝜆௟,ସ exhibit substantially smaller standard 
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deviations than the previous cases: 0.008 W/(m ∙ K) (2 %) for HDPE and 0.009 W/(m ∙

K) (3 %) for PP.   

Based on the current analysis, several sample combinations can be recommended 

for a precise determination of the intrinsic thermal conductivity of layers with low 

standard deviation (< 0.02 W/(m ∙ K)). For example, one suitable combination consists 

of 2×2 layers thicker than 80 μm with a thickness difference exceeding 200 μm. Another 

appropriate combination consists of 4×2 sample layers, each thicker than 80 μm. 

To demonstrate the applicability of the proposed sample combinations, the first one 

was applied to characterize regio-regular poly(3-hexylthiophene) (P3HT) layers, 

yielding an intrinsic thermal conductivity of (0.296 ± 0.030) W/(m ∙ K). This result is 

comparable to the thermal conductivity of P3HT films or bulk material prepared by other 

methods, such as drop casting (0.21 W/(m ∙ K)) [81], spin coating (0.27 W/(m ∙ K)) 

[82], cold pressing (0.19 W/(m ∙ K)) [83], and drop casting followed by cold pressing 

(0.33 W/(m ∙ K)) [84]. 

 

Table 3.2 Comparison of average 𝜆௟ and standard deviation obtained from datasets with 

varying number of samples. 

Thermal conductivity 

(W/(m ∙ K)) 
𝜆௟,ଶ 𝜆௟,ଷ 𝜆௟,ସ 

HDPE 0.448 ± 0.022 0.448 ± 0.012 0.446 ± 0.008 

PP 0.289 ± 0.065 0.278 ± 0.019 0.269 ± 0.009 

 

 



 

26 
 

 

Fig. 3.3 Variation in extracted 𝜆௟ of HDPE and PP as a function of thickness difference for 

different mounting forces (● 0 N, ■ 50 N, ◆ 300 N, ▲ 550 N), across various systems: (⁠a⁠) 

2×2, (b) 3×2, (c) 4×2 samples. Figures adapted with permission from Paper I; Copyright 

2025, American Society of Mechanical Engineers. 
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3.2 Theoretical optimization considering non-1D heat flux 

 

3.2.1 The influence of non-1D heat flux across the layer 

The conventional TPS model for layer measurements (denoted as the Layer 1D 

model) assumes 1D heat flux across the layer, which imposes limitations on the layer 

properties (thermal conductivity < 2 W/(m ∙ K) and thickness < 600 μm) and sensor 

geometry (radius > 11 mm). The actual heat flux is not strictly 1D, i.e., the edge region 

of the layer beyond the coverage of the probe conducts heat in the radial direction (see 

Fig. 7 in Paper I for details). This radial heat flux is more significant if the thermal 

conductivity or thickness of the layer is larger and eventually leads to considerable errors. 

To quantify the errors (𝜀, defined by Eq. 10 in Paper I) caused by radial heat flux 

within the layer, I measured various layers with a thermal conductivity ranging from 0.2 

to 20 W/(m ∙ K)  and a thickness from 500 to 2000 μm, including poly(methyl 

methacrylate) (PMMA), glass, zirconium dioxide (ZrO₂), stainless steel, and alumina 

(see Table 3.3 for material properties). The backing substrate was stainless steel for all 

cases. Contour maps are plotted based on measured results to show how 𝜀 changes with 

layer thermal conductivity and thickness (Fig. 3.4). Due to a pronounced overall gradient, 

the data of layers thinner than 500 μm was obtained by extrapolation based on the 

measurement data (Table S1 in Paper IV).  
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Fig. 3.4 Contour maps of the error 𝜀 in layer thermal conductivity determined using the 

conventional Layer 1D model, based on measurements with probes of different radii: (a) 6.6 

mm (b) 11 mm. The green frame in (b) indicates the original applicability of the TPS method 

for characterizing layers using a sensor with a radius larger than 11 mm. Unpublished data in 

Paper IV. 

 

In the case of a 6.6 mm probe (Fig. 3.4 a), a low 𝜀 (< 10 %) is observed for thin 

layers with low thermal conductivity. However, 𝜀  increases considerably with 

increasing thickness or thermal conductivity, which implies that the 1D heat flux 

assumption is not valid under these conditions. It should be noted that the effect of this 

invalidation overshadows that of thermal contact resistance, ultimately leading to an 

overestimation of the layer thermal conductivity. In the case of a 11 mm sensor (Fig. 3.4 

b), the region with a low 𝜀 (< 10 %) is slightly enlarged, likely due to the larger probe-

to-layer thickness ratio, which as a result of the heat flux across the layer more closely 

resembles the assumed 1D scenario. However, a higher thermal conductivity or 

thickness still leads to a considerably larger 𝜀. This indicates that increasing the radius, 

in this case by 67 %, is not an effective way to broaden the applicability of the 

conventional Layer 1D model.   
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Table 3.3 Material properties. a Measured by TPS measurements on bulk samples. The 

measurement accuracies are ± 2 % for thermal conductivity and ± 7 % for thermal diffusivity 

[34]. b Calculated from mass and volume. c Measured by the Transient Plane Source Scanning 

method, with a measurement accuracy of approximately 5 %.  

Material 

Thermal 

conductivity 

(W/(m ∙ K)) 

Thermal 

diffusivity 

(mmଶ/ s) 

Density  

(kg/mଷ) 

Specific heat 

capacity 

 (J/(kg ∙ K)) 

PMMA 0.21a 0.12a 1180b 1464c 

Glass 1.34a 0.81a 2172b 766c 

ZrOଶ 3.15a 1.23a 6220b 412c 

Stainless steel 13.5a 3.60a 8150b 460a 

Alumina 22.3a 7.26a 3775b 815c 

 

3.2.2 The Layer 2D model 

To extend the measurement capability, a model accounting for 2D heat flux (referred 

to as the Layer 2D model) was developed based on the following physical configuration. 

In cylindrical coordinates, a semi-infinite substrate is in perfect thermal contact with a 

radially infinite overlying layer of thickness 𝐿. This layer-substrate assembly, initially 

at zero reference temperature, is suddenly subjected to heating across a circular area of 

radius 𝑅 and a constant and uniform density 𝜑. The governing equation of heat diffusion 

in the solids is [1]: 

 பమ்೔

ப௥మ
+

ப்೔

௥ ப௥
+

பమ்೔

ப௭మ
= 𝛼௜

ିଵ ப்೔

ப௧
 (3.2) 

where 𝑇௜ represents the temperature response of the solids to the heating, 𝛼௜ denotes 

thermal diffusivity, and 𝑖 = l or s corresponds to the layer and the substrate, respectively. 
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Fig. 3.5 Schematic of a semi‑infinite substrate with a layer, subjected to localized heating. 

 

The boundary conditions are given by: 

 −𝜆௟
డ்೗

డ௭
ቚ

௭ୀ଴
= ൜

𝜑 (𝑟 ≤ 𝑅)

0  (𝑟 > 𝑅)
 (3.3) 

 𝑇௜(𝑟, 𝑧, 0) = 0  (3.4) 

 𝑇௟(𝑟 → ∞) = 0 (3.5) 

 𝑇௦(𝑧 → ∞) = 0 (3.6) 

where 𝜆 represents the thermal conductivity. At the interface between the layer and 

the substrate where 𝑧 =  𝐿 the following conditions apply: 

 𝑇௟(𝑧 = 𝐿) = 𝑇௦(𝑧 = 𝐿)  (3.7) 

 −𝜆௟
డ்೗

డ௭
ቚ

௭ୀ௅
= −𝜆௦

డ ೞ்

డ௭
ቚ

௭ୀ௅
  (3.8) 

After derivation (see Paper IV for details), the average temperature of the heating area (Δ𝑇ୟ୴୥) 

can be written as: 

 Δ𝑇ୟ୴୥ =
ଶఝ

ఒ೗
∫

௃భ
మ(ఉோ)

ఉ

ஶ

଴
ℒିଵ ቀ

ଵ

௤೗௣
⋅

ఒೞ௤ೞ୲ୟ୬୦(௅௤೗)ାఒ೗௤೗

ఒ೗௤೗୲ୟ୬୦(௅௤೗)ାఒೞ௤ೞ
ቁ  𝑑𝛽 (3.9) 

where 𝐽ଵ denotes the first-order Bessel function of the first kind, ℒିଵ represents the inverse 

Laplace operator,  𝛽 is the Hankel variable, 𝑞௜ = ඥ𝛽ଶ + 𝑝/𝛼௜, and 𝑝 is the Laplace variable. 
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At a later stage of the measurement, the heat flux across the layer achieves a quasi-steady 

state, where the contribution of 𝛼௟ to Δ𝑇ୟ୴୥ becomes negligible. Under this condition, it is 

assumed that 𝛼௟ = 𝛼௦, which allows the term inside the inverse Laplace transform (𝐾) to be 

simplified: 

 𝐾 =
ଵ

௣௤೗
⋅

௤ೞ୲ୟ୬୦(௅௤೗)ା௖·௤೗

௖·௤೗୲ୟ୬୦(௅௤೗)ା௤ೞ
  ≈

ଵ

௣௤೗
⋅

௖൫௪మାଷ൯ାଷ௪

(௪మାଷ)ାଷ௖௪
 (3.10) 

where 𝑤 = 𝑞௦𝐿 and 𝑐 =  𝜆௟/𝜆௦ (Detailed derivation is available in the Supporting 

Information of Paper IV). 

Upon taking the inverse Laplace transform of simplified 𝐾, the following equation can be 

written to predict Δ𝑇ୟ୴୥: 

 Δ𝑇ୟ୴୥,ଶୈ =
ଶఝ

ఒ೗
∫

௃భ
మ(ఉோ)

ఉ

ஶ

଴

(஺ା஽)

ி
 𝑑𝛽 (3.11) 

where 

 𝐴 = 𝑐(𝛽ସ𝐿ସ − 3𝛽ଶ𝐿ଶ + 9) · erf൫𝛽ඥ𝛼௦𝑡൯ 

𝐷 = 3𝛽𝐿(1 −  𝑐ଶ)(3 + 𝛽ଶ𝐿ଶ) 

 𝐹 = 9𝛽𝐿 + 3𝛽ଷ𝐿ଷ(2 − 3𝑐ଶ) + 𝛽ହ𝐿ହ     

 

3.2.3 Results and discussion 

To evaluate the accuracy of the Layer 2D model, the average temperature 𝑇ୟ୴୥ 

calculated from different models are compared: 

• Layer 1D model: An analytical model assuming 1D heat flux across the layer 

(based on Eq. 1.8 where 𝛥𝑇௔(𝑡) ≈
ఝ௅

ఒ೗
, or Eq. 29 in Paper IV). 

• Layer 2D model: A semi-analytical model accounting for 2D heat flux across the 

layer (based on Eq. 3.11). 

• Simplified FEM model: A FEM model representing the simplified physical 

configuration shown in Fig. 3.5, used as a reference to validate the analytical models 

(see Section 2.3.1 in Paper IV). 
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As implied by its underlying assumption, the conventional Layer 1D model agrees 

well with the FEM results when the layer has both a low thermal conductivity and a 

small thickness (bottom group in Fig. 3.6 a), corresponding to an almost one-

dimensional heat flux across the layer. However, the increase of either thermal 

conductivity or layer thickness significantly enlarges the difference between the Layer 

1D model and the simplified FEM model.  

In contrast, the Layer 2D model exhibits good agreement with the FEM results 

across a broad range of thermal conductivities (up to 20 W mିଵ Kିଵ) and thicknesses 

(up to 2000 μm). In general, there is a time delay before the Layer 2D model achieves 

close agreement with the FEM results (Fig. 3.6 a-d). This delay results from the 

simplification of heat diffusion within the layer in the equation, namely the assumption 

𝛼௟ = 𝛼௦ . Therefore, this delay depends on both the layer thickness and thermal 

diffusivity, as confirmed by the results of sensitivity analysis (Fig. 6 in Paper IV).   

When layer and substrate share identical properties (Fig. 3.6 c, stainless steel layer 

on a stainless steel substrate), all scenarios with different thicknesses converge to the 

case of a semi-infinite substrate heated by a circular heat source. Consequently, the 𝑇ୟ୴୥ 

values remain identical across different layer thicknesses in both the simplified FEM 

model and Layer 2D model. The Layer 2D model closely aligns with the FEM 

throughout the whole period without any delay, as the assumption 𝛼௟ = 𝛼௦ is always 

fulfilled in these cases.  
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Fig. 3.6 Comparison of 𝑇ୟ୴୥ obtained using different models (Layer 1D model: green dashed 

line, Layer 2D model: red dash-dot line, FEM model: black solid line),  for a heating area 

radius of 6.6 mm: (a) PMMA layer, (b) ZrO2 layer, (c) stainless steel layer, and (d) alumina 

layer. The substrate in all cases is stainless steel, and the heating power is 1 W. Unpublished 

data in Paper IV. 
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Fig. 3.7 Exemplary comparison between experimental data and the fitted data for (a) a glass 

layer and (b) a ZrO2 layer. Unpublished data in Paper IV. 

 

The Layer 2D model, with the consideration of the thermal resistance caused by the 

Kapton sheets (Eq. 34 in Paper IV), is subsequently utilized to fit the experimental data 

and to determine the layer thermal conductivity. An iterative algorithm is implemented 

to automatically select an appropriate time range for the fitting (see Sections 3.3 and 3.4 

in Paper IV for details). After fitting, the best-fit curve and the corresponding layer 

thermal conductivity are obtained. 

The best fits show good agreement with the experimental data within the selected 

fitting range (Fig. 3.7 a, b). Moreover, the determined thermal conductivity agrees with 

the reference values in most cases (except for thinnest stainless steel and alumina 

layers), with errors 𝜀 less than 7 % (Table 3.4), thereby validating the Layer 2D model 

and fitting procedure.  
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Table 3.4 Thermal conductivity values determined from experimental data using the Layer 

2D model. Each value represents the average of three repeated measurements, with the 

associated error given as the maximum difference among them. 

 Layer 
thickness 

(μm) 

Thermal conductivity (W/(m ∙ K)) 

 PMMA Glass ZrO2 
Stainless 

steel 
Alumina 

Probe A 

(R = 6.6 mm) 

500 0.198 ± 0.001 1.35 ± 0.01 3.17 ± 0.18 13.8 ± 0.4 14.7 ± 0.1 

1000 0.196 ± 0.001 1.37 ± 0.02 3.15 ± 0.03 13.4 ± 0.3 22.4 ± 0.8 

2000 0.207 ± 0.001 1.33 ± 0.01 3.14 ± 0.01 13.9 ± 0.4 23.8 ± 0.2 

Probe B 

(R = 11 mm) 

500 0.206 ± 0.001 1.38 ± 0.03 3.11 ± 0.06 12.7 ± 0.6 18.4 ± 0.7 

1000 0.209 ± 0.011 1.42 ± 0.01 3.13 ± 0.06 13.9 ± 0.1 19.8 ± 0.6 

2000 0.212 ± 0.002 1.39 ± 0.06 3.22 ± 0.02 13.4 ± 0.3 22.6 ± 1.0 

 

To reveal the distribution of 𝜀  with respect to layer thickness and thermal 

conductivity, contour maps are plotted based on the results in Table 3.4. In case of both 

a 6.6 mm and a 11 mm probe, the region with low 𝜀 covers vast majority of the plot (Fig. 

3.8 a, b), in contrast to the small low 𝜀 area obtained utilizing the Layer 1D model (Fig. 

3.4). I attribute this significant improvement to the consideration of two-dimensional 

heat flux in the Layer 2D model. For layers thicker than approximately 750 μm or with 

a thermal conductivity lower than about 8 W/(m ∙ K) , 𝜀  is lower than 5 %. Only 

thermally thin layers (upper left corner) exhibit a value of 𝜀 lower than 10 %, indicating 

an underestimation of the layer thermal conductivity. I ascribe this underestimation to 

thermal contact resistance between the components, which impedes thermal conduction 

and leads to a higher temperature response of the probe.  

To obtain complete distribution of 𝜀, the Layer 2D model is further employed to 

determine the layer thermal conductivity from simulated measurement data generated 

by a detailed FEM model (inset in Fig. 3.8 c). This detailed FEM model accounts for 

thermal contact resistance and the actual pattern of the probe (see Section 2.3.2 in Paper 

IV for detailed description of the model). It covers two thermal contact conditions 

between the probe, sample layer, and substrate: (1) good thermal contact, represented 

by a 5 μm-thick TIM with a thermal conductivity of 3  W/(m ∙ K) , and (2) inferior 
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thermal contact, represented by a TIM of 1 W/(m ∙ K). In this analysis, ε is calculated 

as the relative difference between the determined thermal conductivity from the Layer 

2D model and the input value in the FEM simulation. 

Generally, the distribution of 𝜀 obtained from the simulated data (Fig. 3.8 c-f) agrees 

with that from the experimental data (Fig. 3.8 a, b), showing similar underestimations 

of thermal conductivity in thermally thin layers. In the cases of TIM of 3 W/(m ∙ K), ε 

is generally low (< 10 %) for layers thicker than 250 μm in both cases of 6.6 mm and 11 

mm sensors. For low thermal conductivity layers (< 2 W/(m ∙ K)), the magnitude of ε 

remains small even when the layer thickness is as low as 50 μm. Compared with the 

conventional Layer 1D model (green frame, Fig. 3.8 d), the measurement applicability 

is significantly extended, enabling accurate characterization (ε  < 10 %) of layers with 

thermal conductivities up to 20 W/(m ∙ K) and thicknesses up to 2000 μm. 

When the thermal contact resistance is higher (Fig. 3.8 e, f), the underestimation 

observed for thin layers becomes more pronounced, indicating that thermal contact 

resistance is the primary limiting factor of the Layer 2D model. These results are closer 

to the measurement results observed in Fig. 3.8 a, b. Overall, minor systematic errors 

caused by thermal contact resistance remain acceptable for thick layers and can be 

mitigated by improving thermal contact, for example, by using a TIM with a higher 

thermal conductivity of 3 W/(m ∙ K). 
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Fig. 3.8 Contour maps of the error 𝜀 in layer thermal conductivity determined using the Layer 

2D model based on different datasets: (a) experimental data, 6.6 mm probe; (b) experimental 

data, 11 mm probe; (c) simulated data, 6.6 mm probe, TIM of 3 W/(m ∙ K), (d) simulated 

data, 11 mm probe, TIM of 3 W/(m ∙ K), (e) simulated data, 6.6 mm probe, TIM of 1 W/(m ∙

K), (f) simulated data, 6.6 mm probe, TIM of 1 W/(m ∙ K). Since the data for layers thinner 

than 500 μm was not experimentally obtained, the corresponding regions in (a, d) are shaded. 

Unpublished data in Paper IV. 
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4. Extended TPSS measurement  

In this chapter, the current implementation of TPPS method for 𝐶௣ measurements is 

investigated across samples with a wide range of thermal conductivities from 0.2 – 398.0 

W/(m ∙ K)  (section 4.1), providing a comprehensive understanding of current 

limitations of TPSS measurements. To address these limitations, a general solution is 

then introduced (Section 4.2) and discussed (Section 4.3). 

 

4.1  Influence of heat loss 

Three types of samples, including copper, glass, and PMMA, are measured at room 

temperature (293 K). Their 𝐶௣ values are calculated from data within the 

corresponding recommended time ranges (Table 4.1) according to the conventional 

theory described in Section 1.3.4. Reference values from DSC or the Dynamic Plane 

Source method (DPS) [85, 86] are provided for comparison (Fig. 4.1 a). Overall, the 

TPSS values for copper and glass agree with the reference values, while the TPSS 

value for PMMA is considerably lower. 

 

Table 4.1 Three types of samples and their corresponding time ranges for 𝐶௣ calculation 

according to Section 1.3.4.  

Material 
Recommended time 

range 

Copper 20 – 40 s 

Glass 40 – 80 s 

PMMA 120 – 240 s 
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To gain deeper insights into the results obtained from TPSS measurements, 𝐶௣ 

values are recalculated using a sliding window of width 0.8s, i.e., [t - 0.4 s, t + 0.4 s], 

rather than the fixed time window in Table 4.1. Here, t denotes the central point of the 

time window. This analysis decomposes the fixed time range into small sub-windows 

for 𝐶௣  calculation, providing finer temporal resolution to track the evolution of the 

calculated 𝐶௣ over time and to help diagnose the cause of the observed deviation.   

 

Fig. 4.1 (a) Comparison of the 𝐶௣ values obtained from the TPSS method with reference 

values from DSC (glass, PMMA) or DPS [85, 86] (copper). The error bars represent the 

maximum variation of calculated 𝐶௣ obtained using sliding time windows within the 

recommended time ranges. (b) 𝐶௣ values calculated using sliding time windows with a width 

of 0.8 s. Figures reproduced with permission from Paper II; Copyright 2024 (CC-BY), 

Elsevier.      

 

Generally, the recalculated 𝐶௣  values of all samples exhibit an initial increase 

followed by a decrease over time (Fig. 4.1 b). The extent of this increase corresponds to 

the time required for the sample-holder assembly to establish a non-varying internal 

temperature gradient state, which is related to the thickness and the thermal diffusivity 

of the sample. In the case of copper, the duration of the increasing phase is 

comparatively short, about 10 s, owing to its high thermal diffusivity, compared to 

around 50 s for glass and 80 s for PMMA. 
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After the initial increase, the calculated 𝐶௣  of copper stays consistent with the 

reference value, showing only a minimal drop (~ 1 %) within the recommended time 

range of 20 – 40 s (red shaded region in Fig. 4.1 b). This implies that the TPSS theory 

accurately describes the measurement in this time range. Beyond 40 s, however, the 

calculated 𝐶௣ of copper shows a continuous decline, likely due to inaccuracies in heat 

loss compensation using Eq. 1.20 during the later stage of the measurement. In the case 

of glass, the decline in the calculated 𝐶௣  is slightly larger (~ 3 %) within the 

recommended time range (blue range in Fig. 4.1 b), while for PMMA it is estimated to 

be dramatically larger, exceeding 80 % when the whole recommended time range is 

considered (grey range and beyond). Note that the data beyond 160 s for PMMA was 

not experimentally obtained but extrapolated using a linear fit to the preceding data. 

Overall, the calculation of 𝐶௣ appears to be increasingly affected by inaccuracies in heat 

loss compensation, especially in the later stages of the measurement. 

 

4.2 A Well-Tuned FEM Model   

To fully understand why the 𝐶௣  is underestimated and ultimately to develop a 

method that allows to obtain accurate results, I conducted a series of FEM studies (Fig. 

4.2). First, I developed a 2D model to replicate the measurement setup (Fig. 4.3, Table 

4.2) and use it to simulate the temperature response (step 1). Based on this model, a 

subsequent sensitivity analysis is conducted to identify the key material parameters that 

dominant the temperature response during the TPSS holder measurement (step 2). In 

addition to these studies, which obtains the temperature response with input material 

properties, I performed inverse studies to estimate the values of the identified key 

parameters based on the temperature response from the holder measurement (step 3). 

The FEM model incorporating these estimated parameter values is hereafter referred to 

as the well-tuned model. Finally, I import the data from the sample measurement to the 

well-tuned model for a subsequent inverse study to estimate the heat capacity of various 

samples (step 4). 
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Fig. 4.2 Framework for developing and utilizing the well-tuned model to determine 𝐶௣ of 

samples (Paper II). Figure reproduced with permission from Paper II; Copyright 2024 (CC-

BY), Elsevier.     

 

In step 1, the 2D simulation model was simplified based on the following 

assumptions: 

 The heat transfer between measurement setup and ambient environment is 

negligible (adiabatic boundary condition). 

 Heat transfer via convection and radiation within the setup is negligible. 

 The measurement setup is axisymmetric, rendering the effects from sensor 

leads and the non-circular shape of the sample negligible. 

 Material properties remain constant during the measurement. 

 The spiral sensing element of the sensor can be represented by an ideal 

circular boundary heat source. 

A detailed visualization of each component in the model is achieved through a 3D 

representation, obtained by rotating the 2D geometry, along with dimensional details 

(Fig. 4.3) that correspond to the experimental TPSS counterpart. 
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Fig. 4.3 Schematic of the model with its cross-sectional view. Selected components have 

been scaled to accommodate the wide range of dimensions and ensure all elements remain 

discernible. The sensing element is represented by an ideal circular boundary heat source 

(marked in red). Figure reproduced with permission from Paper II; Copyright 2024 (CC-BY), 

Elsevier.    

 

The governing equations for transient heat conduction are employed in the 

simulation model. Prior to carried out systematic simulations, a mesh independence 

analysis was performed to determine the optimum mesh configuration for accuracy and 

computational efficiency (Fig. S1 in Papper II). 

In step 2, a sensitivity analysis identified three parameters as most critical to the 

temperature response in the holder measurement: the thermal conductivity and the 

specific heat of the sample holder (𝜆௛ and 𝐶௣,௛) as well as the thermal conductivity of 

the thermal insulation material (𝜆௜). In addition, the thermal conductivity of Kapton 

sheets (𝜆௄) is also of interest. Since an ideal circular boundary heat source is used to 

represent the spiral sensing element, 𝜆௄ in the simulation serves as an equivalent thermal 

conductivity that enables the idealized source to replicate the behaviour of the actual 

spiral. Consequently, these four parameters (see step 3 in Fig. 4.3) are estimated based 

on the holder measurement data in the next step. 
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Table 4.2 Summary of the component properties used in the model. Errors in the table 

represent the estimated measurement uncertainty. a. Measured by the TPS measurement for 

slab samples [50, 51]. b. Calculated based on the specific heat capacity of the ingredients. c. 

Calculated from mass and volume. d. Measured by the TPS measurement for bulk samples 

[34]. e. Literature values [87]. 

Component Material 𝜆 ൫W/(m · K)൯ 𝐶௣ (J/(kg ∙ K)) 𝜌 (kg/mଷ) 

Sample holder Gold alloy 44 ± 10ୟ 177 ±  9ୠ 1065 ± 32ୡ 

Thermal insulation 

material 
Polyimide foam 0.039 ± 0.002ୢ 1090ୣ 6.6 ± 0.2ୡ 

Insulation layer Polyimide sheet 0.12ୣ 1090ୣ 1420ୣ 

 

The model used in step 3 retains the same physical framework as that developed in 

step 1, but the four key parameters are initially unknown. These parameters are 

subsequently obtained through a fitting process that adjusts their values until the 

simulated temperature response closely aligns with the measured response. The fitting 

procedure minimizes the following objective function: 

 𝐽 =  ∑ ൣ∆𝑇෠௡(𝜆௛ , 𝐶௣,௛ , 𝜆௜ , 𝜆௄)  − ∆𝑇௡൧
ଶ௧ା∆௧

௡ୀ௧ /2  (4.1) 

where 𝐽  denotes the least-square objective value, ∆𝑇෠௡  represents the simulated 

average temperature increase of the sensor and ∆𝑇௡ is the measured average temperature 

increase, both evaluated at various time points 𝑡. 

The fitting was carried out with a derivative-free optimization method called the 

bound optimization by quadratic approximation (BOBYQA) [88]. The core principle of 

the BOBYQA method involves iteratively approximating the objective function with a 

suitable quadratic model.  

Once the four key parameters have been determined, the sample domain is 

introduced into the well-tuned model, and a subsequent fitting process is performed to 

estimate the heat capacity of the sample (step 4), along with the thermal contact 

resistance between the sample and sample holder. Similar to the conventional TPPS 
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method, only a part of the sample measurement data is utilized in the fitting process 

(Table 4.1) 

 

4.3 Results and discussion 

After step 3, the simulated temperature response from the well-tuned model agrees 

well with the measured data (Fig. 4.4 a), with deviations of less than 1 % for every data 

point. It should be noted that only the measured data with a heating power of 80 mW 

was utilized to estimate the four key parameters. Nevertheless, even when the heating 

power varied widely (40 – 120 mW), the good agreement between simulation and 

measurement remains, demonstrating the reliability of the well-tuned model. The 

estimated values of the four key parameters from step 3 are summarized in Table 4.3.  

 

Fig. 4.4 Comparison between measured Δ𝑇(𝑡) (symbols) and simulated 𝛥𝑇(𝑡) (solid lines) in 

the case of (a) holder measurement and (b) sample measurement. Figures reproduced with 

permission from Paper II; Copyright 2024 (CC-BY), Elsevier.      
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Table 4.3 Estimated values of the four key parameters from the fitting process in step 3. 

Errors represent the standard deviation of repeated measurements. 

Parameter Estimated value 

𝜆௛ 34.6 ± 1.1 W/(mK) 

𝜆௜ 0.057 ± 0.001 W/(mK) 

𝜆௄ 0.017 ± 0.002  W/(mK) 

𝐶௣,௛ 154 ± 4 J/(kg ∙ K) 

 

Similarly, the simulated temperature response from the well-tuned model in step 4 

closely aligns with measured data across different samples (Fig. 4.4 b). The estimated 

values of sample 𝐶௣ are extracted and summarized in Table. 4.4. In general, these 𝐶௣ 

values closely match the corresponding reference values, with an average difference of 

less than 4.4 %. This agreement demonstrates the ability of the well-tuned model to 

accurately determine 𝐶௣ from experimental data. 

In addition to the estimation of 𝐶௣, I used the well-tuned model to perform a heat 

balance analysis, revealing the distribution of heat accumulation among the different 

components. This analysis aims to provide deeper insight into how inaccuracies in heat 

loss affect the results of conventional TPSS measurements. 

In the case of the holder measurement (Fig. 4.5 a), the rate of heat accumulation in 

the sample holder decreases over time. In contrast, the rate of heat accumulation in the 

insulation material, i.e., the heat loss, steadily increases and eventually surpasses that of 

the sample holder at around 60 s. By the end of the measurement, heat loss accounts for 

a substantial 74 % of the overall power supplied by heating.  
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Table 4.4 Comparison between 𝐶௣ estimated by the well-tuned model and corresponding 

reference values from DSC or DPS [85, 86] measurements. The uncertainty of each 

estimation is lower than 4 % (see Section 4.1, Paper II), while the errors on the average 

values represent the standard deviation of repeated measurements. 

𝐶௣ (J/(kg ∙ K)) Trial Copper Glass PMMA 

Sample A 

1 382 836 1393 

2 386 837 1427 

3 381 836 1382 

Sample B 

4 378 781 1477 

5 380 777 1473 

6 381 783 1491 

Sample C 

7 380 802 1402 

8 383 806 1402 

9 379 802 1403 

Average 381 ± 19 807 ± 40 1428 ± 71 

Reference  384 ± 19 843 ± 34 1437 ± 29 

 

In the case of the copper measurement (Fig. 4.5 b), the heat accumulation in the 

sample holder and the heat loss is similar to those observed as part of the holder 

measurement. In addition, a substantial fraction of the heat is absorbed by the copper 

sample, resulting in smaller portion of heat loss compared to the holder measurement. 

With knowledge of the heat loss, the shape of the heat loss function in the 

conventional TPSS theory can be extracted by 𝑓(𝑡) = 𝑄(𝑡)/
ௗ

ௗ௧
൫Δ𝑇(𝑡)൯. In the case of 

copper measurements, the difference between 𝑓௛(𝑡) and 𝑓௦(𝑡) remains below 8 % within 

the recommended time ranges from 20 to 40 s (Fig. 4.5 c). However, the difference 

gradually increases over time, reaching 48 % by the end of the measurement, which is 

consistent with the observed deviation (see Fig. 4.1 b). In the case of PMMA 

measurements, there is no clear period during which 𝑓௛(𝑡) and 𝑓௦(𝑡) consistently exhibit 
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a close relationship. The difference between them reaches 20 % at the end of the 

measurement. 

Furthermore, I determined the relative inaccuracies in heat loss calculation (𝜖ொ) 

using the following equation: 

 𝜖ொ(𝑡) =  
௙ೝ(௧)

೏

೏೟
൫ ೞ்(௧)൯ିொೞ(௧)

௉ೞ
   (4.2) 

where 𝑄௦ is the rate of heat loss during the sample measurement. 

In the case of copper, 𝜀ொ(𝑡) remains within 1 % during the recommended time range 

(Fig. 4.5 d, red region), which contributes to the accurate determination of the 𝐶௣ of 

copper. For PMMA, 𝜀ொ(𝑡) ranges from 3 % to 10 % within the recommended time range 

of 120 s to 160 s (Fig. 4.5 d, blue region). A high positive 𝜀ொ(𝑡) indicates that the heat 

loss is overestimated, which contributes to an underestimate of the specific heat capacity 

of PMMA.  

In this chapter, I have discussed a series of FEM simulations that allow me to 

investigate the reason for the underestimated results from TPSS measurements. A well-

tuned model was described with its key material properties tuned based on data from a 

holder measurement. This model enables the accurate determination of sample 𝐶୮ from 

given data obtained from sample measurements. Moreover, a heat balance analysis was 

carried out based on the simulated data from the well-tuned model. The analysis 

revealed that the conventional TPSS theory tends to overestimate the heat loss in the 

sample measurements when the measurement time is large, thereby leading to an 

underestimated heat capacity especially for low thermal conductivity samples. 
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Fig. 4.5 (a) The rate of heat accumulation by different components during the holder 

measurement and (b) during the sample measurement. (c) Comparison between the heat loss 

function 𝑓(𝑡) associated with the holder measurement and the sample measurement of copper 

and PMMA. (d) Relative error of heat loss determination in the case of copper and PMMA, 

calculated using Eq. 4.2. Figures reproduced with permission from Paper II; Copyright 2024 

(CC-BY), Elsevier.      
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5. Role of thermal conductivity on thermoelectric devices    

 

Knowledge about thermal transport and the thermal conductivity is important for the 

optimization of numerous advanced devices [71, 72]. This section examines how FEM 

simulations can be used to understand the heat transport and the performance of a 

thermoelectric generator (TEG). TEGs are introduced in Section 5.1, followed by a 

thorough discussion of the simulation model and results in Section 5.2. 

 

5.1 Thermoelectric generator 

Thermoelectric materials can directly convert thermal into electrical energy through 

the thermally driven accumulation of charge carriers (holes and electrons) [89, 90]. This 

phenomenon, known as the Seebeck effect, can be described by the following equation: 

 ∆𝑉 = −𝑆∆𝑇௧௘ (5.1) 

where ∆𝑇௧௘ denotes the temperature difference across the thermoelectric material, 𝑆 

is a material parameter called the Seebeck coefficient, and ∆𝑉 is the potential difference 

generated as a result of the temperature difference. 

There will be a thermal resistance (𝑅௖) between the thermoelectric materials and the 

heat source and heat sink [91, 92], which is typically considered to be connected in series 

with the thermal resistance of thermoelectric material ( 𝑅௧௘ ) (Fig. 5.2). Hence, the 

following equation can be used to estimate ∆𝑇௧௘ [91]: 

 ∆𝑇௧௘ = ∆𝑇௛௖ ·
ோ೟೐

ோ೎ାோ೟೐
 (5.2) 

where ∆𝑇௛௖ is the temperature difference between the heat source and heat sink.  

Thermoelectric materials are typically fabricated into legs with cuboid or cylindrical 

geometries, characterized by a cross-sectional area (𝐴௧௘)  and length (𝐿௧௘) . 
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Consequently, the thermal resistance 𝑅௧௘  and electrical resistance ( 𝑅௘,௧௘ ) of a 

thermoelectric leg can be expressed as: 

 𝑅௧௘ =
௅೟೐

ఒ஺೟೐
 and 𝑅௘,௧௘ =

௅೟೐

ఙ஺೟೐
 (5.3) 

where 𝜆 and 𝜎 denote the thermal and electrical conductivities of the thermoelectric 

material, respectively.  

Thermoelectric materials are further classified as p-type or n-type depending on their 

majority charge carriers [89, 90]. In p-type materials, holes are the dominant charge 

carriers and the Seebeck coefficient is positive (𝑆௣ > 0), whereas in n-type materials, 

electrons are the dominant charge carriers and the Seebeck coefficient is negative (𝑆௡ <

0 ). Typically, one p-type and one n-type leg form the basic unit (Fig. 5.1), or 

thermocouple, of a TEG. A TEG can be regarded as 𝑀 pairs of thermocouples that are 

electrically connected in series and thermally connected in parallel. Under load 

matching conditions, TEGs deliver their maximum power (𝑃௠௔௫) [91]: 

 𝑃௠௔௫ =
௏೚೎

మ

ସோ೐,೔೙೟
=

(ெ·௏೟೐)మ

ସோ೐,೔೙೟
=

(ெ·ௌ೟೎·∆ ೟்೎)మ

ସோ೐,೔೙೟
 (5.4) 

where 𝑉௢௖ is the open circuit voltage of the TEG, 𝑀 is the number of thermocouples 

within the TEG, and 𝑆௧௖ = 𝑆௣ − 𝑆௡  is the effective Seebeck coefficient of the 

thermocouple. 𝑅௘,௜௡௧  denotes the total internal electric resistance of the TEG, which 

consists of the electrical resistance of thermoelectric legs and the electrical contact 

resistance between them.  

There are multiple ways to optimize the performance of TEGs. From a thermal 

perspective (Eqs. 5.1-5.4), decreasing the thermal conductivity of the thermoelectric 

materials increases 𝑅௧௘ and 𝑉௢௖ , eventually resulting in a higher 𝑃௠௔௫. From an electrical 

perspective (Eqs. 5.3-5.4), reducing the electrical resistance of the thermoelectric legs 

or the electrical contact resistance increases 𝑃௠௔௫. 
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Fig. 5.1 (a) Schematic of a thermocouple, consisting of a pair of p-type (red) and n-type 

(blue) legs, placed between a heat source and a heat sink. The temperature difference induces 

diffusion of charge carriers (holes: positive signs, electrons: negative signs), balanced by a 

drift current. (b) Relationship between ∆𝑇௛௖ and ∆𝑇௧௘: the latter is smaller owing to thermal 

contact resistance. Figures reproduced with permission from Ref [91]; Copyright 2020 

(Creative Commons CC-BY), Elsevier. 

 

5.2 Thermoelectric textile and corresponding simulations 

Recent advancements in organic thermoelectric materials have enabled the 

integration of TEGs into textiles [91, 93, 94], referred to as thermoelectric textiles, for 

powering small wearable electronics within the Internet of Things (IoT) framework. In 

this section, I present a thermoelectric textile that employs two state-of-the-art organic 

thermoelectric materials: poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS) and poly(benzodifurandione) (PBFDO) as the p- and n-type material, 

respectively. These two materials are coated on silk yarns, respectively, which were 

hand-sewn through a felt wool forming eight thermocouples by the co-authors in Paper 

III (Fig. 5.2 a).  
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Fig. 5.2 (a) Schematic and photograph of the thermoelectric textile, which was fabricated by 

Chunghyeon Choi, Hyungsub Yoon and Dr. Mariavittoria Craighero. (b) Top view and (c) 

side view of the FEM model of the thermoelectric textile, along with the corresponding 

dimensions. Figures reproduced with permission from Paper III; Copyright 2024 (CC-BY), 

WILEY. 

 

To investigate potential strategies for optimizing the performance of the 

thermoelectric textile, a corresponding FEM model was developed (Fig. 5.2 a-b, see 

Paper III for details). The simulated 𝑉௢௖  and 𝑃௠௔௫ agree with the measured values (Fig. 

6 b in Paper III), which validates the FEM model. Using the validated model, I first 

investigated the influence of the TEG thickness (𝐿௧௘) and electrical contact resistance of 

each thermocouple (𝑅௘,௧௖) (Fig. 5.3 a). A larger 𝐿௧௘ results in a larger thermal resistance 

of thermoelectric legs 𝑅௧௘ and thus a larger 𝑉௢௖. However, it also increases the internal 

electrical resistance of the TEG, which leads to a decline of 𝑃௠௔௫  at large 𝐿௧௘ . The 

interplay between thermal and electrical contact resistances determines the 

optimal 𝐿௧௘  with highest 𝑃௠௔௫ . 𝑅௘,௧௖  also plays a significant role in the TEG 
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performance. In the case of 𝑅௘,௧௖ = 1 Ω, for example, 𝑃௠௔௫  reaches 1.95 µW for an 

optimal 𝐿௧௘ of 5.0 mm. This value of 𝑃௠௔௫ is more than three times higher, while the 

value of 𝐿௧௘  is approximately half, compared to the case of 𝑅௘,௧௖ = 9.1 Ω.  

Furthermore, I investigated the influence of the number of coated yarns that make 

up each thermocouple leg (Fig. 5.3 b), quantified by the thread count (𝑁௧). Because the 

thermal conductivity of coated yarns (approximately 0.18 W/(m ∙ K)) is considerably 

higher than that of wool (0.056 W/(m ∙ K)) [91], a larger 𝑁௧ leads to a higher effective 

thermal conductivity of a leg, which decreases the temperature difference across each 

leg and hence reduces 𝑉௢௖. On the other hand, a larger 𝑁௧ results in a lower electrical 

resistance of the textile thermopile, eventually leading to a slightly higher 𝑃௠௔௫ at the 

optimal 𝐿௧௘. Owing to the smaller temperature difference, increasing the thread count 

does not appear to be an effective way to improve 𝑃௠௔௫. For instance, tripling 𝑁௧ from 

90 to 270 results in only a modest 15 % increase in 𝑃௠௔௫, with an optimal 𝐿௧௘ of around 

23 mm, which is already too thick for practical wearable applications. 
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Fig. 5.3 (a) Simulated 𝑃௠௔௫ (right) and 𝑉௢௖ (left) of the thermoelectric textile as a function of 

leg length (𝐿௧௘), under a thread count (𝑁௧) of 90 and different electrical contact resistances 

per thermocouple (𝑅௘,௧௖). The vertical grey line at 𝐿௧௘= 8 mm represents the actual thickness 

of the textile. (b) Simulated 𝑃௠௔௫ (right) and 𝑉௢௖ (left) of the thermoelectric textile as a 

function of leg length (𝐿௧௘), under a 𝑅௘,௧௖ of 9.1 Ω and different values of 𝑁௧. Figures 

reproduced with permission from Paper III; Copyright 2024 (CC-BY), WILEY. 
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6. Conclusions and outlook  

 

In this thesis, I present improvements to TPS-based measurements that enhance their 

applicability and accuracy, contributing to the broader field of thermal property 

characterization. 

For thin layers, I demonstrated that their intrinsic thermal conductivity can be 

accurately determined using TPS measurements, rather than being limited to their 

apparent thermal conductivity (Paper I). Through systematic investigations, I found that 

the influence of thermal contact resistance is significant and cannot be compensated for 

simply by comparing results across layers of different thicknesses (the slope method). 

This is because the thermal contact resistance can vary with the layer thickness—thicker 

layers tend to exhibit lower pliability and larger thermal contact resistance. This is at 

odds with the underlying assumption of the slope method and led to errors of up to 26 % 

in case of micrometer-thick polyolefin layers. 

With introduction of a liquid interface material, e.g., deionized water, the correlation 

between layer thickness and thermal contact resistance was alleviated. Consequently, 

non-destructive and accurate characterization of polyolefin layers was achieved using 

the slope method, with errors below 4 %. Furthermore, I demonstrated that as few as 

two pairs of samples can yield precise results, with a standard deviation below 0.02 

W/(m ∙ K), provided that their thickness differs by more than 200 μm.  

In addition, I comprehensively quantified the errors arising from non–one-

dimensional heat flux across the layer, which can increase dramatically to over 100 % 

with increasing layer thermal conductivity and thickness (Paper IV). To maintain 

acceptable errors ( < 10 %), multiple constraints on layer properties (thermal 

conductivity < 2 W/(m ∙ K) and thickness < 600 μm) and sensor geometry (radius > 11 

mm) must be strictly followed.  
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To extend the applicability of TPS measurements, I proposed the Layer 2D model 

(Paper IV), which accounts for non-one-dimensional heat flux across the layer, along 

with an iterative algorithm that automatically selects time range for data analysis. The 

Layer 2D model substantially relaxes these constraints, expanding the applicable range 

of layer thermal conductivity by an order of magnitude (up to 20 W/(m ∙ K)) and 

thickness by about three times (up to 2000 μm) (Fig. 5.1). More importantly, the Layer 

2D model enables the use of a new TPS probe for layer characterization, featuring a 

radius of only 6.6 mm. Measurements and finite element simulations further indicate 

that errors below 10 % can be achieved, provided that the thermal contact resistance is 

mitigated—for example, by using a thermal interface material with a conductivity 

greater than 3 W/(m ∙ K). 

 
Fig. 5.1 Comparison of sample thickness/probing depth and thermal conductivity ranges 

across multiple commercial methods: TPS [49], TDTR [95], FDTR [96], 3-ω [97], LFA [98], 

TWM [99] and GHP [100]. Colored regions with frames indicate the specifications of the 

methods for directly measuring thermal conductivity, while the greyscale areas represent 

those for measuring thermal diffusivity. Arrow signs denote the potential directions for future 

enhancement in the TPS method. 
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 In case of TPSS measurements for direct heat capacity determination (Paper II), I 

demonstrated that the inaccuracies for low thermal conductivity samples (< 1 W/(m ∙

K)) arise from incorrect estimation of heat loss. This error increases over time and can 

reach as high as 43 % for low conductivity materials such as PMMA. To precisely 

quantify the heat loss, a numerical model based on the finite element method was 

developed, with its key material properties tuned using the data of the holder 

measurement (without a sample). Subsequently, this model was utilized to analyze the 

sample measurement data and estimate the heat capacity of the samples. The estimated 

values agree with the reference specific heat capacity, showing a difference of 

approximately 4 %. Overall, this data analysis approach extends the applicability of 

TPPS measurements to samples with a thermal conductivity as low as 0.19 W/(m ∙ K) 

(Fig. 5.2), including many polymers, textiles, and laminated materials. 

Through finite element simulations (Paper III), I showed that thermal transport and 

thermal conductivity play a crucial role in the design of TEGs. In thermoelectric textiles, 

the internal thermal resistance of the thermoelectric legs, influenced by the leg thickness 

and the number of yarns coated with thermoelectric materials, must be carefully 

considered. The interplay between internal thermal and electrical resistances ultimately 

determines the optimal performance of these textiles. 

The continuous advancement of technology introduces increasingly demanding 

requirements for thermal property measurements. Due to material scarcity or functional 

design constraints, many advanced materials are now fabricated as small samples or as 

nano- to micrometer-thin layers, making accurate thermal characterization particularly 

challenging. While the TPS method has proven highly effective for bulk materials, 

future developments in probe design and modeling may extend its applicability to micro- 

and nanoscale systems (Fig. 5.1). Meanwhile, the rapid rise of electric vehicles has 

driven growing interest in the thermal properties of batteries. To preserve structural 

integrity and realistic heat transfer pathways, measurements are preferably performed 

on complete cells rather than disassembled components. However, the heterogeneous 

structures of prismatic batteries and the curved surfaces of cylindrical batteries demand 

advanced mathematical models and carefully designed measurement procedures. To 

achieve accurate property extraction, corresponding sensitivity analyses are essential to 
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assess parameter identifiability of fitting process. Overall, although a number of 

validated methods exist for thermal property characterization, the field now faces not 

only unprecedented opportunities but also challenges with regard to meeting the 

demands of emerging technologies. 

 
Fig. 5.2 Comparison of sample size and thermal conductivity ranges across multiple 

commercial methods: DSC [101], LFA [98, 102], TPSS [49], and the TPS isotropic model 

[49]. Colored regions with frames indicate the specifications applicable to both isotropic and 

non-isotropic samples, while greyscale areas represent ranges applicable only to isotropic 

samples. Arrow signs denote the potential directions for future enhancement in the TPSS 

method. 
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Liquid Interface for Accurate
Intrinsic Thermal Conductivity
Measurements of Polymer
Films Using the Transient Plane
Source Method
Characterizing the thermal properties of micrometer-thin films is crucial for optimizing
their performance in a broad range of engineering applications. The transient plane
source (TPS) method is widely used for measuring bulk materials, but its direct application
to thin films fails due to thermal contact resistance. By comparing TPS measurements
across films of varying thicknesses, it is possible to compensate for the influence of
thermal contact resistance and extract the intrinsic thermal conductivity. However, this
method still suffers from significant errors, e.g., as high as 26% in case of polyolefin
films, since its underlying assumption—thermal contact resistance remains identical for
films of different thickness—does not always hold true for actual measurements. Here,
we demonstrate that these errors can be effectively reduced to 4% by incorporating a
liquid thermal interface material. Specifically, the intrinsic cross-plane thermal conductiv-
ities of high-density polyethylene, isotactic polypropylene, and regioregular poly(3-hex-
ylthiophene) films are determined to be 0.450, 0.277, and 0.296W/(m ·K), respectively.
Moreover, these measurements exhibit remarkable reproducibility, achieving a standard
deviation below 0.02W/(m ·K) when the film thickness is sufficiently varied. Furthermore,
potential systematic errors are investigated through a comprehensive numerical study.
Overall, this study offers critical insights that considerably extend the applicability of
TPS measurements for thin films. [DOI: 10.1115/1.4069207]

Keywords: heat conduction, transient plane source method, measurement techniques, heat
and mass transfer, thermophysical properties

1 Introduction
Polymer films with micrometer-scale thickness play an important

role in various engineering applications, with their mechanical,
electrical, optical, and thermal properties significantly impacting
their performance [1]. Among these properties, the thermal conduc-
tivity is of particular importance, especially in the fields of energy
harvesting/storage and electronics [2–4]. For instance, in the case
of fuel cells, the thermal conductivities of proton exchange mem-
branes and gas diffusion layers critically influence the internal tem-
perature distribution and thus the device performance [5,6].
Similarly, in the case of organic thermoelectric generators, the
thermal conductivity governs the temperature difference across
the generator, impacting the efficiency of power generation [7,8].
Furthermore, recent studies have demonstrated that insulating
polymer films processed in the solid state can feature a high

thermal conductivity, thereby facilitating the thermal management
of electronics [9–11].
There are numerous measurement techniques available for assess-

ing the thermal conductivity of micrometer-thick films [12–20].
They can be broadly categorized into contact and contactless
methods, depending on whether the sensing element physically con-
tacts the specimen or not [12,20]. Contactless methods, predomi-
nantly based on optics, include time-domain thermoreflectance
[13,14], frequency-domain thermoreflectance [15–17], and laser
flash analysis (LFA) [18,19,21]. One of the common advantages of
contactless methods is the disregard of thermal contact resistance
(Rc) between the specimen and the sensing element [12,20]. Yet,
these methods often require the deposition of a transducer layer
(e.g., gold [22,23], aluminum [24,25], graphite [26]) on the sample
surface. This layer facilitates the conversion of thermal responses
into detectable optical signals, which however tends to increase
both the time and complexity of the measurement process.
Contact methods include the guarded hot plate (GHP) method

[27], the 3ω method [28,29], the temperature wave analysis
(TWA) method [30], and the transient plane source (TPS) method
[31]. The GHP method is a steady-state method with the advantages
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of simplicity and high accuracy [27]. The 3ω method, a frequency-
dependent technique, necessitates a metal sensor deposited on the
sample surface. This method allows for the measurement of the
thermal conductivity of submicrometer-thick films, which are
thinner than those measurable by other contact methods [28,29].
TWA is another frequency-dependent method for film specimens
that is only employed for cross-plane thermal diffusivity measure-
ments. The determination of thermal conductivity is achieved by
multiplying the measured thermal diffusivity with the volumetric
heat capacity [32].
The TPS method in turn is a time-dependent technique offering

versatile and nondestructive testing [31,33,34]. Initially developed
for characterizing bulk materials, it has been extended to determine
the cross-plane thermal conductivity of films with a thermal conduc-
tivity ranging from 0.05W/(m ·K) to 2W/(m ·K) [31,35–37].
TPS measurements utilize a probe made of a nickel spiral covered

by insulation layers that provide electrical insulation and mechani-
cal support (Fig. 1(a)). When measuring bulk materials, this probe
is positioned between two identical specimens and a mounting force
is applied to enhance physical contact within the specimen–probe
assembly (Fig. 1(b)). The probe heats the specimens through the
Joule heating, and the resulting thermal response of the probe
(ΔT(t)) is simultaneously recorded over time [31] (Fig. 2(a)). ΔT
can be further written as a function of dimensionless time τ
(Fig. 2(b)), which is normalized with respect to the probe radius
(r) and thermal diffusivity (α) of the bulk material [31,37]

ΔT(τ) = ΔTa + P(π3/2rλ)−1D(τ)

where τ = (t/θ)1/2, θ = r2/α
(1)

where P represents the power output of the probe, λ is the thermal
conductivity of the bulk material, and ΔTa is the additional temper-
ature increase caused by the total thermal resistance between the
probe and the bulk material. ΔTa reaches a constant value shortly
after the measurement begins [31]. D(τ) is a function of dimension-
less time τ, which depends on the type of probe [31,33]

D(τ) =
∫τ
0
dσσ−2

∫1
0
vdv

∫1
0
udu × exp −

u2 + v2

4σ2

( )
I0

uv

2σ2

( )
(2)

where σ is an integration variable related to dimensionless time. The
variables v and u are normalized radial coordinates, and I0 is a mod-
ified Bessel function.
To determine the thermal properties of the bulk material, a

least-squares iterative process is employed to fit the recorded
ΔT(t) using Eq. (1). This fitting process establishes a linear relation-
ship between ΔT(τ) and D(τ). The slope of the linear relationship is
associated with the thermal conductivity of the bulk material, while

its intercept at D(τ)= 0 reveals the additional temperature increase
ΔTa (Fig. 2(b)). ΔTa can be utilized to estimate the total thermal
resistance (Rtot) between the probe and the bulk material, which
impedes heat conduction from the probe to the bulk material [31,37]

P = 2SΔTa/Rtot (3)

where S is the area of the probe.
Equation (3) assumes that heat conduction between the probe and

the bulk material is one-dimensional (1D). This assumption holds
when the thickness of the insulation layer is markedly smaller
than the probe diameter. However, this simplification can introduce
errors that vary with the thickness and thermal conductivity of the
sample [38].
To determine the thermal conductivity of thin films, a two-step

process is employed. First, the background material is measured,
which is referred to as the background measurement (Fig. 2(c)).
By performing the fitting process on the thermal response data
(ΔTb(t), Fig. 2(a)), the additional temperature increase (ΔTa,b,
Fig. 2(b)) is obtained. This increase is further used to estimate the
total thermal resistance (Rtot,b), which consists of the thermal resis-
tance caused by the insulation layer (Ri) and the thermal contact
resistance between the probe and bulk material (Rc−b)

Rtot,b = Ri + Rc,p-b (4)

Then, two thin-film specimens, e.g., two polymer films, are posi-
tioned between the probe and the background material while
keeping the measurement conditions unchanged (Fig. 2(d ), referred
to as the film measurement). Similarly, the thermal response data
(ΔT f (t), Fig. 2(a)) are obtained to estimate the additional tempera-
ture increase (ΔTa, f , Fig. 2(b)) and the total thermal resistance
(Rtot,f ). Rtot,f in this case can then be written as

Rtot,f = Ri + Rc,p-f + R f + Rc,f-b (5)

where Rc,p-f is the thermal contact resistance between the probe
and the film specimen, Rc,f-b denotes the thermal contact resistance
between the film and the background material, and R f represents the
thermal resistance caused by the film specimen. The intrinsic cross-
plane thermal conductivity (λ⊥) of the films is given by

Rf = δ/λ⊥ (6)

where δ is the thickness of the film specimen. However, introducing
the film specimens imposes an additional thermal contact resistance
(denoted as C) compared to the background measurement.

Fig. 1 (a) Probe profile featuring a nickel bifilar spiral sandwiched between polyimide layers
and (b) the configuration of a TPS measurement using a compression stand
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Mathematically, this can be expressed as

Rtot,f − Rtot,b = δ/λ⊥ + C = δ/λ⊥,a (7)

In the current approach, the TPS method directly measures the
apparent thermal conductivity (λ⊥,a) of the film. This value includes
the effect of the additional thermal contact resistance and as a
result the measured thermal conductivity is typically lower than
the intrinsic cross-plane thermal conductivity [38,39].
Determining the intrinsic cross-plane thermal conductivity using

the TPS method is feasible by comparing measurements of films
with varying thickness [39,40]. This approach, referred to as the
slope method, has been reported to achieve an accuracy of approx-
imately 7–15% [39,40]. The slope method requires a linear fitting of
measured Rtot, f − Rtot,b against film thickness. The slope of the fit
represents the reciprocal of the intrinsic cross-plane thermal con-
ductivity (1/λ⊥). This method by default assumes that Rc (including
Rc,p-f and Rc,f-b) remains identical across measurements of

samples with different thicknesses.
However, this underlying assumption of identical Rc may not

hold true and could lead to significant errors, particularly when
the sensor and film specimens have uneven surfaces. Our results
demonstrate that such errors can easily reach a value of 26%. Addi-
tionally, systematic errors arise from the assumption of 1D heat con-
duction across the film specimen [38,41], which has not been
investigated and quantified with regard to the slope method. There-
fore, determining λ⊥ of thin films with the TPS method is currently
associated with considerable uncertainties.

In this work, high-density polyethylene (HDPE) and polypropylene
(PP), two polymers with distinct thermal and mechanical properties,
were primarily investigated. Additionally, poly(3-hexylthiophene)
(P3HT), which has lately attracted significant interest in the context
of energy conversion, was also measured. These materials were char-
acterized using TPS measurements under varying measurement con-
ditions, including changes in mounting force and the application of
a thermal interface material (TIM). We found that the thermal
contact resistance varied with film thickness, which differed from
the assumption underlying the slope method and led to considerable
deviations. However, using a thermal interface material effectively
enhanced the measurements by reducing the variation in thermal
contact resistance. In addition, the systematic error and reproducibility
of the measurements were carefully evaluated.

2 Experiment
2.1 Materials. HDPE (547999, weight-average molecular

weight (MW) = 95 kg/mol, polydispersity index (PDI)= 5.3) and
isotactic PP (427888, MW = 250 kg/mol, PDI= 3.7) were obtained
from Sigma-Aldrich, St. Louis, MO, and used as received. In addi-
tion, P3HT was obtained from Ossila, UK (M1010, MW = 74 kg/
mol, PDI= 2.1, regio-regularity= 97%) and used as received.

2.2 Sample Preparation. Free-standing polymer films were
fabricated by hot pressing, using a laboratory press (LabPro 200)
supplied by Fontijne Presses, the Netherlands, together with a

Fig. 2 (a) Thermal response of the probe over time (t) during a backgroundmeasurement and
a film measurement, respectively. The thick dashed lines define the range of data utilized for
determining the properties of the bulk/backgroundmaterial; (b) thermal response of the probe
as a function of dimensionless time (τ) in a background measurement and a film measure-
ment, respectively. The intercepts (ΔTa,f, ΔTa,b) are utilized for determining the properties
of the film specimens; (c) schematic of a background measurement and its thermal network
between the probe and the background material. The inset illustrates the contact between
the BG and the probe; (d) schematic of a film measurement and the corresponding thermal
network.
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constant thickness film maker from Specac Ltd., Sheffield, UK. The
press applied a force of 15 kN at temperatures that exceeded the
melting temperature of the materials: 180◦C for HDPE, 210◦C for
PP, and 290◦C for P3HT. The hot-pressed films were subsequently
cooled to room temperature at a rate of approximately 40◦C/min.
The thicknesses of the hot-pressed films were measured using a
micrometer with a precision of 1 μm. Bulk polymer samples for ref-
erence measurements were hot pressed into cylindrical shapes with
a thickness of 4mm and a radius of 15mm.

2.3 Pressure Distribution Tests. Prior to the TPS measure-
ments of films, pressure distribution tests were conducted to
assess the contact between the experimental components [42],
such as background materials, the probe, and the film specimens.
In this test, a pair of Prescale Films (i.e., pressure-sensitive films,
including A-film and C-film) supplied by Fujifilm, Japan, was
placed between the components to study the contact between
them. A mounting force of 500 N was applied to the components
and Prescale Films for 5min. A-film is coated with a micro-
encapsulated color-forming material, while the C-film is coated
with a color-developing material. When used in pairs, these films
respond to applied pressure by producing a red color at the point
of contact. The intensity of the color correlates with the amount
of pressure applied.

2.4 Thermal Conductivity Measurements. The TPS mea-
surements of the film specimens were conducted using a TPS
2200 Thermal Constants Analyzer obtained from Hot Disk AB,
Sweden. The probe utilized in the measurements had an effective
radius of 11mm and a 25 μm thick polyimide insulation layers on
both sides (model 7854, Fig. 1(a)). The background material
used was a stainless steel block with a thermal conductivity of
13.5W/(m ·K). A compression stand obtained from Hot Disk was
employed for applying a mounting force of up to 550N. Back-
ground measurements were conducted for each level of mounting
force.
De-ionized water and silicone oil were employed as a TIM. The

de-ionized water, supplied by Sigma-Aldrich, had a thermal con-
ductivity of 0.59W/(m ·K) at room temperature. The silicone oil,
sourced from Thermo Fisher Scientific, Waltham, MA, had a
thermal conductivity of 0.14W/(m ·K) at room temperature.
When using de-ionized water as a TIM, three repeated measure-
ments were conducted within 1 h to avoid the influence of water
evaporation. Optionally, sealing the gap between the two back-
ground materials with waterproof tape can effectively reduce the
evaporation rate.
Two types of reference measurements were carried out: TPS

measurements of bulk polymer samples and TWA measurements
of pressed polymer films. These methods were selected because
they are widely used and supported by international standards
[30,31]. TPS measurements of bulk polymers used a sensor with
a radius of 3.2mm (model 5501), while TWA measurements of
pressed polymer films employed an Ai-Phase Mobile M3 instru-
ment supplied by Ai-Phase Co., Ltd., Tokyo, Japan.

2.5 Differential Scanning Calorimetry (DSC)
Measurements. The specific heat capacity and melting character-
istics of the pressed polymer films, including peak melting temper-
ature (Tm) and enthalpy of melting (ΔHm), were obtained using a
DSC 2 instrument from Mettler Toledo, Columbus, OH. The spe-
cific heat capacity at room temperature was;obtained using the Sap-
phire method, with a heating rate of 2◦C/min from 10 ◦C to
40◦C. The melting characteristics were obtained from the first
heating thermograms with a heating rate of 10◦C/min from 20◦C
to 250◦C.

2.6 Simulations. The heat transfer in solids module in COMSOL

MULTIPHYSICS (version: 6.1) was utilized to study heat conduction in
the TPS measurement setup.

3 Results and Discussion
3.1 Properties of Hot-Pressed Films and Bulk Samples. Tm

and ΔHm of the hot-pressed films were extracted from first heating
DSC thermograms (Fig. 1(a) available in the Supplemental
Materials on the ASME Digital Collection). The crystallinity (Xc)
is calculated according to (ΔHm/ΔH0

f ) × 100%, where ΔH0
f is

the enthalpy of fusion. The crystallinity of the HDPE and PP
films was determined to be 61% and 50%, respectively. The mea-
sured ΔHm of P3HT agrees with the literature values [43]. More
details are provided in Table 1 available in the Supplemental
Materials.
The hot-pressed films had an average thickness (t) varying from

approximately 40 μm to 400 μm, across 12 distinct thickness levels.
The coefficient of variation (CV) in thickness was calculated
according to CV = (σ/t) × 100%, where σ is the standard deviation
of the five measured values taken at different locations on a single
specimen. CV was then employed to quantify the flatness of the
films (Fig. 1(b) available in the Supplemental Materials). Most
films displayed a coefficient of variation lower than 3%, though
films thinner than 80 μm showed higher variations.
The thermal conductivity of hot-pressed films determined by

TWA (λ⊥,TWA) was 0.488 ± 0.049W/(m ·K) for HDPE and
0.247 ± 0.025W/(m ·K) for PP. These values represent one of the
two sets of reference values used in this study.
Another set of reference thermal conductivity values was derived

using TPS measurements of bulk polymer samples (Table 1), where
the thermal conductivity (λbulk, TPS) was 0.465 ± 0.023
W/(m ·K) for HDPE and 0.269 ± 0.013W/(m ·K) for PP. The two
sets of reference values are in good agreement, in particular when
considering differences in sample preparation, with recorded differ-
ences of less than 8%. Additionally, these two sets of reference
values fall within the range of thermal conductivity values reported
in the literature: 0.42W/(m ·K) to 0.52W/(m ·K) for HDPE
[44–46] and 0.22W/(m ·K) to 0.27W/(m ·K) for PP [47–49].

3.2 Pressure Distribution. Six pressure distribution tests with
different arrangements of components were conducted. To assess
the contact between two blocks of the background material, the
first test was set up with an arrangement from the top to bottom
comprising background material, Prescale Films, and background
material (abbreviated as BG–Prescale Films–BG). The second test
used an arrangement of BG–probe–Prescale Films–BG to study
the contact between the probe and the background material. The
remaining tests focused on the contact between film specimens

Table 1 Material properties

λ ρ C p
Material (W/(m ·K)) (kg/m3) (J/(kg ·K))

HDPE 0.465a 950b 1923c

PP 0.269a 900b 1613c

Background material (stainless steel) 13.5a 8150b 460a

Insulation layer (polyimide) 0.18d 1420e 1090e

Probe (nickel) 91.4f 8900f 444f

aDetermined by TPS measurements of bulk samples.
bDetermined from the mass and volume of the samples.
cObtained from the DSC Sapphire method.
dObtained from a background measurement with de-ionized water as the
TIM.
eObtained from Ref. [50].
fObtained from Ref. [38].
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and the background material, using the arrangement BG–film speci-
men–Prescale Films–BG.
The first experiment showed an even distribution of color

(Fig. 3(a)), suggesting a uniform pressure distribution between
two blocks of the background material. The second experiment
involving a probe demonstrated a heterogeneous and irregular col-
oration, characterized by small clusters of higher intensity
(Fig. 3(b)). These clusters likely resulted from the bulges in the
nickel pattern and polyimide surface, which can be seen in Fig. 1(a).
The tests involving a thin-film specimen (approximately 40 μm)

displayed a more uniform and consistent color distribution (Figs.
3(c) and 3(e)). In contrast, thick film specimens (approximately
400 μm) led to a visibly larger and irregularly colored region
(Figs. 3(d ) and 3( f )). This irregularity is expected to be caused
by the uneven surfaces and the low pliability of the thick films,
showing the influence of film thickness on its surface properties.

3.3 Thermal Conductivity From Transient Plane Source
Film Measurements

3.3.1 Measurement Without Thermal Interface Material. In
the cases where TPS was carried out without a TIM, λ⊥,a of both
HDPE and PP films (Fig. 4(a)) proved lower than the reference
values obtained from the TWA and the TPS method for bulk mate-
rials (Table 1), which we attribute to the presence of thermal contact
resistance. Generally, the thicker specimens displayed a higher
apparent cross-plane thermal conductivity. This is because the
thicker specimens possess a larger intrinsic thermal resistance

(R f = δ/λ⊥) and thus a larger Rtot,f , which diminished the influ-
ence of thermal contact resistance.
In addition, a higher mounting force led to an increase in the

values of λ⊥,a, particularly in the case of HDPE. This increase is
attributed to a reduction in thermal contact resistance with greater
mounting force. However, if the specimens are compressible,
changes in mounting force may also alter their thickness, which
in turn effects their thermal conductivity. Notably, HDPE films
thinner than 50 μm exhibited anomalously higher values of λ⊥,a at
a force of 300N, likely due to the softer nature of thin HDPE
films, which resulted in better contact with the probe and back-
ground materials.
Subsequently, we extracted the intrinsic thermal conductivity

using the slope method (Fig. 4(b)). Data from the films thicker
than 80 μm were utilized due to the low uncertainty in the deter-
mined thickness (Fig. 1(b) available in the Supplemental
Materials). Rtot,f − Rtot,b was initially plotted against the film
thickness and fitted with a linear function. The uncertainty in the
fit parameters (slope and intercept) was calculated in accordance
with the methodology described in Refs. [40,51]. Afterward, λ⊥
was obtained as the reciprocal of the slope from these fits
(Table 2). Overall, the λ⊥values of HDPE and PP were still under-
estimated, showing a difference of up to 26% and 22%,
respectively.
Moreover, the values of λ⊥ also changed with the mounting force.

When the external mounting force was increased, the λ⊥values of
HDPE increased by 17% from 0.343W/(m ·K) to 0.411
W/(m ·K), while those of PP increased by 9% from 0.209W/
(m ·K) to 0.230W/(m ·K). Regardless, the highest values obtained
were still significantly lower than reference values of 0.465
W/(m ·K) for HDPE and 0.269W/(m ·K) for PP.
In addition, the influence of the mounting force differed with the

specimen thickness (Fig. 4(b)). Rtot,f − Rtot,b in the case of thin
specimens decreased only slightly with increased mounting force
(small arrows), whereas in the case of thicker specimens a more sig-
nificant decrease was observed (big arrows). This indicates that
there is greater potential for reducing Rc in case of thick films by
applying a higher mounting force. Additionally, considering the
uneven surfaces and reduced pliability of thicker films, we argue
that these films tend to result in a higher Rc. This is at odds with
the underlying assumptions of the slope method and thus resulted
in errors.
A higher Rc in case of thick films leads to a higher total thermal

resistance, resulting in a steeper slope of the linear fit and, conse-
quently, a lower value of λ⊥. This phenomenon likely contributes
to the observed underestimation of the intrinsic thermal conductiv-
ity if no thermal interface material is used.

3.3.2 Measurements With Liquid Thermal Interface Material.
TPS measurements with water as the TIM yielded higher values
of thermal conductivity compared to the previous case without a
TIM (Fig. 4(c)). The increase in λ⊥,a can be attributed to a reduction
in thermal contact resistance. Despite this increase, the values of
λ⊥,a of both HDPE and PP remained lower than their respective ref-
erence values, which we attribute to the fact that employing water
did not completely eliminate thermal contact resistance.
Similarly, Rtot,f − Rtot,b was again plotted against specimen

thickness (Fig. 4(d )) and fitted to calculate λ⊥ and the additional
thermal contact resistance (intercept). Unlike the scenario without
a TIM, the values of λ⊥ were more consistent across different
mounting forces, with a small difference of around 1% (Table 2).
In case of HDPE, average values of λ⊥ and the intercept over differ-
ent mounting forces were 0.450W/(m ·K) and 55mm2K/W,
respectively. In case of PP, average values were 0.277W/(m ·K)
and 110mm2K/W, respectively. These values of λ⊥ agreed well
with the reference values from TPS measurements on bulk materials
(Table 1) and the TWAmethod, differing by less than 4% and 11%,
respectively.
Analogous measurements with a mounting force of 50N were

conducted using silicone oil as the TIM (Figs. 5(a) and 5(b)). In

Fig. 3 The results of the pressure distribution test examining
the contact between the background material and various com-
ponents: (a) second block of the background material, (b) the
probe, (c) a 40 μm-thick HDPE film, (d) a 400 μm-thick HDPE
film, (e) a 40 μm-thick PP film, and (f) a 400 μm-thick PP film.
The intensity of the coloration is related to the pressure level.
To identify the position of the probe, a contour line in (b) is pro-
vided to represent the outer edge of the probe.
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this case, λ⊥ of HDPE and PP was calculated to be 0.435
W/(m ·K) and 0.264W/(m ·K), respectively, similar to values
obtained from the measurements with water as the TIM. Due to
the low volatility of silicone oil, a high measurement stability
was achieved. Specifically, the measurement results obtained for
HDPE films under a mounting force of 500 N remained

exceptionally stable for over 10 days, with an observed fluctua-
tion of less than 0.5% (Fig. 5(c)). This also implies that the influ-
ence of creep is negligible in our measurements. However, the
removal of silicone oil from the specimens at the end of measure-
ment is normally more difficult compared to that of de-ionized
water.

Fig. 4 Results of the TPS measurements of HDPE and PP films (mounting force: ● 0 N, ■ 50 N, ◆ 300 N, ▲ 550 N): (a) the
values of the apparent thermal conductivity versus the film thickness, obtained from the measurements without a TIM;
(b) Rtot,f − Rtot,b as a function of the film thickness, along with linear fits. Data points from the specimens thinner than 80
μm (open symbols) were excluded from the fitting; (c) the values of the apparent thermal conductivity versus film thickness,
obtained from the measurements using water as the TIM; (d ) Rtot,f − Rtot,b versus film thickness, along with the linear fits.
Data points from specimens thinner than 80 μm (open symbols) were excluded from the fitting.

Table 2 The results from the slope method, including λ⊥ (reciprocal of slope) and the additional thermal contact resistance
(intercept)

Material Mounting λ⊥(W/(m · K)) Intercept (mm2K/W) λ⊥(W/(m ·K)) Intercept (mm2K/W)
force (N) (without TIM) (without TIM) (with water as TIM) (with water as TIM)

HDPE 0 0.343± 0.007. 37.5± 14.5 0.447± 0.003 50.6± 4.1
50 0.381± 0.007 67.3± 12.2 0.453± 0.003 48.5± 3.6
300 0.411± 0.005 48.0± 7.7 0.449± 0.004 61.6± 4.5

PP 50 0.209± 0.005 0.2± 28.4 0.279± 0.007 118.3± 25.7
300 0.217± 0.005 4.3± 25.8 0.276± 0.007 100.9± 24.0
550 0.230± 0.003 35.6± 16.2 0.275± 0.007 110.0± 23.2
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3.4 Simulation. To investigate the systematic error caused by
the assumption of 1D heat flow across the specimen, two simulation
models were developed. Considering the axisymmetric heat con-
duction in the measurements, the models were reduced to two

dimensions (2D) to improve computational efficiency [52,53].
The development of the 2D models relied on several key
assumptions:

• The measurement setup, including the probe, background
material, layers, and interfaces can be treated as axisymmetric.

• The bifilar probe can be approximated as a series of concentric
and uniformly spaced ring sources.

• Heat transfer between the measurement components and the
ambient environment is considered negligible (adiabatic
boundary condition).

• Heat transfer via convection and radiation is considered
negligible.

• Material properties are assumed to remain constant during the
measurement.

One simulation model was developed to represent the ideal sce-
nario where heat flow across the film specimen and the insulation
layer is 1D (ideal scenario, Fig. 6(a)). In this model, an ideal heat
source was depicted as a thin rectangle, transformable into a circular
probe by rotation around the origin. The radius of the specimen
layer, TIM layers, and insulation layers was set to be the same as
the equivalent radius of the probe (11mm).
The second model simulated the conditions of the actual mea-

surements (Fig. 6(b)). A series of uniformly spaced thin rectangles
with a height of 5 μm and a width of 800 μm was utilized to repre-
sent the double spiral probe. The space between the rectangles was
200 μm. In addition, the radius of the specimen and insulation layers
was set to be 3mm larger than that of the probe, consistent with the
experimental setup.

Fig. 5 Measurement results for HDPE and PP using silicone oil
as the thermal interface material: (a) the values of λ⊥,a versus the
film thickness for a mounting force of 50N (■); (b) Rtot,f − Rtot,b
versus the film thickness for a mounting force of 50N, along with
linear fits. The data points from the specimens thinner than 80 μm
(outlier open symbols) were excluded from the fitting; and (c) the
values of λ⊥,a of 400 μm-thick HDPE and PP films versus time for
a mounting force of 500N (▲)

Fig. 6 Schematic depicting the two simulation models of TPS
measurements involving de-ionized water that represent (a) the
ideal and (b) the actual scenarios. The dashed frame in the
inset indicates the computational domain.
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The governing equations for heat conduction in the simulation
are

ρCp
∂T
∂t

+ ∇q = Q (8)

q = −λ∇T (9)

where q is the heat flux by conduction and Q is the power supplied
by the heat source. Thermal contact resistance in measurements
using a TIM was considered and represented by equivalent thin
resistive layers in the simulation model. The resistance of each
layer was set to 28mm2K/W for HDPE measurements and 55
mm2K/W for PP measurements, corresponding to half of the inter-
cept obtained from the slope method (Table 2). The heating power
and heating time of the probe were set to 1W and 20 s, respectively,
to align with the experimental conditions. The material properties,
including λ, density (ρ), and the specific heat capacity (C p), are
listed in Table 1.
We first compare the simulated temperature distribution between

the ideal and actual scenarios. In the ideal scenario, the isotherms
are parallel within the film specimen, suggesting 1D heat conduc-
tion (Fig. 7(a)). However, in the actual scenario (Fig. 7(b)), the tem-
perature distribution differs from the ideal scenario due to two
factors. First, the actual double spiral probe has a slightly smaller
heating area compared to an ideal circular probe with the same
radius, which tends to result in a higher average temperature
increase and thus an underestimated value of the thermal conductiv-
ity. Second, the radius of the insulation layer and the film specimen
is slightly larger than that of the probe, which tends to create an
additional edge area allowing heat to be conducted to the back-
ground material. This causes a lower average temperature increase,
which results in an overestimation of λ⊥.

The difference in Rtot,f − Rtot,b between the ideal and actual
scenarios (ϵ) was calculated according to

ϵ =
(Rtot,f − Rtot,b)act
(Rtot,f − Rtot,b)idl

− 1

[ ]
× 100% (10)

where the subscript idl and act denote the ideal and actual scenarios,
respectively. For a given sensor radius (11mm in this case), ϵ varies
depending on both the thickness and the thermal conductivity of the
film specimens (Fig. 7(c)). In case of HDPE and PP, ϵ remains
below 7% over the thickness range of 80–400 μm. Note that these
values of ϵwill vary when a sensor with a different radius is utilized.
For thinner film specimens, the smaller area of the actual probe (the

first factor) has a more pronounced effect, leading to an underesti-
mated value of λ⊥. This factor poses another challenge in evaluating
thinner film specimens, alongside the aforementioned uncertainty in
thickness determination. On the other hand, in case of thicker speci-
mens, the influence of the additional edge area (the second factor)
becomes more significant, resulting in an overestimated value of λ⊥.
These systematic measurement errors at each thickness can accu-

mulate and propagate into the final thermal conductivity value
determined by the slope method. With knowledge of ϵ, the mea-
sured values of Rtot,f − Rtot,b (Fig. 4(d )) were first adjusted and
used to recalculate the thermal conductivity. By comparing the pre-
vious and recalculated thermal conductivity values (Table 2 avail-
able in the Supplemental Materials), the accumulated systematic
errors were determined to be 4% for HDPE and 5% for PP.
To further reduce systematic errors, three general modifications

to the probe are proposed so that the heat conduction during the
measurement more closely resembles the ideal scenario: (1)
increase of the probe radius, (2) narrowing of the gap within the
double spiral, and (3) reduction of the thickness of the polyimide
insulation layers.

3.5 Influence of Specimen Number. This section discusses
the influence of the number of specimens (with different

Fig. 7 Comparison of temperature distribution across the film specimen at the end of the measurement period (20 s) between the
(a) ideal and (b) actual scenarios; and (c) difference in Rtot,f − Rtot,b between the ideal and actual scenarios
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thicknesses), providing insights into the reproducibility, and robust-
ness of the TPS measurements when water is used as the TIM.
First, the intrinsic thermal conductivity calculated using only two

pairs (2 × 2) of film specimens (λ⊥,2) was examined. To achieve
this, subsets of data from 2 × 2 specimens were extracted from
Fig. 4(d ) (solid symbols). For every subset, a linear regression
was carried out, from which the slope and λ⊥,2 were obtained. Sub-
sequently, λ⊥,2 values were plotted against the thickness difference
between the 2 × 2 specimens (Fig. 8(a)).

First of all, the values of λ⊥,2 were seen to evenly scatter across
different mounting forces, indicating no dependence on the mount-
ing force. In addition, the values of λ⊥,2 were more scattered when
the thickness difference was small. As the thickness difference
increased, the values became more consistent. Overall, the standard
deviation of λ⊥,2 was 0.022W/(m ·K) (5%) for HDPE and 0.065
W/(m ·K) (22%) for PP.
When the thickness difference was larger than 200 μm, the stan-

dard deviation significantly decreased to 0.006W/(m · K) (1%) for
HDPE and 0.013W/(m · K) (5%) for PP. This suggests that 2 × 2
specimens with a significant thickness difference are likely suffi-
cient for obtaining viable results of low uncertainty.
The intrinsic thermal conductivity obtained from 3 × 2 film spec-

imens (λ⊥,3) was also analyzed (Fig. 8(b)). With an additional speci-
men pair, the values of λ⊥,3 were observed to be more consistent
when the thickness difference was small, especially in the case of
PP specimens. In case of both HDPE and PP, the standard deviation
is less than 0.02W/(m ·K). Lastly, the intrinsic thermal conductiv-
ity from subsets with 4 × 2 specimens (λ⊥,4) was evaluated
(Fig. 8(c)). Differing from the preceding scenarios, the values of
λ⊥,4 in this case showed a much smaller standard deviation, espe-
cially when the thickness difference was small. Specifically, the
standard deviation was 0.008W/(m ·K) (2%) for HDPE and
0.009W/(m ·K) (3%) for PP. All the results are summarized in
Table 3.
Based on this analysis, two sets of specimens are recommended

for precise TPS measurements with a standard deviation less of than
0.02W/(m ·K). The first set includes 2 × 2 specimens, each thicker
than 80 μm, with a thickness difference exceeding 200 μm. The
second set consists of 4 × 2 specimens, each thicker than 80 μm.
To illustrate the utility of the here proposed specimen set, 2 × 2

P3HT films with a thickness difference of over 200 μm were also
measured, which gave an intrinsic cross-plane thermal conductivity
of 0.296 ± 0.030W/(m ·K). This value is comparable to the thermal
conductivity of P3HT films or bulk material prepared by other
methods, such as drop casting (0.21W/(m ·K)) [54], spin coating
(0.27W/(m·K)) [55], cold pressing (0.19W/(m ·K)) [56], and
drop casting followed by a cold pressing (0.33W/(m ·K)) [57].

4 Conclusions
In our measurements, thicker films led to a larger thermal contact

resistance, likely due to their comparatively uneven surfaces and low
pliability. This is at odds with the fundamental assumption of the
slope method that heat conduction across the film is one-dimensional,
leading to significant errors of up to 26% in case of HDPE. To address
this issue, liquid thermal interface materials, e.g., de-ionized water or
silicone oil, were introduced. The liquid thermal interface material
ensured a consistent and low thermal contact resistance independent
of film thickness, which enabled the precise extraction of the intrinsic
cross-plane thermal conductivity. The extracted values for HDPE and
PP agreed well with reference values, with a difference of 4%. This
level of accuracy is comparable to the typical accuracy of 5%
achieved by the LFA method for millimeter-thick samples.
Moreover, finite-element simulations were performed to quantify

systematic errors arising from the assumption of one-dimensional
heat conduction across the film specimens. The results indicate
that the systematic error in the thermal conductivity of HDPE and

Fig. 8 Variation in λ⊥ of HDPE and PP as a function of thickness
difference for different mounting forces (● 0N, ■ 50N, ◆ 300N,
▲ 550 N), across various systems: (a) 2 × 2, (b) 3 × 2, and (c) 4 ×
2 datasets

Table 3 Comparison of λ⊥ and standard deviation obtained from
datasets with varying specimen numbers

Thermal conductivity
(W/(m ·K)) λ⊥,2 λ⊥,3 λ⊥,4

HDPE 0.448± 0.022 0.448± 0.012 0.446± 0.008
PP 0.289± 0.065 0.278± 0.019 0.269± 0.009

Journal of Thermal Science and Engineering Applications NOVEMBER 2025, Vol. 17 / 111008-9



PP, determined via the slope method, is less than 5%. In addition,
the simulations imply that samples with a thermal conductivity as
low as 0.05W/(m ·K) and as high as 2W/(m ·K) can also be mea-
sured with a small error.
Finally, we observed that both the number of specimens and the

thickness difference among them influence the overall precision of
the measured intrinsic conductivity. Using as few as two specimens,
provided they have sufficiently different thicknesses, can yield
precise results with a standard deviation below 0.02W/(m ·K).
Hence, we propose a refined measurement procedure for efficient

and reliable characterization of film specimens. The refined proce-
dure involves the measurement of at least two sets of specimens
with a significant thickness difference, application of a liquid
thermal interface material (e.g., de-ionized water) to ensure a con-
sistent and low thermal contact resistance, and subsequent use of
the slope method to extract the intrinsic cross-plane thermal conduc-
tivity. In the future, it would be worthwhile to explore alternative
liquid TIMs such as ethylene glycol for measurements under
varying conditions.
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Liquid Interface for Accurate Intrinsic
Thermal Conductivity Measurements
of Polymer Films Using the Transient
Plane Source Method: Supplemental
Material

Table S1. The properties of the hot-pressed films. Peak melting temperatures (Tm) and enthalpy of
melting (∆Hm) were extracted from first heating DSC thermograms. Crystallinity (Xc) is calculated by
(∆Hm/∆H0

f )×100%, where ∆H0
f was the enthaply of fusion. ∆H0

f utilized for calculation was 293 J/g
for 100% crystalline HDPE [1] and 209 J/g for 100% crystalline PP [2], respectively.

Material Tm(◦C) ∆Hm(J/g) Xc(%)

HDPE 129 179 61

PP 165 104 50

P3HT 233 22 -

Fig. S1. Information regarding the hot-pressed polymer films. (a) DSC first heating thermograms. (b)
The coefficient of variation of film thickness. The inset illustrates the locations of the measured points on
each film specimen.



Table S2. The results from the slope method. (a) the original calculation with water as TIM. (b) recalcu-
lated results accounting for accumulated errors determined by the simulations.

Material
Mounting

force (N)

λ⊥(W/(m ·K))

(original)

Intercept (mm2K/W)

(original)

λ⊥(W/(m ·K))

(recalculated)

Intercept (mm2K/W)

(recalculated)

HDPE

0 0.447 50.6 0.429 31.5

50 0.453 48.5 0.428 21.2

300 0.449 61.6 0.433 19.5

PP

50 0.279 118.3 0.266 72.1

300 0.276 100.9 0.263 55.1

550 0.275 110.0 0.262 63.6
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A B S T R A C T

In contrast to the conventional Transient Plane Source (TPS) method, the Transient Plane Source Scanning
(TPSS) technique allows for the direct determination of the specific heat capacity and requires the use of
a specially designed sample holder for accurate measurements. While this method correctly determines the
specific heat capacity of samples with moderate and high thermal conductivity, it tends to underestimate
the values for those with low thermal conductivity. This paper demonstrates that the underestimated specific
heat capacity results from heat loss during the measurement process. To precisely quantify the heat loss,
a numerical model based on the finite element method was developed, with key material properties tuned
based on measurement data. This model can closely describe the curve of measured thermal response, thereby
enabling the precise determination of the specific heat capacity. Consequently, this study introduces a novel
approach that incorporates numerical simulation to enhance TPSS measurements of poorly conducting samples,
providing a reliable alternative for determining the specific heat capacity.

1. Introduction

The specific heat capacity (𝐶𝑝) refers to the energy necessary to
raise the temperature of a unit mass of material by a finite difference in
temperature [1]. It plays a vital role in the design of devices for ther-
mal management. Accurate measurements are essential for optimizing
system behavior in industries like aerospace [2,3], automotive [3–5],
energy storage [6,7], construction [8–10] etc.

Calorimetry methods such as differential scanning calorimetry (DSC)
[11], drop calorimetry [12], adiabatic calorimetry [13,14], and re-
cently the Transient Plane Scanning Source (TPSS) method [15] are
commonly used to directly measure 𝐶𝑝.

The Transient Plane Source (TPS) method has been used to char-
acterize a wide range of materials, such as polymers [16,17], building
materials [18], textiles [19,20], and graphene composites [21,22]. This
method utilizes a thin metal structure in the shape of a double spiral,
which performs two simultaneous functions: (1) it serves as a heat
source through Joule heating of the spiral and hence the surrounding
material, and (2) acts as a sensing element that records a response curve
of temperature increase, 𝛥𝑇 (𝑡), that results from the heating [23]. This
response curve is referred to as the temperature transient or thermal
response in the text below. Since the resistance of the sensor changes

∗ Corresponding author at: Department of Chemistry and Chemical Engineering, Chalmers University of Technology, Gothenburg, 41296, Sweden.
E-mail addresses: zijin@chalmers.se (Z. Zeng), besira.mihiretie@hotdiskinstruments.com (B. Mihiretie).

with temperature, the Joule heating alters the electrical resistance of
the metal spiral, which disrupts the balance of the Wheatstone bridge.
The resulting imbalance in voltage is measured with a sensitive volt-
meter. Given the temperature coefficient of resistance, 𝑎, and the initial
resistance, 𝑅0, of the sensor, one can relate the average temperature
change of the sensor to its electrical resistance over time, 𝑅(𝑡), as
follows [24]:

𝑅(𝑡) = 𝑅0[1 + 𝑎 ⋅ 𝛥𝑇 (𝑡)] (1)

In this study, a nickel metal embedded between two protective
polyimide (Kapton) films is utilized as the sensor (Fig. 1a), as it offers a
well-defined temperature coefficient of resistance. Using this method, it
is possible to calculate the thermal conductivity and thermal diffusivity
from a single measurement of thermal response curve 𝛥𝑇 (𝑡) according
to Eq. (2) [23].

𝛥𝑇 (𝜏) = 𝑃 (𝜋3∕2𝑟𝜆)−1𝐷(𝜏) (2)

where 𝑃 is the heating power from the sensor, 𝑟 is the radius of the
sensor, 𝜆 is the thermal conductivity of the specimen material, and 𝐷(𝜏)
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Fig. 1. Sensor profile and schematic of the measurement setup (a) Hot Disk Sensor 5501 insulated by polyimide films. (b) Gold sample holder attached to a Hot Disk Sensor 5501.
(c) Schematic of a measurement with a sample.

is a dimensionless time function of 𝜏, which is defined as a function of
thermal diffusivity, 𝛼 and measurement time, 𝑡 [23].

𝜏 =
( 𝑡
𝜃

)1∕2
𝑎𝑛𝑑 𝜃 = 𝑟2∕𝛼 (3)

In instances where both thermal conductivity and thermal diffusiv-
ity can be simultaneously determined from an iterative data fitting of
the experimentally recorded temperature transient in accordance with
Eq. (2), the volumetric heat capacity, 𝜌𝐶𝑝, of a specimen with density
𝜌 can be calculated using:

𝜌𝐶𝑝 = 𝜆∕𝛼 (4)

Determining the 𝜌𝐶𝑝 from 𝜆 and 𝛼 is applicable to homogeneous
isotropic materials like powders, pastes, and pure metals that feature a
specific sample size and thermal transport properties [25]. This method
offers a reliable and practical approach for determining the specific
heat capacity of relatively large specimens. Following this approach,
authors in ref [26] measured the 𝐶𝑝 of polymers, including poly(methyl
methacrylate) (PMMA), across a wide temperature range (from 25 K to
400 K).

Similarly, for a homogeneous slab specimen, the Hot Disk Slab
method [27] allows for the simultaneous measurement of the in-plane
thermal conductivity and thermal diffusivity using only one tempera-
ture transient, leading to the determination of the volumetric specific
heat capacity. However, challenges may arise when dealing with small
samples with high thermal conductivity even if isotropic, rod-shaped
specimens, or extremely conductive slabs are investigated [25].

On the other hand, for materials that are anisotropic and/or inho-
mogeneous, like many of the contemporary samples produced in the
industries mentioned earlier, using Eq. (4) to determine the 𝐶𝑝 is not

feasible. In fact, it is essential to know the volumetric heat capacity
of materials beforehand if one aims to extract the direction-dependent
thermal conductivity and thermal diffusivity from temperature tran-
sients [28,29]. This necessity motivated the development of the TPSS
method, which utilizes the same experimental instrument (the thermal
constant analyzer supplied by Hot Disk AB, Gothenburg, Sweden) as
the TPS method but with the addition of sample holder and dis-
tinct algorithms (see Section 2 for more details). However, the TPSS
method presents challenges when measuring materials with a thermal
conductivity lower than approximately 1 W∕(m K ) [30].

It is also possible to employ the Dynamic Plane Source (DPS) ap-
proach [31,32] for characterizing the 𝐶𝑝 of high-conductivity materials
directly. This method is similar to the TPPS method but does not require
a special sample holder. To accurately determine 𝐶𝑝 with this method,
certain criteria must be met. For example, the thermal mass of the
sample must be significantly higher than that of the sensor, posing
challenges for materials with a low thermal conductivity. Additionally,
the thermal conductivity of the sample should be at least 100 times that
of its insulating surroundings [25]. For example, using an expanded
polystyrene foam (EPS) with a thermal conductivity close to 0.03
W∕(m K ) sets the approximate working range for the required thermal
conductivity to greater than 3 W∕(m K ).

Numerous experimental and numerical investigations have been
conducted to validate the standard TPS method [33–41] , and several
sensitivity analyses have been carried out to provide valuable informa-
tion for thermal properties identification and experimental design [42–
44]. However, to the best of our knowledge, studies regarding the TPSS
method are rare, and no study has been conducted to improve this
method for low thermal conductivity materials.

In summary, the TPSS method is mainly suited for materials with a
relatively high thermal conductivity (>1 W∕(m K )). This study aims to
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extend its applicability to low thermal conductivity materials, including
most polymers. To achieve this, a finite element method (FEM) model
is developed, which permits to optimize data fitting and analysis, and
thus aids in identifying relevant parameters that may contribute to
potential sources of error, such as heat loss to the surrounding insula-
tion materials. By understanding these factors, a well-tuned simulation
model is proposed that enables accurate data extraction of the 𝐶𝑝.
The improvement of the developed model is then evaluated by testing
it on a PMMA polymer, which has a low thermal conductivity of
approximately 0.19 W∕(m K ) [45], as well as on glass (approximately
1.0 W∕(m K )) and copper samples (approximately 398 W∕(m K )).

2. The transient plane source scanning method

This section first introduces the experimental setup, the theoretical
framework supporting the TPSS method, and the subsequent data anal-
ysis for 𝐶𝑝 determination. It is followed by a systematic experimental
study on representative samples, illustrating the current capabilities
and limitations of the method.

2.1. Experimental setup and theory

As outlined in the previous section, the TPSS method necessitates
an additional sample holder and enables the direct measurement of the
𝐶𝑝. In this study, the sample holder is made of a gold alloy with a gold
purity of 75% (Fig. 1b).

Two steps are involved in the TPSS method [15]. First, a measure-
ment is conducted with an empty sample holder, referred to as the
holder measurement. This step provides crucial information regarding
the 𝐶𝑝 of the sample holder itself and the heat loss occurring during
the measurement. The second step is to conduct a measurement with
the sample placed inside the sample holder, referred to as the sample
measurement. In both cases, the sample holder is sandwiched between
insulation materials (Fig. 1c), which minimizes heat loss.

For the first step, the holder measurement, the specific heat capacity
equation can be expressed as follows [15]:

𝑃ℎ = [(𝑚𝐶𝑝)ℎ + 𝑓ℎ(𝑡)]
𝑑
𝑑 𝑡 (𝛥𝑇ℎ(𝑡)) (5)

where 𝑃ℎ represents the power input from the sensor during the holder
measurement, (𝑚𝐶𝑝)ℎ is the heat capacity of the sample holder, and
𝑑
𝑑 𝑡 (𝛥𝑇ℎ(𝑡)) represents the rate of temperature increase of the sensor.
It is assumed that there exists a heat loss equation [15], denoted
as 𝑓 (𝑡), which governs the rate of heat loss during the measurement
by 𝑄(𝑡) = 𝑑

𝑑 𝑡 (𝛥𝑇 (𝑡))𝑓 (𝑡). 𝑓ℎ(𝑡) is the heat loss equation for the holder
measurement.

During the second step, the sample measurement, we assume that
the sensor adequately captures the thermal response of the sample after
a certain time [15,25]. The total measurement time should be long
compared to this certain time duration. A detailed discussion about
how to decide the total measurement time can be found in Section 2.2.
Based on these assumptions, Eq. (6) can be written for the sample
measurement in a similar manner as Eq. (5) [15]:

𝑃𝑠 = [(𝑚𝐶𝑝)ℎ + (𝑚𝐶𝑝)𝑠 + 𝑓𝑠(𝑡)]
𝑑
𝑑 𝑡 (𝛥𝑇𝑠(𝑡)) (6)

where 𝑃𝑠 represents the power input from the sensor during the sample
measurement, (𝑚𝐶𝑝)𝑠 is the heat capacity of the sample, 𝑑

𝑑 𝑡 (𝛥𝑇𝑠(𝑡)) rep-
resents the rate of temperature increase of the sensor during the sample
measurement, and 𝑓𝑠(𝑡) is the heat loss equation for the sample mea-
surement. The heating power during the sample measurement should
be increased to achieve a similar temperature increase as observed for
the holder measurement [30]. In the phase of the measurement where
the 𝛥𝑇ℎ(𝑡) and 𝛥𝑇𝑠(𝑡) exhibit linear alignment, it is assumed that 𝑓ℎ(𝑡) is
equivalent to 𝑓𝑠(𝑡). This assumption allows for the derivation of a final
equation to calculate the heat capacity of the sample [15]:
𝑃𝑠
𝛿𝑠

−
𝑃ℎ
𝛿ℎ

= (𝑚𝐶𝑝)𝑠 (7)

where 𝑃 is the average power input from the sensor and 𝛿 is the average
rate of temperature increase, defined as 𝑑

𝑑 𝑡𝛥𝑇 (𝑡).

Table 1
Three types of samples and the expected time ranges for calculating 𝐶𝑝.

Material Expected time ranges

Copper 20–40 s
Glass 40–80 s
PMMA 120–240 s

2.2. The determination of total measurement time

In both case of the holder measurement and sample measurement,
the measurement time should be longer than the time it takes to es-
tablish a non-varying temperature gradient inside the holder or holder-
sample assembly. After the non-varying temperature gradient is estab-
lished, the recorded 𝑑

𝑑 𝑡 (𝛥𝑇 (𝑡)) of the sensor can represent that of the
sample holder or holder-sample assembly, which is the foundation of
Eq. (5) and Eq. (6).

In an ideal case, where a cylindrical sample is heated by a uniform
and constant heat flux from its bottom surface (see inset of Fig. 2a),
and assuming no heat loss, the time needed to establish a non-varying
temperature gradient within the sample, known as the settling time, can
be estimated by 𝑙𝑠2∕𝛼. Here, 𝛼 denotes thermal diffusivity, 𝑙 represents
the characteristic length [15,25], and subscript 𝑠 refers to the sample.
The characteristic length of the sample is its height in the direction
perpendicular to the sensor surface.

On the other hand, for a measurement where an additional sample
holder is utilized (this work), the settling time could be estimated using
( 𝑙𝑠
√

𝛼𝑠
+ 𝑙ℎ

√

𝛼ℎ
)2, where subscript ℎ denotes the sample holder [15,25]. In

actual cases where the sample holder has a much higher thermal diffu-
sivity than the sample, 2 𝑙𝑠2∕𝛼 is utilized for calculating the settling time
of the holder-sample assembly [25,30]. In addition, it is recommended
that data analysis should focus on the time range between 2 ⋅ 𝑙2𝑠∕𝛼 to
4 ⋅ 𝑙2𝑠∕𝛼 seconds for the subsequent heat capacity calculation [25,30].
The time ranges based on this recommendation were utilized in the
following section for 𝐶𝑝 calculation.

2.3. Experimental results and data analysis

Utilizing the aforementioned two-step experimental procedure, the
precise determination of the power delivered to the sample, which
is instrumental in influencing the temperature throughout the entire
bulk specimen, can be achieved. Furthermore, the average rate of
temperature rise, 𝛿, is calculated from the measured data within a
recommended time range. This allows for the determination of the 𝐶𝑝
using Eq. (7). Data from different time ranges were used to calculate
the specific heat capacity of different samples. Table 1 provides an
overview of the sample types and expected time ranges. The reason and
the detailed methodology for deciding the time ranges are explained in
Section 2.2. As outlined, the selection of the time range depends on
the thickness and thermal diffusivity of the sample. It should be noted
that the settling time of the gold sample holder must also be considered,
which is circa 20 s; hence the earliest time range should start from 20 s.

To systematically evaluate the existing measurement method, we
measured the temperature transient of samples with varying thermal
diffusivity at room temperature (293 K). Exemplary temperature tran-
sients of the holder measurement and sample measurement of different
samples are shown in Fig. 2b. Heating powers used during the measure-
ments were as follows: 80 mW for the holder measurement, 160 mW
for copper, and 130 mW for both copper and PMMA. These sample
types consisted of 99% pure copper, float glass obtained from VWR,
and atactic PMMA with a weight-average molecular weight (𝑀 𝑤)
of 94 kg/mol and a polydispersity index (PDI) of 1.5, sourced from
Polysciences. The thermal conductivity of PMMA at room temperature
is expected to be approximately 0.19 W∕(m K ) [45].

The comparison of 𝐶𝑝 of those samples is presented in Fig. 2c. The
reference 𝐶𝑝 of the glass and PMMA in Fig. 2c are determined using
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Fig. 2. (a) Comparison of average temperature increase between the sensor and sample in an ideal scenario, where a cylindrical sample is heated by a uniform heat flux from its
bottom, with no heat loss (see inset). (b) Temperature transient (temperature increase over time) measured by the sensor in the holder measurement and the sample measurements.
(c) Comparison between 𝐶𝑝 of the samples at room temperature (293 K) obtained from the TPSS method and reference values from DSC1(glass, PMMA) or DPS2(copper). (d) The
value of 𝐶𝑝 calculated using moving time windows ([t-0.4 s, t+0.4 s]) with a short interval of 0.8 s.

DSC. Instead, the reference specific heat capacity of copper is obtained
using the DPS method [32], which is reliable for samples with a high
thermal conductivity. Each reported TPSS value of average 𝐶𝑝 is based
on three measurements. The error bars are related to the fluctuation of
calculated 𝐶𝑝 within corresponding time ranges (Fig. 2d).

The average TPSS values for copper and glass are in good agreement
with the reference values, but the value for PMMA is significantly
underestimated. To preliminarily investigate the cause of the under-
estimation, we recalculated the 𝐶𝑝 using moving time windows [𝑡-0.4
s, 𝑡+0.4 s] with a small interval of 0.8 s [41], instead of all the data
from the expected time range. Here, 𝑡 represents the central point of
the time window. In our measurements, an interval of 0.8 s is used to
record data across all three types of samples, serving as the thermal
response sensing period. Consequently, this 0.8 s interval represents
the smallest time window available for the determination of 𝐶𝑝. This
analysis provides a more detailed insight into how the calculated values
of 𝐶𝑝 evolve over time.

It is observed that the calculated 𝐶𝑝 of all the samples initially
increases and then declines over time (Fig. 2d). The colored regions

1 Measured using a DSC 2 calorimeter supplied by Mettler Toledo,
Greifensee, Switzerland.

2 Measured using a thermal constant analyzer supplied by Hot Disk AB,
Gothenburg, Sweden.

indicate the time ranges for calculating 𝐶𝑝 of copper and glass. In the
case of the copper sample, the increasing phase is notably shorter than
that of the other samples, owing to its high thermal diffusivity. Within
20 s to 40 s, there is a range of data with a minimal fluctuation of
around 1%. For the glass sample, the fluctuation of 𝐶𝑝 from 40 s to 80
s is noticeably larger, around 3%. For copper and glass, a state could
be reached where the heat loss has a relatively small impact on the
measurement accuracy. However, when the data outside this state is
used to calculate the 𝐶𝑝, the results are inaccurate. This implies that the
measurement results are sensitive to the selection of the time window
utilized for the calculation.

In contrast, for the PMMA sample, there is a 13% drop in 𝐶𝑝 from
120 s to 160 s. If the data is extrapolated linearly to 240 s, the drop
from 120 s to 240 s is expected to be even more significant. Since the
calculated 𝐶𝑝 of PMMA around 160 s is already much lower than the
reference value and is expected to decrease further over time, the data
from 160 s to 240 s were not experimentally obtained but extrapolated
by a linear fit.

3. Numerical simulation

In this section, we present a simulation model using finite element
method (FEM) (Section 3.1) and proceed to describe a modeling ap-
proach we term ‘a well-tuned model’, grounded in TPSS measurement
data (Section 3.2).
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Fig. 3. Schematic of the model accompanied by its cross-sectional view. Selected components have been scaled in the cross-sectional view to accommodate the wide range of
dimensions and ensure all elements are discernible. An ideal heat source with a circular boundary (marked in red) is used to represent the double spiral sensing element.

3.1. The development of a FEM model

A 3-dimensional (3D) FEM simulation of the TPSS experimental
approach was reported in Ref. [46]. These simulation results demon-
strated good agreement with high and moderately conducting materi-
als. However, it was noted that for low thermal conductivity materials,
the TPSS method tends to underestimate the 𝐶𝑝 values, an issue this
study aims to address. Due to the nearly axisymmetric nature of the
measurement setup, its simulation model can be simplified to two
dimensions (2D) [37,40]. For the current study, which involves the
analysis of multiple parameters, a 2D simulation was chosen. This
preference is due to its efficiency in accurately capturing heat transfer
properties while also reducing the computational time. Furthermore, a
mesh independence analysis was conducted to select the optimum mesh
configuration for accuracy and computational efficiency (Fig. S1).

A detailed visualization of each component within the model is
achieved through a 3D representation, crafted by rotating the 2D
geometry, and is accompanied by dimensional details (Fig. 3) that
correspond to the experimental TPSS counterpart.

To simplify the simulation model, the following assumption were
made:

• The heat transfer between measurement setup and ambient envi-
ronment is negligible (adiabatic boundary condition).

• Inside the setup, heat transfer via convection and radiation is
negligible.

• The measurement setup is axisymmetric, which means the effect
from sensor leads, and the non-circular shape of the sample, are
negligible.

• Material properties are assumed to be constant during the mea-
surement.

• The spiral sensing element of the sensor can be represented by an
ideal circle boundary heat source.

Material properties utilized in these simulations are summarized in
Table 2. The simulation utilized the heat transfer module for solids
in COMSOL Multiphysics, and the governing equations for non-steady
state heat conduction employed in the simulation are presented as
follows:

𝜌𝐶𝑝
𝜕 𝑇
𝜕 𝑡 + ∇𝑞 = 𝜙 (8)

𝑞 = −𝜆∇𝑇 (9)

Table 2
Summary of the component properties used in the simulation for sensitivity analysis.

Component Material 𝜆
(W∕(m K ))

𝐶𝑝
(J∕(k g K ))

𝜌
(kg/m3)

Sample holder Gold alloy 44 ± 10a 177b 15500c

Insulation material Polyimide foam 0.039 ± 0.002d 1090e 6.6c

Polyimide film Polyimide 0.12e 1090e 1420e

a Measured by the Hot Disk slab method [27].
b Calculated based on the specific heat capacity of the ingredients.
c Calculated from mass and volume.
d Measured by the Hot Disk isotropic method [24].
e Obtained from Ref. [47].

where 𝑞 denotes heat flux by conduction, while 𝜙 is the power supplied
from the heat source. The thermal contact resistance, 𝑅𝑐 , is integrated
in the simulation model by assigning an equivalent thin resistive layer
between the geometry of the sample and sample holder. The heat
conduction across the resistive layer is governed by,

𝑞 = 1
𝑅𝑐

(𝑇ℎ − 𝑇𝑠) (10)

where 𝑇ℎ and 𝑇𝑠 are the temperature sample holder and the sample at
their contact interface, respectively.

3.2. Development of the well-tuned model

The development and utilization of the well-tuned model consists of
four steps (Fig. 4).

Firstly, a FEM model (Section 3.1) based on the actual experimental
setup and the components used in the holder measurement (without
sample) was developed.

Secondly, we employed the FEM model to conduct a sensitivity
analysis to different material properties. According to the sensitivity
analysis, we identify four crucial parameters that potentially influence
the thermal response in the holder measurement to a significant degree.

Thirdly, these identified key parameters were finely tuned through
a parameter estimation analysis that utilized data from the holder
measurement, resulting in the well-tuned model which can closely
describe the actual measurement.

In a final step, a sample was added to the well-tuned model, while
the four key parameters obtained in the previous step were held con-
stant. Sample measurement data were then incorporated into the model
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Fig. 4. The work flow of the simulation, including the development of the well-tuned model and its implementation.

for another parameter estimation analysis, enabling the determination
of the 𝐶𝑝 of the sample.

3.2.1. Sensitivity analysis
In the sensitivity study, a simulation based on the parameters in

Table 2 was conducted to find out how a change in parameter 𝑥 influ-
ences 𝛥𝑇 (𝑡) in the measurement, namely the sensitivity coefficient 𝑆𝑥(𝑡).
Following Ref. [42,48,49], we define 𝑆𝑥(𝑡) as the difference of thermal
response caused by changing a parameter 𝑥 by a certain tolerance of
𝜖. To determine 𝑆𝑥(𝑡), a parameter sweep study is conducted with the
target parameter being assigned to different values (𝜖 = 0.1%), while
keeping other parameters fixed. Using the equation below, 𝑆𝑥(𝑡) is
calculated from the thermal response,

𝑆𝑥(𝑡) =
𝛥𝑇𝑥+𝜖(𝑡) − 𝛥𝑇𝑥(𝑡)

𝜖
(11)

The outcomes of 𝑆𝑥(𝑡) distinctly demonstrate that different parame-
ters have specific impacts on 𝛥𝑇 (𝑡), as illustrated in Fig. 5a and Fig. 5b.
In the holder measurement, the sample holder plays a crucial role in
the holder measurement, with its thermal conductivity (𝜆ℎ) and specific
heat capacity (𝐶𝑝,ℎ) considerably affecting 𝛥𝑇 (𝑡). The thermal conduc-
tivity of the insulation material (𝜆𝑖) also markedly influences 𝛥𝑇 (𝑡)
and its influence increases dramatically with time. Additionally, the
thermal conductivity of the polyimide film (𝜆𝑘) is another parameter
of interest. Since an ideal circular boundary heat source was employed
to represent the spiral sensing element, 𝜆𝑘 in the simulation serves as
an equivalent thermal conductivity that enables the ideal heat source to
accurately replicate the behavior of the actual spiral. Therefore, these
four parameters are selected to be tuned based on the data from the
holder measurement.

In the parameter estimation, it is necessary to determine if the
parameters being estimated exhibit linear correlation within the input
data range. If such correlation exists, simultaneous estimation of the
correlated parameters becomes infeasible [48]. During the period after
20 s, the sensitivity to 𝜆𝑘 (𝑆𝜆𝑘 ) and 𝜆ℎ (𝑆𝜆ℎ ) tends to remain constant.
This implies that these two parameters are not correlated with the other
two parameters, 𝜆𝑖 and 𝐶𝑝,ℎ, whose sensitivity (𝑆𝜆𝑖 , 𝑆𝐶𝑝,ℎ

) varies over
time with different derivatives. 𝑆𝜆𝑖 has no linear correlation with 𝑆𝐶𝑝,ℎ
throughout 160 s, while 𝑆𝜆𝑘 tends to be linearly correlated with 𝑆𝜆ℎ
after 20 s (Fig. S2a). The non-linear relationship between 𝑆𝜆𝑘 and 𝑆𝜆ℎ
from 10 s to 20 s still allows for the simultaneous estimation of these
two parameters based on the measured data.

A sensitivity analysis was conducted for a measurement of copper
(Fig. 5b). In this case, the sensitivity to the specific heat of the copper
(𝑆𝐶𝑝,𝑐

) increases over time, which is in agreement with other transient
measurements of 𝐶𝑝 in a thermal-insulated condition [50,51]. The
sensitivity of the equivalent thermal contact resistance between the
sample and the sample holder (𝑆𝑅𝑐

) remains constant at an appreciable
level after a short period and does not correlate with 𝑆𝐶𝑝,𝑐

. Therefore,
these two parameters could be estimated at the same time.

On the other hand, the sensitivity to 𝜆𝑖 (𝑆𝜆𝑖 ) and 𝐶𝑝,ℎ (𝑆𝐶𝑝,ℎ
) rises

over time. These two parameters were estimated in step 3 and utilized
as the input parameters when estimating 𝐶𝑝,𝑐 . Relatively high sensitiv-
ity to these parameters suggests that their uncertainty has a greater
influence on the final result of 𝐶𝑝,𝑐 . When considering the influence of
𝜆𝑖, time windows starting after 20 s are preferred because of a higher
relative sensitivity to the specific heat capacity of copper (𝑆𝐶𝑝,𝑐

∕𝑆𝜆𝑖 ,
Fig. S2b). Meanwhile, 𝑆𝐶𝑝,𝑐

∕𝑆𝐶𝑝,ℎ
remains relatively constant after 20

s, indicating the data after this time are comparable in terms of the
potential influence of 𝐶𝑝,ℎ.

Overall, 𝜆ℎ, 𝐶𝑝,ℎ, 𝜆𝑖, and 𝜆𝑘 could be simultaneously identified in
step 3, while the specific heat capacity of the sample (𝐶𝑝,𝑠) and 𝑅𝑐 could
be estimated in step 4.

3.2.2. Parameter estimation and model validation
The well-tuned model shares the same physical framework as the

FEM model developed in the previous section. However, the four key
material properties (𝜆ℎ, 𝐶𝑝,ℎ, 𝜆𝑖, 𝜆𝑘) in the well-tuned model were
determined through a parameter estimation study (step 3) based on
the holder measurement data. Specifically, the data from 10 s to 160
s, with a heating power of 80 mW, were utilized. In step 4, the
time windows immediately after the sample achieved a non-varying
temperature gradient were utilized: 20 s to 40 s for copper, 40 s to
80 s for glass, and 120 s to 160 s for PMMA.

The parameter estimation study is based on the least-square method
governed by the following equation,

𝐽 =
𝑡+𝛥𝑡
∑

𝑛=𝑡
[𝛥𝑇𝑛(𝜆ℎ, 𝐶𝑝,ℎ, 𝜆𝑖, 𝜆𝑘) − 𝛥𝑇𝑛]2∕2 (12)

where 𝐽 is the least-square objective value, 𝛥𝑇𝑛 represents the simu-
lated average temperature increase of the sensor and 𝛥𝑇𝑛 corresponds to
the measured average temperature increase, both evaluated at various
time points 𝑡.
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Fig. 5. (a) The sensitivity coefficient 𝑆𝑥(𝑡) for 𝐶𝑝.ℎ, 𝜆𝑖, 𝜆ℎ, 𝐶𝑝.𝑖 and 𝜆𝑘 obtained from the FEM model of the holder measurement. The sensitivity to the parameters estimated in
step 3 are represented by solid lines. (b) 𝑆𝑥(𝑡) for 𝐶𝑝,𝑐 , 𝐶𝑝,ℎ, 𝑅𝑐 , and 𝜆𝑖 obtained from the FEM model of copper measurement. The sensitivity to the parameters estimated in step
4 are represented by solid lines.

Fig. 6. (a) Comparison of the average 𝛥𝑇 (𝑡) of the sensor between the measurements (dashed lines) and the well-tuned model (solid lines) for a heating power of 40 mW (blue),
80 mW (black), and 120 mW (red). (b) Comparison of the first derivative of 𝛥𝑇 (𝑡) between the measurement and the well-tuned model.

Table 3
Average effective values from three trials of parameter estimation, each
based on different sets of hold measurement data.

Parameter Estimated value

𝜆ℎ (W∕(m K )) 34.6 ± 1.1
𝜆𝑖 (W∕(m K )) 0.057 ± 0.001
𝜆𝑘 (W∕(m K )) 0.017 ± 0.002
𝐶𝑝,ℎ (J∕(k g K )) 153.5 ± 4.3

In the parameter estimation, a derivative-free optimization method,
specifically the bound optimization by quadratic approximation
(BOBYQA), has been employed. The core principle of the BOBYQA
method involves iteratively approximating the objective function with
a suitable quadratic model [52].

To validate the model resulting from this step, we initially compared
the measured and simulated 𝛥𝑇 (𝑡) for different power values (Fig. 6a).
Note that only the measured data with a heating power of 80 mW
was utilized in step 3. The maximum difference observed between
the simulated and measured data was 1%, indicating that the model
from step 3 accurately describes and predicts the thermal response.

Furthermore, the derivatives of 𝛥𝑇 (𝑡) from both the measurement and
the simulation were compared (Fig. 6b), showing a good correlation
between the two.

4. Results and discussion

4.1. Determination of 𝐶𝑝,𝑠

The 𝛥𝑇 (𝑡) obtained from the holder measurement was used to
extract the four effective parameters: 𝜆ℎ, 𝐶𝑝,ℎ, 𝜆𝑖, and 𝜆𝑘 (Table 3).
However, the actual measurement setup is more intricate than this
simulation model which is based on several assumptions (Section 3.1).
For example, the actual sensing element (nickel spiral) is represented
by an ideal boundary heat source. In addition, the sensor comprises two
polyimide layers on opposite sides of the nickel wire with an adhesive
layer in between. As a result, the estimated parameters are termed
‘‘effective values’’, whose sole purpose is to serve as calibration/fitting
parameters for the next step of the simulation.

The parameters derived during step 3 were subsequently used in
step 4 to determinate the specific heat capacity of the sample (𝐶𝑝,𝑠). The
average 𝐶𝑝,𝑠 of each sample in Table 4 were obtained from nine trials.
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Table 4
The comparison between the reference value and the 𝐶𝑝 of samples determined by the
parameter estimation (step 4). The estimated values are based on nine trials for three
samples (three trials for each sample).
𝐶𝑝 (J∕(k g K )) Trial Copper Glass PMMA

Sample A
1 381.8 836.1 1393.2
2 385.8 837.4 1426.6
3 381.4 836.0 1382.4

Sample B
4 377.5 781.3 1477.2
5 379.7 777.3 1473.3
6 380.8 782.7 1490.9

Sample C
7 379.2 801.8 1401.9
8 383.2 806.1 1401.8
9 379.4 801.7 1402.5

Average 381.0 ± 19.1 806.7 ± 40.3 1427.8 ± 71.4
Reference 384.2 ± 19.2a 843.3 ± 34.0b 1436.7 ± 28.7b

a Measured by DPS.
b Measured by DSC.

The average values are close to corresponding reference values, with
an average difference of less than 4.4%. This demonstrates the ability
of the model to accurately determine the 𝐶𝑝,𝑠 based on experimental
data.

However, it was anticipated that the results of 𝐶𝑝,𝑠 were influenced
by the uncertainty of input parameters, including the specific heat
capacity of the insulation material (𝐶𝑝,𝑖), the thermal conductivity of
the sample (𝜆𝑠), and the selection of the time window. The influence
of these factors on the final result of 𝐶𝑝,𝑠 can be investigated by
varying these factors, respectively [33,53]. The results in Fig. S3 show
that the estimated 𝐶𝑝,𝑠 is weakly sensitive to the changes in 𝐶𝑝,𝑖 and
𝜆𝑠, and time window. Furthermore, considering that the uncertain-
ties resulting from these factors are independent and small, Eq. (13)
was employed to estimate the total uncertainty (𝑈) in the parameter
estimation process [50,53,54],

𝑈 =
√

𝑈𝛥𝑡𝑤
2 + 𝑈𝛥𝐶𝑝,𝑖

2 + 𝑈𝛥𝜆𝑠
2 (13)

where 𝑈𝛥𝑡𝑤, 𝑈𝛥𝐶𝑝,𝑖
, and 𝑈𝛥𝜆𝑠 are the fractional changes in the results

of 𝐶𝑝,𝑠 due to changes in the time window, 𝐶𝑝,𝑖, and 𝜆𝑠, respectively.
The final uncertainty in parameter estimation was calculated to be
0.7%, 1.1% and 6.7% for copper, glass, and PMMA, given a 30% un-
certainty in the three factors. When a reliable value of 𝐶𝑝,𝑖 (uncertainty
less than 10%) is used as an input parameter, the final uncertainty are
0.3%, 0.4%, and 4.3%, even with a 30% uncertainty in the other two
factors.

Using the same method, the specific heat capacity of two other
polymers at room temperature (293 K), namely high density polyethy-
lene (HDPE) and poly(3-hexylthiophene) (P3HT), were determined to
be 1942 ± 97 J∕(k g K ) and 1608 ± 80 J∕(k g K ), respectively. HDPE and
P3HT were sourced from Sigma-Aldrich and Ossila, respectively. More
detailed information including 𝑀 𝑤 and PDI are provided in Table S1.

4.2. Comparison of 𝛥𝑇 (𝑡) between sample and the sensor

The calculation of 𝐶𝑝,𝑠 in TPSS relies on a fundamental assumption:
namely that the sensor can precisely capture the rate of average tem-
perature change over time, 𝑑

𝑑 𝑡 (𝛥𝑇 (𝑡)), for the entire sample. However,
in real-world measurements, this assumption may not hold due to
factors such as the presence of a sample holder and imperfect thermal
insulation materials. In such cases, comparing the differences in 𝛥𝑇 (𝑡)
and 𝑑

𝑑 𝑡 (𝛥𝑇 (𝑡)) between the sensor and the sample can provide valuable
insights into potential errors.

For instance, in the case of copper, its average 𝛥𝑇 (𝑡) shows a
constant offset of around 2 K compared to that of the sensor after
a few seconds (as shown in Fig. 7a). The 2 K difference in 𝛥𝑇 (𝑡)
emerges primarily from the thermal resistance between the sensor and

the sample, alongside the internal thermal resistance of the sample
itself.

In addition, 𝑑
𝑑 𝑡 (𝛥𝑇 (𝑡)) of the sensor and the copper is compared

(Fig. 7c). The difference between these two rates reduces to approx-
imately 2% after a brief duration. This brief duration is estimated to
be around 10 s. This duration can not only be attributed to the sensor
(sample holder) inertia and thermal contact resistance, but also to the
time needed to achieve a non-varying temperature gradient inside the
sample. Note that in the TPSS measurement, this brief duration differs
from that in the TPS measurement, which accounts for sensor thermal
inertia and thermal contact resistance [42–44], but does not require
consideration of the non-varying temperature gradient of the sample.

By contrast, the difference in 𝛥𝑇 (𝑡) between PMMA and the sensor
requires more time to reach its peak of around 4 K, and subsequently
exhibits a noticeable decline over time (Fig. 7b). These characteristics
are attributed to the low thermal diffusivity of PMMA. Likewise, we
calculated the difference in 𝑑

𝑑 𝑡 (𝛥𝑇 (𝑡)) between the PMMA sample and
the sensor (Fig. 7d). Notably, this difference increases significantly
during the first 100 s and then remains at around 11%. The larger
difference in 𝑑

𝑑 𝑡 (𝛥𝑇 (𝑡)) implies that, in the case of PMMA, heat is more
difficult to conduct away from the sensor. This is due to both the
thermal contact resistance and the low thermal conductivity of the
sample.

4.3. Heat loss in the measurements

The thermal response curve 𝛥𝑇 (𝑡) is influenced by multiple factors,
including the heat capacity of both the sample and the sample holder,
heat conduction between the sensor and the sample (thermal contact
resistance and the thermal conductivity of the sample), and heat loss
to the insulation material. Heat conduction between the sensor and the
sample predominantly affects the initial stages of the measurement (for
𝑡 < 2 ⋅ 𝑙2𝑠∕𝛼), whereas heat loss becomes more significant over longer
timescales.

In this section, the assumption regarding the heat loss equation
is examined, namely 𝑓ℎ(𝑡) = 𝑓𝑠(𝑡) (Section 2.1). This assumption
holds when 𝛥𝑇 (𝑡) in both measurements exhibits approximately linear
behavior and they are aligned with each other [15]. However, in our
measurements, we observe that 𝛥𝑇 (𝑡) slightly deviates from linearity
(Fig. 2b). This deviation arises from the heat loss to the insulation
material, and it introduces a potential error in the determination of
𝐶𝑝,𝑠 from Eq. (7). To gain deeper insight and to quantify the extent of
heat loss, we conducted a comprehensive analysis of the heat balance
utilizing the well-tuned model.

In the case of the holder measurement (Fig. 8a), the rate of heat
accumulation in the sample holder decreases over time. Conversely, the
rate of heat accumulation in the insulation material, or in other words,
heat loss (𝑄(𝑡)), steadily increases over time and eventually surpasses
that of the sample holder at around the 60 s. Ultimately, it becomes
three times greater than the heat accumulation in the sample holder,
accounting for a substantial 74% of the overall heating power. A large
heat loss is undesirable, as it implies that the actual experiment may
deviate from ideal conditions.

In the case of the copper measurement (Fig. 8b), a similar trend
of 𝛥𝑇 (𝑡) can be observed for the sample holder and the insulation
material. Additionally, a substantial fraction of the heat is directed to
the copper sample, resulting in a smaller portion of heat entering the
insulation material when compared to the holder measurement. This is
the reason why the change in 𝛥𝑇 (𝑡) during the sample measurement
appears to follow a more linear trend compared to that during the
holder measurement.

Knowing 𝑄(𝑡) (Fig. 8a–b), we can calculate the unique heat loss
function described in Section 2.1 as follows: 𝑓 (𝑡) = 𝑄(𝑡)∕ 𝑑

𝑑 𝑡 (𝛥𝑇 (𝑡)). In
the case of the copper sample, the difference between 𝑓ℎ(𝑡) and 𝑓𝑠(𝑡)
remains small within the time window of 20 s to 40 s, varying within a
range of ±8% (Fig. 8c). However, the difference gradually increases
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Fig. 7. Average 𝛥𝑇 (𝑡) of the sensor and the sample for (a) copper and (b) PMMA. The corresponding 𝑑
𝑑 𝑡 (𝛥𝑇 (𝑡)) for (c) copper and (d) PMMA. The dashed line in each plot

represents the difference between the sensor and the sample.

over time and reaches 48% at the end of the measurement, in line
with the observed trend of increasing underestimation of 𝐶𝑝,𝑠 with
time (Fig. 2b). For the PMMA sample, 𝑓ℎ(𝑡) ≠ 𝑓𝑠(𝑡) throughout the
measurement. Initially, 𝑓ℎ(𝑡) is smaller than 𝑓𝑠(𝑡), but surpasses 𝑓𝑠(𝑡)
after 100 s and ultimately becomes approximately 20% larger by the
end of the measurement.

Furthermore, we estimated the percentage of error in the heat loss
calculation relative to the heating power, referred to as 𝜀𝑄(𝑡) (Fig. 8d),
using the formula below:

𝜀𝑄(𝑡) =
𝑓ℎ(𝑡)

𝑑
𝑑 𝑡 (𝑇𝑠(𝑡)) −𝑄𝑠(𝑡)

𝑃𝑠
(14)

where 𝑄𝑠(𝑡) represents the rate of heat loss in the sample measurement.
For copper, 𝜀𝑄(𝑡) changes from −1% to 16% between 20 s and 160
s. Interestingly, 𝜀𝑄(𝑡) remains within ±1% during the time window of
20 s to 40 s (Fig. 8d, red region). This small value of 𝜀𝑄(𝑡) and the
ability of the sensor to accurately capture the 𝛥𝑇 (𝑡) of copper (Fig. 7a,
c) are the reasons why 𝐶𝑝,𝑐 calculated from this particular time window
agrees with the reference value (Fig. 2c). For PMMA, 𝜀𝑄(𝑡) ranges from
3% to 10% within the time window of 120 s to 160 s. A higher 𝜀𝑄(𝑡)
implies that the heat loss here is overestimated, which contributes to
the underestimation of the specific heat capacity of PMMA (𝐶𝑝,𝑝).

In this section, we have quantified 𝑄(𝑡) in both holder and sample
measurements, relying on the results from the well-tuned model. It is
evident that 𝑄(𝑡) gradually increases over time, eventually accounting
for a non-negligible portion of the total heat power. Subsequently, we
have demonstrated that the difference between the heat loss equations
𝑓ℎ(𝑡) and 𝑓𝑠(𝑡) is indeed evident, especially in the later part of the

measurements. This difference is believed to be the primary source of
error in our experimental determination of 𝐶𝑝,𝑠 for materials with a low
thermal conductivity.

5. Conclusions

The objective of this study was to enhance the TPSS method to
measure the specific heat capacity of materials with a low thermal
conductivity. While the existing method is effective for determining
the specific heat capacity of samples with moderate to high thermal
conductivity (𝜆 > 1 W∕(m K )), the improved approach extends its
applicability to materials with thermal conductivity as low as 0.19
W∕(m K ).

First, we conducted a series of TPSS experiments of select sam-
ples (copper, glass, and PMMA) with varying thermal conductivity to
evaluate the measurement method. This analysis revealed both the ca-
pabilities and limitations of the TPSS method, particularly its tendency
to underestimate the specific heat of samples with a low thermal con-
ductivity. Following this, a well-tuned simulation model was developed
and validated using the experiment data, with key material properties
determined through a parameter estimation analysis. The simulation
model was subsequently utilized to estimate the specific heat capac-
ity of the samples. The estimated specific heat values showed good
agreement with reference data, exhibiting a deviation of 4.4% and a
small uncertainty. This alignment was achieved by analyzing data from
a specific time range, which was determined based on the thickness and
thermal diffusivity of each sample. For unknown samples, selecting an
appropriate time range would be essential to ensure optimal results.
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Fig. 8. The rate of heat accumulated in different components during (a) the holder measurement and (b) the sample measurement. (c) Comparison of the unique heat loss function
that describes the holder measurement 𝑓ℎ(𝑡) and sample measurement 𝑓𝑠(𝑡). (d) The percentage of error in the heat loss calculation relative to the heating power, defined as 𝜀𝑄(𝑡).

Furthermore, the study illustrates that heat loss during the holder
measurement and during the sample measurement could vary sig-
nificantly, especially during longer measurement times, which is not
anticipated in the conventional theory. This variation became evident
through a heat balance analysis for each component (sample, sample
holder, and thermal insulation material). The analysis led to the conclu-
sion that inaccuracies in heat loss calculations are the primary reason
for the underestimation of the specific heat capacity.

In summary, this work enhances the capabilities of the TPSS method
by incorporating a well-tuned simulation model, offering a reliable
alternative for determining the specific heat capacity of materials with
low thermal conductivity.
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1 Mesh independence analysis

Figure S1: Simulated ∆T at 160 s versus different mesh numbers. The insert shows the

mesh utilized in the study, which comprised approximately 4000 elements and achieved an

average element quality of 0.82 in terms of skewness.
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2 Comparison between Sx(t)

Figure S2: The comparison between Sx(t) to different parameters in (a) holder measurement

and (b) sample measurement.
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3 Influence of uncertainty of input parameter

Figure S3: Influence of uncertainty of input parameter on the result of Cp,s.
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4 Cp of additional materials

Table. S1: The specific heat capacity of materials at room temperature determined by the
well-tuned model in this work.

Material Cp (J/(kg ·K)) Source Detail
High density polyethylene 1942± 97 Sigma-Aldrich 547999, Mw 95 kg/mol, PDI 5.3
Poly(3-hexylthiophene) 1608± 80 Ossila M1010, Mw 74 kg/mol, PDI 2.1
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Poly(benzodifurandione) Coated Silk Yarn for Thermoelectric
Textiles

Mariavittoria Craighero, Qifan Li, Zijin Zeng, Chunghyeon Choi, Youngseok Kim,
Hyungsub Yoon, Tiefeng Liu, Przemyslaw Sowinski, Shuichi Haraguchi, Byungil Hwang,
Besira Mihiretie, Simone Fabiano,* and Christian Müller*

Thermoelectric textile devices represent an intriguing avenue for powering
wearable electronics. The lack of air-stable n-type polymers has, until now,
prevented the development of n-type multifilament yarns, which are needed
for textile manufacturing. Here, the thermomechanical properties of the
recently reported n-type polymer poly(benzodifurandione) (PBFDO) are
explored and its suitability as a yarn coating material is assessed. The
outstanding robustness of the polymer facilitates the coating of silk yarn that,
as a result, displays an effective bulk conductivity of 13 S cm−1, with a
projected half-life of 3.2 ± 0.7 years at ambient conditions. Moreover, the
n-type PBFDO coated silk yarn with a Young’s modulus of E = 0.6 GPa and a
strain at break of 𝝐break = 14% can be machine washed, with only a threefold
decrease in conductivity after seven washing cycles. PBFDO and
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) coated
silk yarns are used to fabricate two out-of-plane thermoelectric textile devices:
a thermoelectric button and a larger thermopile with 16 legs. Excellent air
stability is paired with an open-circuit voltage of 17 mV and a maximum
output power of 0.67 μW for a temperature difference of 70 K. Evidently,
PBFDO coated multifilament silk yarn is a promising component for the
realization of air stable thermoelectric textile devices.
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1. Introduction

Miniaturized and integrated electronic de-
vices are poised to become ubiquitous in
our daily lives and are increasingly used
in several areas, including the Internet
of Things (IoT), augmented reality (AR),
robotics, health care, and wearable tech-
nology. Electronic textiles (e-textiles) con-
stitute a versatile platform that uses tex-
tile manufacturing technology to add new
functionalities to fabrics and garments,
such as health monitoring and diagnos-
tics via sensors,[1–5] communication via
keyboards,[6] displays[7,8] or antennae,[9,10]

motion via actuators[11] and thermal regula-
tion via heating and cooling elements.[12,13]

E-textiles should also incorporate energy
harvesting devices that allow the conversion
of on-site energy into electricity for pow-
ering the integrated electronics. This can
include harvesting biomechanical energy
through piezoelectric[14,15] or triboelectric
generators,[16,17] as well as exploiting energy
sources available in our surroundings, such
as light through solar cells[18] and heat gra-
dients through thermoelectric devices.[19–22]
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Thermoelectric devices are attractive because they can harvest
body heat and do not require light exposure (cf. solar cells) or
motion (cf. piezo- and triboelectric generators). Any difference
in temperature, i.e., between skin and a colder (or warmer) en-
vironment, can be directly converted into an electrical potential
through the Seebeck effect. A typical thermoelectric generator
(TEG) includes multiple thermocouples, each composed of two
legs that are connected thermally in parallel and electrically in
series. The legs of a thermocouple should be made of semicon-
ductor materials that feature excellent thermoelectric properties,
i.e., a high Seebeck coefficient 𝛼, a high electrical conductivity 𝜎

and a low thermal conductivity 𝜅, which can be combined into a
dimensionless figure of merit ZT:

ZT = 𝛼2𝜎

𝜅
T (1)

where T is the absolute temperature. Specifically, one type of leg
is composed of a p-type material characterized by a positive See-
beck coefficient 𝛼p, and the other leg is composed of an n-type
material characterized by a negative Seebeck coefficient 𝛼n. Each
pair contributes to the total open-circuit voltage Voc of a thermo-
electric generator according to:

Voc = N
(
𝛼p − 𝛼n

)
ΔTtc (2)

where N is the number of thermocouples and ΔTtc is the temper-
ature difference experienced by the device.[23]

Integrating thermoelectric devices into textiles can be achieved
through multiple approaches such as 1) coating or printing a
thermoelectric generator architecture onto the surface of exist-
ing fabrics,[24–26] 2) stitching or embroidering conducting fibers
into fabrics,[19,25,27] and 3) knitting or weaving of the complete
fabric using conducting yarns. In all cases, it is crucial to use ther-
moelectric materials that possess properties, which match the re-
quirements for comfort and safety of fabrics, such as a low weight
and flexibility, and the materials must not be toxic. While inor-
ganic semiconductors offer very promising thermoelectric prop-
erties, they tend to comprise scarce and harmful elements and
require energy-intensive processing methods. Similarly, carbon
nanomaterials such as carbon nanotubes and graphene are asso-
ciated with toxicity concerns.[28]

Organic semiconductors and in particular conjugated poly-
mers can exhibit outstanding mechanical properties and of-
fer advantages such as ease of processing and a low thermal
conductivity.[23,29] For instance, many conjugated polymers fea-
ture a Young’s modulus of E = 0.01 to 1 GPa and strain at break
𝜖break > 10% (note that textile manufacturing typically requires re-
versible stretching to at least 5%).[30] Furthermore, it is desirable
that the polymer does not comprise reactive compounds such as
redox dopants or strong acids, which are often used to optimize
the electrical conductivity.

Extensive research has been dedicated to p-type con-
jugated polymers, resulting in materials with promising
electrical properties. One notable example is poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS),
which can exhibit a high 𝜎 > 1000 S cm−1 and overall a
promising ZT > 0.3.[31,32] PEDOT:PSS can be used to wet-spin
monofilaments.[27,33] Despite displaying outstanding thermo-

electric properties as well as a high Young’s modulus, single
monofilaments face some limitations due to their small cross-
sectional area, which results in a breaking force that is too low for
many textile manufacturing techniques. Instead, multifilament
yarns are typically used in the case of classical textile materials.
Nevertheless, the preparation of multifilament PEDOT:PSS
yarns has not been successful yet. Another possible approach
to obtain electrically conducting multifilament yarns is coating
textile yarns with conductive inks. For example, silk or cellulose
yarns have been coated with PEDOT:PSS[34,35] and used as
building blocks for the design of thermoelectric textiles through
embroidery or machine sewing.[19,36] Nonetheless, the utility of
these thermoelectric devices was limited because silver-plated
yarn had to be used to connect p-type legs instead of an n-type
yarn due to the lack of air-stable n-type organic conductors (re-
placing 𝛼n in Equation (2) with 𝛼Ag =+0.3 μV K−1 limits Voc).

[19,36]

Alternatively, some studies that explore the design of thermoelec-
tric textiles use n-type yarn or monofilaments based on inorganic
materials, e.g., Bi2Te3 or Ti3C2Tx MXene nanoflakes,[37,38] or
carbon allotropes, such as nanotubes[21,39] and graphene.[40]

While these types of materials yield a promising thermoelectric
performance, e.g., a power factor 𝛼2𝜎 above 2000 μW m−1 K−2 in
case of yarns based on carbon nanotubes,[41,42] the high mechan-
ical stiffness and limited ductility as well as toxicity concerns
may limit their use for wearable devices.

Recently, a first example of a fully polymer-based in-
plane thermoelectric textile device was reported that
utilized two sets of cellulose yarn coated with p- and
n-type polymer-based materials, i.e., PEDOT:PSS and
poly(benzimidazobenzophenanthroline):poly(ethyleneimine)
(BBL:PEI).[43] BBL:PEI is a fairly air-stable (up to two days)
n-type material that is suitable for the manufacture of TEGs,[44]

has a 𝜎 of up to 8 S cm−1[45] and a high elastic modulus, with
neat BBL featuring an E ≈ 8 GPa.[46] The BBL:PEI yarn showed
an adequate mechanical robustness along with some degree of
ambient stability for several days, which was achieved through
encapsulation and annealing in a glovebox.[43]

To enable the design of truly functional polymer-based ther-
moelectric textile devices, it will be necessary to develop an n-
type yarn with greatly improved air stability, mechanical robust-
ness as well as processability. Recently, a new n-type polymer,
poly(benzodifurandione) (PBFDO) (see Figure 1a for chemical
structure), with a high electrical conductivity of 𝜎 > 1000 S cm−1

has been reported.[47,48] Wet-spun monofilaments of PBFDO fea-
ture a similar value of 𝜎 ≈ 1000–1600 S cm−1, which dropped
by a factor of two after 14 days, and a high E = 19.5 GPa while
maintaining an 𝜖break of ≈8%.[49] A remaining question is the me-
chanical response of PBFDO at different temperatures since the
embrittlement at low temperatures would complicate its use as
a textile material. Moreover, a multifilament PBFDO yarn or a
coated yarn would be needed to facilitate the use of textile man-
ufacturing techniques.

Here, we investigate the mechanical properties of PBFDO to
assess its suitability as a yarn coating material. We find that
PBFDO can be easily processed into bulk films that remain bend-
able and feature some degree of stretchability even at tempera-
tures below room temperature. Its processability and outstand-
ing mechanical properties allow us to prepare an n-type conduct-
ing yarn by coating silk yarn with PBFDO. The resulting n-type
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Figure 1. Thermomechanical properties of PBFDO films. a) Chemical structure of reduced PBFDO and photograph of a bent film after being immersed
in liquid nitrogen for a few minutes; b) transmission WAXS diffractograms of a free-standing film cast at 40 °C; c) DMTA thermographs of a free-standing
film showing the storage modulus E′, loss modulus E′′ and loss tangent tan 𝛿 (see Figure S4, Supporting Information for additional measurements);
and d) stress–strain response of three free-standing films measured by tensile deformation at 20 °C (processed and measured in the same way, i.e.,
drop casting at 40 °C, force rate of 0.01 N min−1).

multifilament yarn features a similar bulk electrical conductiv-
ity as PEDOT:PSS coated yarn and, crucially, a very promising
stability for at least 14 months at ambient conditions without en-
capsulation. Moreover, the PBFDO coated yarn can be machine
washed at least seven times. Further, the PBFDO coated yarn can
be readily used to sew a button and construct a textile thermo-
electric device through embroidery, which demonstrates that the
yarn exhibits the robustness that is required for textile manufac-
turing.

2. Results and Discussion

In a first set of experiments, we measured the electrical conduc-
tivity of spin-coated films with a thickness of 10 nm. The con-
ductivity increases with temperature starting from a value of 𝜎 =
1000 S cm−1 at −200 °C to 1600 S cm−1 at 130 °C (Figure S1, Sup-
porting Information). The observed electrical conductivity is sim-
ilar to previously reported values for thin films (2000 S cm−1)[47]

and wet-spun monofilaments (1000 to 1600 S cm−1 depending on
the draw ratio),[49] which indicates that the here studied PBFDO
batch is of comparable quality.

We then investigated the thermomechanical properties of free-
standing films of PBFDO. PBFDO in dimethyl sulfoxide (DMSO)
was drop-cast at 40 °C onto glass slides to prepare films with a
thickness ranging from 7 to 18 μm, which could be peeled off to
obtain free-standing films (see Experimental Section for details).

The resulting free-standing PBFDO films were mechanically ro-
bust, and could be handled without fracture, even when cooled to
below room temperature. Bending without breaking was possible
after being immersed in liquid nitrogen for a few minutes (bend-
ing radius 5 mm; Figure 1a; Figure S2, Supporting Information).
However, thermal annealing, e.g., at 200 °C for 5 min (chosen
because the polymer is stable up to 250 °C according to thermo-
gravimetric analysis, TGA; see Figure S3, Supporting Informa-
tion), resulted in brittle samples that fractured upon bending,
which complicated their handling. Evidently, excessive thermal
annealing should be avoided to preserve the mechanical robust-
ness of PBFDO. The free-standing PBFDO films featured an elec-
trical conductivity of 𝜎 = 627 S cm−1 at room temperature, which
is lower than the value measured for spin-coated films (Figure S1,
Supporting Information). We tentatively assign the difference in
electrical conductivity to subtle variations in nanostructure as a
result of different processing techniques, i.e., spin coating versus
drop casting.

We carried out transmission wide-angle X-ray scattering
(WAXS) to investigate the nanostructure of free-standing PBFDO
films. The WAXS diffractograms feature a distinct peak at q010 =
1.88 Å−1 (Figure 1b), which we assign to 𝜋–𝜋 stacking of the poly-
mer backbone in accordance with a previous report.[47]

Dynamic mechanical thermal analysis (DMTA) in tensile
mode at a frequency of 1 Hz was used to investigate the thermo-
mechanical behavior of free-standing PBFDO films. The tensile
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Table 1. Elastic modulus and strain at break 𝜖break of free-standing PBFDO
films at −10 and 20 °C (room temperature) measured by tensile drawing
in force-controlled mode using a rate of 0.01 N min−1 and DMTA in tensile
mode at 1 Hz (mean values and standard deviation of measurements of
2–3 samples; asingle measurement).

−10 °C 20 °C

Technique Elastic modulus
[GPa]

𝜖break
[%]

Elastic modulus
[GPa]

𝜖break [%]

Tensile drawing a15 a2.8 6.6 ± 0.9 5.2 ± 1.1

DMTA 18 ± 0.9 – 16 ± 1 –

storage modulus E′ has a value of 18 GPa at −10 °C and slightly
decreases with temperature, reaching a value of E′ = 16 GPa at
room temperature and 10 GPa at 200 °C (Figure 1c and Table 1;
Figure S4, Supporting Information). Evidently, PBFDO main-
tains its stiffness up to the onset of degradation at T > 200 °C,
as inferred from TGA (Figure S3, Supporting Information).

We used tensile deformation of free-standing samples to an-
alyze the stiffness and ductility of PBFDO in more detail. At
room temperature, the polymer is stiff but relatively ductile, with
a Young’s modulus E = 6.6 ± 0.9 GPa and a strain at break
𝜖break = 5.2 ± 1.1% when measured in force-controlled mode with
a rate of 0.01 N min−1 (Figure 1d and Table 1), yielding a tough-
ness of 3.6 ± 1.1 MJ. Cooling resulted in a stiffer but more brittle
material, as indicated by tensile deformation at −10 °C, which
yielded a high Young’s modulus of 15 GPa but low 𝜖break of only
2.8% (Table 1; Figure S5, Supporting Information). We explain

the somewhat lower Young’s modulus values compared with the
storage modulus from DMTA with the here employed low tensile
deformation rate.

Given that many textile manufacturing processes require ma-
terials with at least some degree of mechanical robustness (e.g.,
bendable and reversibly stretchable to 5%),[30] we decided to
use PBFDO in its as-cast state as a coating material. A batch
coating process was used to prepare conducting n-type yarn,
which involved two cycles of immersion of silk yarn in the
PBFDO:DMSO ink followed by drying at 40 °C (see Experimen-
tal Section for details). Using this method, we produced continu-
ous conductive yarn with a length of up to 1.5 m that comprised
≈10 wt.% of PBFDO (measured by weighing yarn before and
after coating).

Scanning electron microscopy (SEM) was used to assess the
quality of the PBFDO coating (Figure 2). SEM images of the yarn
surface and cross section of freeze-fractured yarn sections do not
reveal any outer shell layer (Figure 2b–d). Intriguingly, charging
artifacts occur within the inner part of each filament, which
indicate an insulating silk core surrounded by a conductive outer
layer. We argue that PBDFO is present on the surface of individ-
ual filaments and may have in part ingressed into each filament.
The presence of PBFDO on the silk filaments was confirmed
visually by the black color upon coating and by transmission
WAXS diffractograms, where a shoulder at q010 = 1.88 Å−1,
i.e., the diffraction peak assigned to the 𝜋–𝜋 stacking of the
conjugated backbone, is observed in case of the coated but not
the neat silk yarn (Figure S6, Supporting Information). To un-
derstand whether electrostatics govern the interaction between
PBFDO and fibroin, the main component of degummed silk, we

Figure 2. SEM micrographs of a) the cross section of neat and b) a side view of PBFDO coated silk yarn sputtered with gold, and c,d) the cross section
of silk yarn coated with PBFDO (no gold sputtering).
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Figure 3. Mechanical and electrical properties of PBFDO coated silk yarn. a) Stress–strain curves recorded during tensile deformation of neat (orange)
and PBFDO coated (purple) silk yarn; b) stress–strain curve of the PBFDO coated silk yarn (left) and in situ recorded change in electrical resistance
R/R0 where R0 is the resistance of the yarn prior to the fatigue test; c) strain during cyclic tensile deformation of the PBFDO coated silk yarn repeatedly
stretched to 3% then released for 60 s (purple line) together with the in situ recorded change in electrical resistance (red line); and d) effective electrical
conductivity 𝜎eff of PBFDO coated yarn (purple squares) and aging prediction (grey area) as a function of storage time at ambient conditions.

sonicated yarn sections suspended in water with a pH ranging
from 2 to 7. Since fibroin has an isoelectric point at pH 4,[34] we
would expect that the degree of binding strongly varies as a func-
tion of pH if electrostatic interactions dominated, as previously
observed for a thiophene based conjugated polyelectrolyte.[50]

However, we find that sonication resulted in a significant
decrease in electrical conductivity by at least two orders of
magnitude, independent of the pH (Figure S7, Supporting
Information). Thus, we conclude that physisorption of PBFDO
onto silk filaments is not driven by electrostatic interactions.

We proceeded with the mechanical and electrical characteriza-
tion of the conducting yarn. Tensile drawing of both neat silk yarn
and yarn coated with PBFDO was carried out to explore the in-
fluence of the coating on the mechanical properties (Figure 3a).
The recorded stress–strain curves indicate that immersing silk
yarn in PBFDO:DMSO ink reduces the Young’s modulus from
E = 1.7 ± 0.5 GPa, measured for neat silk, to 0.6 ± 0.1 GPa
after coating the silk with PBFDO:DMSO ink. Simultaneously,
the strain at break increased reaching a value of up to 𝜖break =
14 ± 0.3% (Table 2). Similar changes are seen when immers-
ing silk yarn in DMSO, indicating that the solvent and not the
PBFDO causes the observed changes in mechanical properties
(Figure S8 and Table S1, Supporting Information). We monitored
the electrical resistance of the n-type yarn during stretching to
investigate the impact of plastic deformation beyond the yield
point. We found that the normalized resistance R/R0, where R0 is

the resistance prior to tensile deformation, remains largely unaf-
fected until the yarn fractures (Figure 3b; Figure S9, Supporting
Information).

To further evaluate how the PBFDO coated yarn responds to re-
peated mechanical stress, we conducted a series of fatigue tests.
The resistance measured in situ during cyclic tensile deforma-
tion to 3% strain increased by less than 20% after 200 cycles
(Figure 3c). PBFDO coated yarn can also withstand cyclic stretch-
ing to 4% or 5% strain without breaking for up to 60 cycles
or 30 cycles, respectively, which suggests that the yarn is suit-
able for textile manufacturing.[30] At the same time the resistance

Table 2. Mechanical and thermoelectric properties of coated silk yarns.
Young’s modulus E, strain at break 𝜖break, effective electrical conductivity
𝜎eff, Seebeck coefficient 𝛼, and power factor 𝛼2𝜎eff; values represent the
mean and standard deviation of measurements of 5 samples; ªvalues from
ref. [51].

Yarn E [GPa] 𝜖break [%] 𝜎eff
[S cm−1]

𝛼 [μV K−1] 𝛼2𝜎eff
[μW m−1 K−2]

Silk 1.7 ± 0.5 10 ± 2.5 – – –

PBFDO
coated silk

0.6 ± 0.1 14 ± 0.3 13 ± 1 −18.8 ± 0.8 0.46 ± 0.04

PEDOT:PSS
coated silk

2.9 ± 0.6ª 10 ± 0.3ª 13 ± 2 17.9 ± 0.1 0.42 ± 0.06

Adv. Sci. 2024, 11, 2406770 2406770 (5 of 12) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

increased by only 10% or 30% (Figure S10, Supporting Informa-
tion).

We investigated the electrical properties of the n-type yarn
by determining the effective electrical conductivity 𝜎eff, which is
based on the total cross-sectional area of the yarn including the
silk, PBFDO as well as voids, and corrected for the contact re-
sistance by using the transmission line method (see Experimen-
tal Section for details). We obtained a value of 𝜎eff = 13 ± 1 S
cm−1 for the PBFDO coated silk yarn (Table 2). Considering that
PBFDO comprises 10 wt.% of the yarn and taking into account
that the coated yarn comprises ≈27.5% voids (obtained by com-
paring the weight and volume of neat silk yarn with the density
of silk 𝜌 ≈ 1.3 g cm−3), the coating has an effective conductiv-
ity 𝜎 ≈ 250 S cm−1, which is lower than the value measured for
PBFDO films on glass (Figure S1, Supporting Information) or
free-standing films. We attribute this difference to an uneven
PBFDO coating on the filaments, resulting in an overall reduc-
tion of the electrical conductivity. We also measured the Seebeck
coefficient 𝛼 of the n-type yarn and obtained a value of 𝛼n =−18.8
± 0.8 μV K−1 (Table 2), which is similar to the value previously
reported for PBFDO thin films.[47] The measured electrical con-
ductivity and Seebeck coefficient result in a thermoelectric power
factor of 𝛼2

n𝜎eff = 0.46 ± 0.04 μW m−1 K−2, which is comparable
to the power factor of PEDOT:PSS coated silk yarn.[19]

In a further set of experiments, we assessed to which extent the
thermoelectric properties of PBFDO coated silk yarn can be opti-
mized through partial oxidation. Ke et al. have recently reported
that PBFDO can be oxidized by exposing the polymer to strong
oxidizing agents such as tris(4-bromophenyl)ammoniumyl hex-
achloroantimonate (Magic Blue).[52] We submerged PBDFO
coated yarn sections in solutions of 0–3 mm Magic Blue dissolved
in degassed acetonitrile and subsequently measured the electri-
cal conductivity and Seebeck coefficient (Figure S11, Supporting
Information). As anticipated, oxidized yarn sections featured a
𝜎eff that decreased with Magic Blue concentration, while 𝛼 be-
came more negative (Figure S11, Supporting Information). Over-
all, the power factor increased by up to one order of magnitude
from ≈0.5 to 5 μW m−1 K−2 for an intermediate Magic Blue con-
centration of 0.25 mm. However, the thermoelectric properties of
partially oxidized PBFDO yarn were not stable at ambient con-
ditions, which we ascribe to gradual reduction of the material.
Thus, we opted to use fully reduced PBFDO coated yarn for all
further studies since their thermoelectric properties were stable
with time.

To assess the long-term stability of PBFDO coated yarn, we
repeatedly characterized the electrical resistance during storage
at ambient conditions and, in a separate set of experiments, ex-
posed the yarn to machine washing. Notably, the electrical con-
ductivity remains almost constant over a span of 14 months when
stored at ambient conditions (Figure 3d), which indicates excep-
tional stability of the yarn compared to other types of n-type poly-
mers. For instance, BBL:PEI coated regenerated cellulose yarn
showed a tenfold increase in resistance after only one day at am-
bient conditions.[43] We extrapolate that the PBFDO coated yarn
will lose 50% of its initial conductivity after 3.2± 0.7 years (Figure
S12, Supporting Information). Strikingly, the PBFDO coated yarn
also featured a promising degree of washability. Seven washing
cycles at 20 °C resulted in an increase in electrical resistance by
a factor of only 3 (Figure 4). The decrease in electrical conductiv-

Figure 4. Machine-washing of PBFDO coated silk yarn. Change in electri-
cal resistance R/R0 as a function of washing cycle at 20 °C.

ity observed upon sonication of PBFDO coated yarn (cf. Figure
S7, Supporting Information) suggests that mechanical wear lim-
its the stability during machine washing. We chose to study the
PBFDO coated yarn without a protective coating to obtain a fair
assessment of its stability. In the future, it would be possible to
add a protective coating to the yarn such as a thermoplastic elas-
tomer to minimize mechanical wear during washing.

An out-of-plane textile thermocouple was fabricated by hand-
stitching a button with conducting yarn onto three layers of a
felted wool fabric (Figure 5a; Figure S13, Supporting Informa-
tion). We used a button to demonstrate the ease of handling and
robustness of the n-type yarn. Furthermore, the button increases
the length of the thermoelectric legs, thereby enhancing the ther-
mal gradient experienced by the thermocouple. The n- and p-type
leg where constructed with PBFDO and PEDOT:PSS coated silk
yarn, respectively, with the latter produced with a previously re-
ported roll-to-roll coating method that yielded machine-washable
p-type conducting yarn.[51] The thermoelectric properties of the
n- and p-type yarns closely match, except for the opposite sign of
the Seebeck coefficient (Table 2).

We characterized the performance of the thermoelectric but-
ton by placing the device between a hot plate and a heat sink with
a temperature Thot and Tcold, respectively (Figure 5a, see Experi-
mental Section for details). The temperature of the hot plate was
increased to generate stepwise increasing temperature gradients
ΔT = Thot − Tcold thus exposing the thermoelectric legs to a tem-
perature gradient ΔTtc (note that ΔTtc < ΔT because of thermal
contact resistance between the device and the heat source and
sink). At each ΔT, the generated voltage V was recorded while a
variable load was applied by drawing different currents I with a
source-measure unit.

The open-circuit voltage Voc, i.e., the extrapolated voltage at
I = 0, increased linearly with ΔT (Figure 5c) and we estimate a
value of Voc/ΔT = 27.5 μV K−1 assuming that ΔTtc = ΔT. Instead,
Equation (2) predicts a higher value of Voc/ΔTtc = 36.7 μV K−1,
which we explain with thermal contact resistance and hence
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Figure 5. Performance of the thermoelectric button. a) Schematic representation of the thermocouple fabricated by hand-stitching a button onto a wool
fabric with the n-type leg composed of PBFDO coated yarn and the p-type leg of PEDOT:PSS coated yarn; b) voltage V (left) and output power Pout (right)
of the thermoelectric button as a function of current I for different temperature differences ΔT = Thot − Tcold where Thot and Tcold are the temperatures
of the hot plate and cooler measured with a pair of thermocouples; c) open-circuit voltage Voc and d) maximum output power Pmax as a function of ΔT
recorded immediately after device fabrication or after storage at ambient conditions for 1, 11 or 41 weeks (circles represent experimental values; solid
and dashed lines calculated assuming that ΔTtc = ΔT and ΔTtc = 0.75 · ΔT, respectively).

ΔTtc ≈ 0.75 · ΔT (cf. solid and dashed lines in Figure 5c). The
output power was calculated according to:

Pout = VI (3)

and reached a maximum for the current at which the internal
resistance of the device Rin = 50 Ω and the load Rload are equal.
The maximum output power Pmax achieved by the thermocouple
increased with ΔT, reaching a highest value of Pmax = 20 nW and
a power density of ≈10 nW cm−2 at ΔT = 70 K (Figure 5b,d; the
projected area of the button was 1.77 cm−2). The measured values
are in good agreement with Pmax predicted according to:

Pmax =
V2

oc

4Rin
(4)

which, e.g., yields a value Pmax = 22 nW for Voc = 2.1 mV at
ΔT = 70 K.

To assess the long-term stability of the thermoelectric button,
we repeatedly measured its performance. Both, Voc and Pmax did
not markedly change after at least 41 weeks of storage at ambi-
ent conditions, apart from the occasional device characterization
during which the device was heated (Figure 5c,d; Figure S14, Sup-
porting Information).

In a further set of experiments, a larger out-of-plane tex-
tile thermoelectric generator was fabricated. PBFDO and PE-
DOT:PSS coated silk yarns were hand-sewn through six layers
of felt wool forming 8 n-legs and 8 p-legs, respectively (Figure 6a;
Figure S15, Supporting Information). We chose to construct n-
and p-type legs with the same number of yarn sections and cross-
sectional area because of the similar 𝜎eff of the two types of coated
silk yarn (see Table 2), meaning that the performance of the TEG
is optimized if the legs have comparable dimensions.[19,44]

We characterized the thermoelectric performance of the gen-
erator similar to the thermoelectric button, e.g., by placing the
device between a hot plate and a heat sink and by record-
ing the generated voltage V while drawing different currents
I with a source-measure unit at each ΔT of interest. More-
over, a numerical simulation model was developed to investi-
gate the impact of the thermoelectric generator design param-
eters on Pmax. In our simulation, each thermoelectric leg is de-
picted as a cubic structure with effective electrical and thermal
conductivity (see Supporting Information for further details).
We simulated the temperature distribution across the textile
thermopile and the resulting Voc at fixed values of ΔT and
took into account the thermal contact resistance. Pmax was
subsequently calculated using Equation (4) where the mea-
sured internal resistance Rin was 119 Ω at room temperature,
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Figure 6. Performance of the thermoelectric generator composed of eight thermocouples. a) Schematic and photograph of the thermoelectric generator.
b) Open-circuit voltage Voc as a function of ∆T (circles represent experimental values; black and grey lines calculated assuming that ΔTtc = ΔT and
ΔTtc = 0.83 · ΔT, respectively); c) output power Pout of the thermopile as a function of current I for different temperature differences ΔT (circles
represent experimental values, lines represent the results from the simulation at different ΔT considering a thermal contact resistance of 97 K cm2

W−1). d) Predicted Pmax (right) and Voc (left) generated from the thermoelectric generator at ΔT = 70 K and thermal contact resistance of 97 K cm2 W−1

as a function of thermoelectric leg length (Ll) (vertical grey line at Ll = 8 mm represents the actual Ll of the device). The electrical contact resistance Rc
per thermocouple was 1 Ω (triangles), 3 Ω (circles), 9.1 Ω (squares) (which corresponds to the actual Rc of the device at ΔT = 70 K), and the thread count
Nt was set to be 90. e) Predicted Pmax (right) and Voc (left) generated from the thermoelectric generator at ΔT = 70 K and thermal contact resistance
of 97 K cm2 W−1 as a function of Ll (vertical grey line at Ll = 8 mm represents the actual Ll of the device). The electrical contact resistance Rc per
thermocouple was 9.1 Ω (which corresponds to the actual Rc of the device at ΔT = 70 K), and the thread count Nt was 90 (squares), 180 (circles) and
270 (triangles).

decreasing to 108 Ω at ΔT = 70 K (Figure S16, Supporting In-
formation).

The measured open circuit voltage Voc increased linearly with
ΔT (Figure 6b) and we estimate a value of Voc/ΔT= 243 μV K−1 as-
suming thatΔTtc = ΔT. In agreement with the measured results,
the simulated Voc exhibits a linear increase with ΔT. By assessing
the ratio between the measured Voc and the simulated Voc under
ideal conditions where ΔTtc = ΔT, we estimate that the thermal
contact resistance constitutes 17% of the total thermal resistance
of the entire setup, corresponding to a total thermal contact resis-
tance of 97 K cm2 W−1. The measured Pmax achieved by the device
increased with ΔT, reaching a highest value of Pmax = 0.67 μW at

ΔT = 70 K. The value predicted by the simulation agrees with the
experimental results (Figure 6c). The thermoelectric module with
a total area of 30.25 cm2 yields a power density of 22 nW cm−2 for
∆T = 70 K, which is in good agreement with the power density
generated by the button thermocouple considering the different
device thickness and area fill factor. The thermoelectric perfor-
mance of the device is unvaried after 10 days and decreased by
30% after 90 days of storage at ambient conditions (Figure S17,
Supporting Information).

Furthermore, the validated model was used to investigate the
impact of the length of thermoelectric legs Ll, i.e., the thickness
of the device, and the electrical contact resistance Rc of each ther-
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mocouple on the performance of the textile device (Figure 6d). A
larger Ll results in a higher Voc but also leads to an increase in the
internal resistance of the thermoelectric device. The interplay be-
tween Ll and Rc determines the optimal Ll for which the highest
Pmax is achieved. For instance, when Rc = 9.1 Ω, i.e., the actual
value calculated for our device, the optimal Ll is 8 mm, resulting
in Pmax = 0.65 μW. This aligns with the measured Pmax = 0.67 μW,
indicating a good agreement between the numerical model and
the experimental data. Additionally, the impact of Rc on the re-
sulting output power is significant. The maximum output power
reaches a value of Pmax = 1.95 μW when Rc = 1 Ω, exceeding the
value achieved for Rc = 9.1 Ω by more than three times. This sub-
stantial improvement in the highest Pmax suggests that reducing
Rc is an effective means of enhancing the performance of the tex-
tile thermopile.

The influence of the thread count Nt for each thermocouple
leg was also investigated (Figure 6e). As the thermal conductivity
of coated yarns is higher than that of the felted wool (see Experi-
mental Section and ref. [19]), a higher Nt means a higher portion
of yarns and a higher effective thermal conductivity of the leg,
which decreases the temperature gradient experienced by each
leg and hence reduces Voc. On the other hand, a higher portion
of yarns greatly decreases the internal electrical resistance of the
textile thermopile, leading to a slightly higher Pmax. If Nt is tripled
to 270, a Pmax of 0.75 μW is predicted for Rc = 9.1 Ω, which is only
15% larger than the Pmax for a device with a Nt = 90.

In a final set of experiments, we monitored the thermoelectric
performance of the textile device upon repeated bending around
a coffee mug with a diameter of 10 cm. We measured the internal
electrical resistance of the device before and after the mechani-
cal deformation. The internal resistance remained largely unaf-
fected by bending and unbending cycles, with variations of less
than 2.5% compared to the initial value after 12 cycles (Figure
S18, Supporting Information). Then, we tied the thermoelectric
generator around the coffee mug and filled the mug with hot wa-
ter to create a temperature difference across the device, i.e., be-
tween the wall of the mug and the surrounding air. When the
temperature difference stabilized at ΔT = 30 K, we measured the
thermoelectric performance of the bent device. Gratifyingly, we
observed that repeated bending did not affect the thermoelectric
performance of the device, which continued to function as before
the mechanical deformation was applied (Figure S18, Supporting
Information).

3. Conclusion

The n-type conjugated polymer PBFDO could be readily pro-
cessed into free-standing films, exhibiting a high stiffness and
relatively high ductility with a Young’s modulus E= 6.6± 0.9 GPa
and a strain at break 𝜖break = 5.2 ± 1.1% at room temperature.
The high degree of mechanical robustness of as-cast PBFDO en-
abled the fabrication of n-type yarn by batch coating silk yarn with
PBFDO:DMSO ink. The resulting multifilament n-type yarn fea-
tured an effective electrical conductivity of 𝜎eff = 13 ± 1 S cm−1,
which remained nearly constant over 14 months of storage at am-
bient conditions and increased only threefold after seven wash-
ing cycles, indicating both outstanding long-term stability and
washability.

Moreover, the PBFDO coated yarn exhibited a Young’s mod-
ulus E = 0.6 ± 0.1 GPa and a strain at break of 𝜖break = 14 ±
0.3%. The yarn could withstand cyclic tensile deformation to 3,
4, and 5% strain, confirming its suitability for textile manufac-
turing. The robustness and utility of the n-type yarn were illus-
trated by the fabrication of two out-of-plane thermoelectric textile
devices: a thermoelectric button and a larger textile thermopile.
PBFDO and PEDOT:PSS silk yarns were used to hand-stitch a
button onto a pile of wool fabrics, resulting in a thermocouple
with a maximum output power of ≈20 nW and good air stabil-
ity for at least one year. Additionally, PBFDO and PEDOT:PSS
silk yarns were used to fabricate a larger thermoelectric textile
device consisting of 8 n-type and 8 p-type legs. The open-circuit
voltage Voc of the device reached a value of up to 17 mV and a
maximum output power Pmax = 0.67 μW for a ΔT = 70 K, which,
e.g., would be sufficient to power sensors based on organic elec-
trochemical transistors (OECTs) for sensing of electrophysiologi-
cal signals.[53,54] Numerical simulations were in good agreement
with the experimentally obtained device performance and indi-
cated that Pmax could be increased by minimizing the electrical
contact resistance. Evidently, PBFDO coated multifilament silk
yarn is a promising material for the realization of stable thermo-
electric textile devices.

4. Experimental Section
Materials: PEDOT:PSS (Clevios PH1000) was purchased from Her-

aeus Holding GmbH. PBFDO was synthesized according to the
literature.[47] 3,7-dihydrobenzo[1,2-b:4,5-b′]difuran-2,6-dione (H-BFDO),
duroquinone and DMSO (purity 99.9%) were purchased from Sigma–
Aldrich and used as received. H-BFDO (1 eq, 150 mg) and duroquinone
(1.5 eq, 194 mg) were dissolved in 10 mL DMSO under nitrogen, followed
by heating at 100 °C for 1 h. The final mixture was dialyzed against DMSO
using a dialysis bag with a cutoff molecular weight of 10 kg mol−1 (Viskase,
USA) for 1–2 weeks (DMSO was changed every 3 days until it became col-
orless). The mixture in the dialysis bag was filtered with a 0.45 μm polyte-
trafluoroethylene filter to obtain the final PBFDO:DMSO ink.

Sample Preparation and Yarn Coating: Thin films were spin coated
(1500 rpm for 120 s and 3000 rpm for 10 s) onto cleaned glass slides
(prewashed by sonication in acetone and then isopropanol) and then an-
nealed on a hotplate at 50 °C for 1 h. Free-standing films with a thick-
ness of 7–18 μm were prepared by drop casting PBFDO:DMSO ink onto
cleaned glass slides at 40 °C, followed by drying in a vacuum oven for 2
days at 40 °C, and finally removal from the substrate with a sharp blade.
The thickness of thin films was determined with atomic force microscopy
(AFM) in tapping mode using a Dimension 3000 instrument from Digital
Instruments equipped with a standard silicon tip; the thickness of free-
standing films was measured with a digital caliper. Silk sewing thread was
purchased from Aurora Silk. A prewash of silk yarn in a 1:50 (yarn:water)
wash bath using 4 g dm−3 (with respect to water) silk detergent (Zenit)
and 4 g dm−3 ammonia (25%, Merck Millipore) was performed. PBFDO
coated silk yarn was prepared by immersion into PBFDO:DMSO ink for
10 to 20 min, followed by drying in an oven at 40 °C. Dip coating in
PBFDO:DMSO ink was repeated twice (for the yarns used for the char-
acterization and for sewing the thermopile) or three times (for the yarns
used to fabricate the prototype), followed by a final drying step at 40 °C.
Oxidation of PBFDO coated yarn was achieved by submerging yarn sec-
tions for 20 min in solutions of 0.1–3 mm Magic Blue (obtained from
Sigma–Aldrich), dissolved in 2 mL dry and degassed (30 min N2) ace-
tonitrile (obtained from Sigma–Aldrich). PEDOT:PSS coated yarns were
prepared according to a previously reported roll-to-roll method.[51]

Scanning Electron Microscopy: Samples for scanning electron mi-
croscopy (SEM) were freeze-fractured in liquid nitrogen, and then sput-
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tered with gold, were indicated. SEM imaging was done with a LEO Ultra
55 (Zeiss, Germany) at an acceleration voltage of 2–3 kV.

Wide Angle X-Ray Scattering (WAXS): Wide-angle X-ray scattering was
carried out in transmission mode on bulk samples with a Mat:Nordic
instrument from SAXSLAB equipped with a Rigaku 003+ high-brilliance
microfocus Cu K𝛼 radiation source (wavelength = 1.5406 Å) and a
Pilatus 300 K detector placed at a distance of 124.6 mm from the
sample.

Electrical Characterization: The electrical resistance of thin films was
measured by the four-point probe method in vacuum from 80 to 400 K
with 10 K steps using a semiconductor characterization system (Keithley
4200-SCS). The temperature was controlled by a heater and liquid nitro-
gen. Four parallel line-shaped Cr/Au electrodes were evaporated on glass
substrates with a channel width of 12 mm and a channel length of 0.6 mm
on top of which PBFDO films were spin coated. To determine the elec-
trical conductivity of conducting yarns, samples were placed on a glass
substrate, and contact points with a spacing of L = 10 mm were made
on top using silver paint (fast drying silver suspension from Agar Scien-
tific Ltd.). The resistance of each 10 mm long section was measured using
a Keithley 2400 source-measure unit in 2-point configuration. The electri-
cal contact resistance Rc, yarn was estimated through a transmission line
method, by plotting the electrical resistance of yarn sections as a function
of section length followed by extrapolation of Rc, yarn at L = 0. The mea-
sured resistance Rm was then corrected according to R = Rm − Rc, yarn.
The effective electrical conductivity was calculated according to 𝜎eff = L/
(A · R) where L is the length of the characterized yarn section, i.e.,
10 mm, and A = 𝜋D2/4 is the yarn cross-section area determined by
assuming an homogenous circular area and measuring the yarn diam-
eter D with an Axio optical microscope from Zeiss. The Seebeck coeffi-
cient at 300 K was measured with an SB1000 instrument from MMR Tech-
nologies equipped with a K2000 temperature controller using a thermal
load of 1–2 K and a constantan wire as internal reference. 5 mm-long
yarn segments were mounted on the SB1000 sample stage with silver
paint.

Mechanical Characterization: Tensile deformation of free-standing
films and yarn sections was performed using a DMA Q800 instrument
from TA Instruments in controlled force mode at different temperatures.
A force rate of 0.01 N min−1 for polymer films and 0.1 N min−1 for yarns
were used and the preload force was 0.005 N. Cyclic tensile deformation
of conducting yarn was performed using the same DMA Q800 instrument
by repeatedly applying 3, 4, or 5% maximum strain for 12 s followed by a
60 s release. The electrical resistance during cyclic deformation was mon-
itored with a Keysight U1253B multimeter. Dynamic mechanical thermal
analysis (DMTA) was performed using a DMA Q800 in tensile mode at a
frequency of 1 Hz while ramping the temperature from −80 to 200 °C at a
rate of 3 °C min−1. A dynamic strain with a maximum value of 0.1% and a
preload force of 0.001–0.005 N were used.

Machine Washing: Machine washing was carried out using a commer-
cial washing machine (Daewoong Morning Calm) with 30 mL of commer-
cial detergent (Spark, Aekyung Co. Ltd.) in 3 L of water. The detergent
was reported to contain linear alkylbenzenesulfonates, 𝛼-olefins, zeolite,
fatty acids, etc. Several samples were prepared, each comprising three seg-
ments of ≈5 cm long n-type yarn that were hand-stitched onto a piece of
felted wool fabric. Each felt was put into a mesh laundry bag and then
washed 1 to 7 times in the washing machine with 3 L of water. Each wash-
ing cycle was performed for 15 min at 20 °C. After each washing cycle, the
electrical resistance of the three yarns stitched on the felt was measured
using a multimeter (Fluke) in 2-point configuration.

Textile Thermoelectric Button and Generator: A button (circular shape
with a diameter of 15 mm) was sewn onto three layers of felted wool fabric
from Harry Hedgren AB (Wadmal, 3.2 g dm−2, ≈1 mm thick) by hand
stitching the conducting yarns with a sewing needle to form a thermopile
comprising one n-type and one p-type leg. After stitching, silver paint (fast
drying silver suspension from Agar Scientific Ltd) was applied to both the
bottom and top surfaces to establish electrical connections between the
legs that also served as contact pads for device characterization.

PBFDO and PEDOT:PSS-coated yarns were hand stitched onto six lay-
ers of felted wool fabric from Harry Hedgren AB (Wadmal, 3.2 g dm−2,

≈1 mm thick) using a sewing needle. The sewn yarns formed an out-of-
plane thermoelectric generator comprising 8 n-type and 8 p-type legs. Each
leg was characterized by an area of 8–10 mm times 8–10 mm and a length
Ll, i.e., the thickness of the felted wool layers, of 8 mm. After stitching, sil-
ver paint (fast drying silver suspension from Agar Scientific Ltd) was ap-
plied with a circular (diameter ≈ 8 mm) rubber stamp to both the bottom
and top surfaces to improve the electrical contact among the conducting
yarns of each leg and to establish electrical connections between the legs.

The thermoelectric button and the textile thermoelectric generator were
characterized by placing them on top of a variable temperature hot plate
(HP60, Torrey Pines Scientific Inc.). K-type thermocouples (Omega Engi-
neering) were placed on the top and at the bottom of the devices to record
the surface temperatures using a cDAQ 9174 instrument from National In-
struments with an internal temperature reference. A cooling element was
placed on top of the devices (separated by a glass slide to avoid direct
contact) to maintain a constant cold temperature and to keep the device
in place by providing a weight of ≈0.75 kg. The generated voltage was
measured with a Keithley 2400 source measure unit. Furthermore, the in-
strument was used as a variable load by drawing current from the thermo-
electric generator to determine the maximum output power.

Modeling and Numerical Simulation: A 3D model of the textile ther-
mopile was constructed in COMSOL Multiphysics. The development of
the simulation model was based on the following assumptions: 1) only
heat conduction was considered, while heat transfer via convection and
radiation was negligible; 2) the influence of Joule heating, the Peltier ef-
fect, and the Thomson effect was negligible.

The geometrical and material parameters were selected based on the
experimental results (Table 2; Figure S19a, Supporting Information). The
side length of the whole model and each leg was 55 and 8 mm, respec-
tively, in line with the actual textile thermopiles. The spacing between each
leg was set to be 3 mm. The length of each thermoelectric leg Ll was var-
ied from 2 to 30 mm for investigating the optimal length Ll leading to
the Pmax. Electrodes were constructed for electrically connecting the legs
(Figure S19b, Supporting Information). The electrical resistance and ther-
mal resistance of the electrodes were sufficiently small (at least 1000 times
smaller than the corresponding contact resistance) to be neglected. The
introduction of electrical and thermal contact resistance in the model was
achieved by setting an electrical and thermal contact node between the
legs and the electrodes.

A 1400 mm long coated yarn was used to fabricate each leg, which cor-
responds to a thread count Nt of around 90. The cross-sectional area of
coated yarn Ay per leg was given by:

Ay =
Nt𝜋D2

4
≈ 2.83 mm2 (5)

where D is the yarn diameter.
The internal electrical resistance Rint,l of p-type and n-type legs were

calculated to be 2.19 and 2.16 Ω, respectively, using the equation below:

Rint,l =
Ll

Ay𝜎eff
(6)

where Ll is the length of the leg and 𝜎eff is the bulk conductivity of the
conducting yarns.

The total internal electrical resistance of the whole textile device was
measured to be 119.0 Ω at room temperature and 107.9 Ω at 90 °C, i.e.,
the set temperature of the hot plate to obtain aΔT = 70 K (Figure S16, Sup-
porting Information). Assuming that Rint,l of the n-type yarn was constant
up to 100 °C (see Figure S20, Supporting Information), and that p-type
yarn shows a similar behavior, a change in the electrical contact resistance
Rc per thermocouple with increasing temperature is estimated, ranging
from 10.5 Ω at room temperature to 9.1 Ω at 90 °C.

Cubic legs with an effective electrical and thermal conductivity were uti-
lized to represent the legs made of felted wool fabric and coated yarns.
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The effective electrical conductivity of the p-type or n-type legs was given
by:

𝜎l =
Ll

Al Rint,l
(7)

where Al is the cross-sectional area of the legs.
Regarding the heat conduction across the legs, it was assumed that the

thermal resistances of coated yarns Ky and felted wool fabric Kw were cou-

pled in parallel. Ky is given by Ky =
Ll

𝜆yAy
, while Kw = Ll

𝜆w(Al−Ay)
, where 𝜆y

and 𝜆w are the thermal conductivity of the coated yarn and felted wool fab-
ric, respectively. p-type yarn was characterized by a 𝜆y = 0.18 W m−1 K−1,
as previously reported,[19] and the same value for the n-type yarn was as-
sumed. The thermal conductivity of felted wool 𝜆w used in the simulation
was 0.056 W m−1 K−1, as previously reported.[19] The total thermal resis-
tance K of each leg was given by:

1
K

= 1
Ky

+ 1
Kw

(8)

The effective thermal conductivity of the cubic legs was calculated by
𝜆l =

Ll
KAl

.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1. Electrical conductivity 𝜎 of spin-coated films as a function of temperature. 

Figure S2. Photographs of PBFDO bent films before, during and after being immersed in 

liquid nitrogen for a few minutes. 
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Figure S3. Thermogravimetric analysis (TGA) of PBFDO carried out under nitrogen at a 

scan rate of 10 °C min−1 using a Mettler Toledo TGA/DSC 3+ instrument.  
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Figure S4. DMTA thermographs of two free-standing films (a-c, d-f) showing the storage 

modulus 𝐸′, loss modulus 𝐸′′ and loss tangent tan𝛿 during the first heating (a, d), first 

cooling (b, e) and second heating (c, f) steps.  
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Figure S5. Stress-strain response of free-standing films at different temperatures measured 

by tensile deformation. 
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Figure S6. Transmission WAXS of neat and PBFDO-coated silk yarns.  
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Figure S7. Photograph of PBFDO coated yarns suspended in water with a pH ranging from 2 

to 7: before (a) and after (b) sonication for 20 minutes; (c) electrical conductivity of the 

conductive yarns after sonication (dashed line represents the electrical conductivity value of 

the yarns before the sonication).   

 

 



8 / 18 

 

 

Figure S8. Stress-strain response of silk yarns: neat (orange), treated with DMSO (red), 

coated with PBFDO:DMSO ink (purple).   

 

 

Table S1. Mechanical properties of coated silk yarns. Young’s modulus 𝐸  and strain at break 

𝜀𝑏𝑟𝑒𝑎𝑘. Values represent the mean and standard deviation of measurements of 5 samples. 

yarn 
𝐸 

(GPa) 

𝜀𝑏𝑟𝑒𝑎𝑘 

(%) 

silk 1.7 ± 0.5 10 ± 2.5 

silk treated with DMSO  0.8 ± 0.2 15 ± 1.8 

PBFDO:DMSO coated silk 0.6 ± 0.1 14 ± 0.3 
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Figure S9. Stress-strain curve of the PBFDO coated silk yarn (left) and in-situ recorded 

change in electrical resistance 𝑅/𝑅0 where 𝑅0 is the resistance of the yarn prior to the tensile 

test. 
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Figure S10. Strain during cyclic tensile deformation of the PBFDO coated silk yarn 

repeatedly stretched to 3 (a), 4 (b) and 5 % (c) then released for 60 s (purple line) together 

with the in-situ recorded change in electrical resistance (red line). 
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Figure S11. Oxidation of PBFDO coated yarns by Magic Blue. (a) Photograph of PBFDO 

coated yarns submerged into Magic Blue solutions with different concentrations; electrical 

conductivity (purple), Seebeck coefficient (dark purple) and power factor (pink) of PBFDO 

coated yarns as a function of Magic Blue concentration measured (b) as-dedoped and (c) aged 

for one week at ambient conditions. 
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Figure S12. Effective electrical conductivity 𝜎𝑒𝑓𝑓 of PBFDO coated yarn (symbols) as a 

function of aging time at ambient conditions and linear fits with statistical results (grey lines: 

upper and lower boundaries calculated using 𝑦 = (𝑚 ± ∆𝑚)𝑥 + 𝑛, respectively; red line: 

mean fit) from which the half-life time was estimated. 

 

 

 

 

Figure S13. Photographs of the top, side and bottom view of the thermoelectric button.  
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Figure S14. Performance of thermoelectric button stored at ambient conditions for (a) 1, (b) 

11, (c) 41 weeks. Voltage 𝑉 (left) and output power 𝑃𝑜𝑢𝑡 (right) of the thermoelectric button 

as a function of current 𝐼 for different temperature differences ∆𝑇 = 𝑇ℎ𝑜𝑡 − 𝑇𝑐𝑜𝑙𝑑 where 𝑇ℎ𝑜𝑡 

and 𝑇𝑐𝑜𝑙𝑑 are the temperatures of the hot plate and cooler measured with a pair of 

thermocouples. 
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Figure S15. Photographs of PBFDO and PEDOT:PSS coated yarns and the thermoelectric 

generator.  
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Figure S16. Internal electrical resistance 𝑅𝑖𝑛𝑡 of the thermoelectric generator as a function of 

the temperature gradient across the device.  



16 / 18 

 

 

 

Figure S17. Performance of the larger thermoelectric generator stored at ambient conditions 

for 10 and 90 days. Voltage 𝑉 (left) and output power 𝑃𝑜𝑢𝑡 (right) of the thermoelectric 

device as a function of current 𝐼 for different temperature differences ∆𝑇 = 𝑇ℎ𝑜𝑡 − 𝑇𝑐𝑜𝑙𝑑 

where 𝑇ℎ𝑜𝑡 and 𝑇𝑐𝑜𝑙𝑑 are the temperatures of the hot plate and cooler measured with a pair of 

thermocouples. 
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Figure S18. (a) Internal relative electrical resistance of the larger thermoelectric generator 

during bending-unbending cycles (inset photograph of the bent thermoelectric generator 

around a coffee mug); and (b) voltage 𝑉 (left) and output power 𝑃𝑜𝑢𝑡 (right) of the bent 

thermoelectric device as a function of current 𝐼 at temperature difference ∆𝑇 = 𝑇ℎ𝑜𝑡 −

𝑇𝑐𝑜𝑙𝑑 = 30𝐾, where 𝑇ℎ𝑜𝑡 and 𝑇𝑐𝑜𝑙𝑑 are the temperatures of the warm wall of the mug filled 

with hot water and room temperature measured with a pair of thermocouples (the inset is a 

photograph of the thermoelectric generator bent around a coffee mug filled with hot water).   
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Figure S19. (a) Top view and (b) side view of the simulation model. 

 

 

 

Figure S20. Bulk electrical conductivity of PBFDO coated yarns at different temperatures.  
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Abstract 

The Transient Plane Source (TPS) method is widely used to investigate the thermal properties of 

homogeneous bulk materials and has been further extended to layer–substrate structures. 

Conventional models on layer–substrate structures typically assume one-dimensional (1D) heat flux 

across the layer from the heating area into the backing substrate. This assumption imposes a series of 

constraints on the layer (thermal conductivity < 2 W m−1K−1 and thickness < 600 μm) and on the 

heating area (radius > 11 mm), which greatly limits the scope of the current method. In this study, we 

present a new semi-analytical model with consideration of non-1D heat flux within the layer, along 

with an iterative algorithm which automatically selects time range for data analysis. This new model 

substantially relaxes these constraints, expanding the applicable layer thermal conductivity by an 

order of magnitude (up to 20 W m−1K−1) and thickness by about four times (up to 2000 μm). 

Moreover, the model enables the use of a new TPS probe for layer-substrate structures, which has a 

radius of only 6.6 mm. Experiments are described to validate the new model, showing that 

inaccuracies primarily stem from the thermal contact resistance between the layer and backing 

substrate. Finite element simulations further indicate that a measurement accuracy better than 10 % 

can be achieved provided that thermal contact resistance is mitigated. 

 

Key words: Transient Plane Source method, thin layer, thermal conductivity, thermal contact 

resistance, Finite element method   
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1. Introduction 

Accurate characterization of material thermal properties, including thermal conductivity (𝜆) and 

thermal diffusivity (𝛼), is essential for understanding and optimizing a broad range of engineering 

processes [1-3]. The Transient Plane Source (TPS) method is one of the most widely used 

characterization techniques, offering fast and non-destructive measurements [4, 5]. Originally 

proposed in 1991, an international standard for the TPS method was introduced in 2008 [6]. 

A TPS measurement involves a flat probe — fabricated as a disk [4, 5], rectangle [4] or other planar 

shape that is embedded between two identical solid or liquid samples. The most widely used design is 

the disk‑shaped “Hot Disk” probe, which consists of a double‑spiral metal foil sandwiched between 

thin insulating layers such as polyimide sheets. The insulation layers provide electrical insulation and 

protection under different measurement conditions. The probe acts as both a heat source for the 

surrounding material and a thermometer to measure the resulting temperature response. The thermal 

properties of bulk samples, including thermal conductivity and thermal diffusivity, can be 

simultaneously determined based on the recorded temperature response.  

Upon heating by the probe, the temperature response (as a function of time t) of the sample surface in 

immediate contact with the probe (Δ𝑇surf(𝑡)) is raised, typically by a few Kelvin. Based on the 

assumption that the spiral probe can be approximated by a number of concentric and equally spaced 

circular rings, the relationship between Δ𝑇surf(𝑡) and the thermal properties of the sample can be 

expressed as: 

 Δ𝑇surf(𝑡) = 𝑃0 (𝜋
3

2𝑅𝜆)
−1

𝐷(𝜏)     and      𝜏 = (
𝑡

𝜃
)

1

2
,   𝜃 =

𝑅2

𝛼
 (1) 

Where 𝑃0 is the power output of the probe, 𝑅 denotes the radius of the outermost ring of the probe, 𝜆 

is the thermal conductivity of the sample, and 𝛼 is the thermal diffusivity. 𝐷(𝜏) is the dimensionless 

shape function, defined as: 

 𝐷(𝜏) =  [𝑚(𝑚 + 1)]−2 ∫ 𝜎−2𝜏

0
[∑ 𝑛𝑚

𝑛=1 ∑ 𝑘 exp (
−(𝑛2+𝑘2)

4𝑚2𝜎2 ) 𝐼0 (
𝑛𝑘

2𝑚2𝜎2)𝑚
𝑘=1 ] d𝜎 (2) 

Where 𝑚 denotes the number of concentric ring sources, 𝜎 is an integration variable related to 

dimensionless time, and 𝐼0 is the first kind modified Bessel function of the zeroth order. 

In most cases, the insulation layer and thermal contact resistance impede the heat conduction between 

the probe and the sample, leading to an additional temperature difference (Δ𝑇add(𝑡)) between the 

probe and the sample surface in contact with the probe. Δ𝑇add(𝑡) approaches a constant value within a 

short time after the measurement begins. Therefore, the average temperature response of the probe 

(Δ𝑇avg(𝑡)) that is recorded by the instrument can be expressed as: 
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 Δ𝑇avg(𝑡) =  Δ𝑇surf(𝑡) + Δ𝑇add (3) 

When utilizing a Hot Disk probe with a very small space between the concentric rings, Δ𝑇surf(𝑡) 

approaches the average temperature increase of an ideal circular heating source on a semi-infinite 

substrate (Δ𝑇surf,o(𝑡)). In this case, the dimensionless shape function for Δ𝑇surf,o(𝑡) becomes [4, 7]: 

 𝐷o (𝜏) =  ∫ d𝜎𝜎−2 ∫ 𝑣
1

0
d𝑣 ∫ 𝑢

1

0
d𝑢 · exp (−

𝑢2+𝑣2

4𝜎2 ) 𝐼0 (
𝑢𝑣

2𝜎2)
𝜏

0
 (4) 

where variable 𝑣 and 𝑢 represent normalized radial coordinates.  

Laraqi also provided the explicit analytical expression of Δ𝑇surf,o(𝑡) [8]: 

 Δ𝑇surf,o(𝑡)  =
𝜑𝑅

𝜆
(

8

3π
+ 2√

𝑡∗

π
− 2√

𝑡∗

π
𝑒−

1

2𝑡∗ [(1 +
2

3𝑡∗) 𝐼0 (
1

2𝑡∗) + (
1

3
+

2

3𝑡∗) 𝐼1 (
1

2𝑡∗)]) (5) 

where 𝑡∗ = 𝜏2, 𝜑 = 𝑃0/(π 𝑅2) denotes the power density of an ideal circular heat source and 𝐼1 is the 

first kind modified Bessel function of the first order. 

If the diameter of the probe is roughly two orders of magnitude larger than the insulation layer 

thickness, the heat flux between the probe and the bulk sample can be regarded as one dimensional 

(1D). Δ𝑇add can be used to estimate the thermal resistance (𝑅th) between the probe and the 

background bulk material (referred to as substrate): 

 𝑅th =
2𝜋𝑅2Δ𝑇add

𝑃0
 (6) 

If an additional thin layer is positioned between the probe and the substrate (Fig. 1 c), Eq. 6 still apply 

and can be used to obtain the corresponding thermal resistance. Consequently, the following equation 

allows to determine the thermal conductivity of the layer (𝜆𝑙): 

 𝑅th,𝑙 − 𝑅th,𝑠 =
𝐿

𝜆𝑙
 (7) 

Here, 𝐿 is the layer thickness, 𝑅th,𝑙 denotes the total thermal resistance between the probe and the 

substrate in a layer measurement when an extra layer is inserted, whereas 𝑅th,𝑠 is the thermal 

resistance in case of a substrate measurement without a layer.  

This approach to utilizing the TPS method for thin layers was proposed in 1997 [9], and has since 

been adopted for characterizing polymer films [10-12], bio-based films [13, 14], and polymeric 

composite films [15, 16]. The thermal contact resistance encountered during a measurement can lead 

to an underestimation of the thermal conductivity [17, 18]. This influence can be effectively mitigated 

by applying a thermal interface material (TIM), which is also used in conjunction with other contact-

based methods such as the guarded hot plate (GHP) method [19-21], the divided bar method [22], the 

3w method with a reusable sensor [23], and the temperature wave analysis (TWA) method [24]. In 
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addition, thickness-dependent measurements can be employed to compensate for the influence of 

thermal contact resistance [10, 25, 26]. 

While the assumption of 1D heat flux greatly simplifies the equations used to calculate the thermal 

conductivity, it also imposes a principal limitation. The thermal conductivity and thickness of the 

layer must be strictly limited (< 2 Wm−1K−1, < 600 μm) to ensure that the heat flux across the layer 

remains strictly 1D. Otherwise, the influence of radial heat flux can lead to significant errors. This 

limitation means that a wide range of materials, such as alloys, ceramics, carbon-based materials, and 

composites with a relatively high thermal conductivity, cannot be characterized. Theoretically, the 

assumption of 1D heat flux is also fulfilled if the sample and the probe are equal in size and perfectly 

aligned. However, ensuring these conditions requires precise shaping of the samples and careful 

alignment during assembly, which can significantly increase both the time and effort of the 

measurement process. Even small mismatches can introduce substantial errors, as evidenced by a 

study [18] showing that a 7 % difference in radius between the probe and the sample can result in 

errors of up to 15 %. 

To the best of our knowledge, no previous study has addressed non-1D heat flux to extend TPS 

measurement capabilities in the context of sample layers. Several investigations and model variants 

have been introduced but continue to adhere to the 1D heat flux assumption. Zhang et al. [27] 

systematically studied the influence of non-1D heat flux through a numerical simulation. An empirical 

function was proposed to compensate for non-1D heat flux, which was however only applicable to 

samples with a low thermal conductivity and limited thickness. By approximating the layer as a 

lumped thermal resistance, Emanuel et al. [28, 29] presented an analytical equation in integral form 

describe the temperature fields in an asymmetric configuration, i.e. different layers and substrates on 

both sides of the heat source. The proposed model was validated by comparing its results with those 

obtained from a reliable numerical model based on the Finite Element Method (FEM). To decouple 

the effect of thermal contact resistance at the probe-sample interface, Landry et. al [18] proposed a 

new measurement configuration with a slab piece between the thin film and the probe. A 

corresponding 1D model in the Laplace domain was developed and processed using numerical 

algorithms. Overall, the models developed in these studies are based on the 1D heat flux assumption, 

which reduces computational complexity but fails to adequately account for the effects of non-1D heat 

flux. 

Accounting for multidimensional heat conduction within the multilayer structures facilitates a more 

comprehensive understanding of the heat conduction. Beck et al. [30-32] developed mathematical 

formulations to study the temperature field in multi-dimensional and multi-layer bodies. Gui et al. 

[33] used the transmission-line technique to study two-dimensional (2D) heat conduction in 

multilayer thin-film structures exposed to laser-induced surface-heating. Hui et al. [34, 35] developed 
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a 2D series solution to study the temperature distribution of a heat spreader on a semi-infinite heat 

sink. Milošević et al. [36] proposed a two-dimensional analytical model for measuring the thermal 

diffusivity of two-layer slabs. Rassy et al. [37, 38] proposed a three-dimensional semi-analytical 

model for a coating-substrate material in an unconventional laser flash measurement. This model 

enables the simultaneous identification of the direction-dependent thermal diffusivities of the coating. 

Cahill et al. [39] developed an iterative algorithm for calculating the frequency-domain temperature 

response of layered structures. This temperature is then converted into a transient temperature 

response to evaluate the accuracy of TPS-based measurements of thermal effusivity. Zheng et. al [40, 

41] proposed several analytical models to extend the capability of TPS measurements for bulk 

samples with low (~ 0.03 W m−1 K−1) or relatively high thermal conductivity (> 30 W m−1 K−1). 

These studies have provided valuable insights into multi-dimensional temperature responses during 

thermal property measurements, but these existing methods cannot be directly applied to layer 

characterization using TPS techniques.  

In this work, a novel semi‑analytical model is developed for the TPS measurement of layer-substrate 

structures. The proposed model accounts for the non-1D heat flux within the layer, allowing accurate 

prediction of the temperature response for materials that have a higher thermal conductivity and larger 

thickness. A thorough sensitivity analysis was conducted to determine appropriate time windows for 

determination of the thermal conductivity. Additionally, an iterative algorithm was designed that 

allows to automatically process the measurement data.  
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2. Measurement and mathematical models

2.1 Measurement setup 

Fig. 1 (a-b) Probe profile featuring a nickel spiral foil sandwiched between polyimide sheets: (a) 

radius R = 6.6 mm, (b) radius R = 11 mm. (c) The vertically symmetrical configuration of a TPS 

measurement for layers. Two sample layers are positioned between the probe and the substrate. 

The TPS measurements of the layers were conducted using a TPS 2500 S Thermal Constants Analyzer 

from Hot Disk AB, Sweden. Two types of probes with a radius of 6.6 mm (Fig. 1a) and 11 mm (Fig. 

1b) are utilized in the measurements. The sensing element (black) is made of a nickel spiral foil with 

four extending leads, two thin and two wide ones. The nickel spiral foils have a width of 870 µm and 

a thickness of 10 µm, with an inner spacing of 130 µm. The polyimide insulation sheets (yellow) have 

a thickness of 20 µm and ensure electrically insulation and protection. The substrates were stainless 

steel blocks with a thermal conductivity of 13.5 W m−1 K−1 (See Table 1 for material properties). The

sample layer consist of poly(methyl methacrylate) (PMMA), zirconium dioxide (ZrO₂), stainless steel, 

or Alumina (Al2O3, 96 wt%)  with thicknesses ranging from 500 µm to 2000 µm. To reduce thermal 

contact resistance, a high-thermal-conductivity, easily spreadable TIM is applied at the interface 

between the components (NT-H2 from Noctua, Austria). In addition, a controlled mounting force was 

applied to the measurement assembly through a compression stand obtained from Hot Disk, Sweden.  

Based on the illustrated measurement setup (Fig. 1c), both analytical and FEM models are developed 

to describe the heat transfer process. Analytical models are typically fast and capable of capturing the 

dominant heat transfer behavior, but they require more assumptions to approximate the actual 

experiment. The first common assumption in analytical models is that the probe can be regarded as an 

ideal circular boundary heat source, and the measurement setup can be assumed to be axisymmetric 
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[18, 28, 40]. Accordingly, the analytical models are formulated in two-dimensional (2D) cylindrical 

coordinates. The second common assumption is that the influence of thermal contact resistance is 

negligible, which is reasonable when TIMs are applied and the layer does not have an extremely high 

thermal conductivity.  

By contrast, FEM models are generally more robust, capable of investigating complex geometries. 

Although measurement data can be fitted with FEM models to estimate material properties [42, 43], 

this approach is currently significantly more computationally demanding than the use of analytical 

solutions. As a result, FEM is primarily used to generate reference datasets to validate analytical 

models in this study. 

In this study, four models are introduced and summarized as follows: 

• Layer 1D model: An analytical model that assumes 1D heat flux across the layer (section 2.2.2). 

• Layer 2D model: A semi-analytical model that accounts for 2D heat flux across the layer (section 

2.2.3). 

• Simplified FEM model: A FEM model based on the same physical configuration as the Layer 2D 

model, used to preliminarily assess the mathematical accuracy of the analytical models (section 2.3.1). 

• Detailed FEM model: A high-fidelity FEM model that closely represents the measurement setup, 

used to generate simulated measurement data for comprehensive evaluation of the analytical models 

(section 2.3.2). 

2.2 Analytical models 

2.2.1 Physical configuration and its solution 

 

Fig. 2 Schematic of a semi‑infinite substrate with a layer on top, subjected to uniform surface heating. 
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The simplified physical configuration for analytical models is represented in cylindrical coordinates 

(Fig. 2). A semi-infinite substrate is in perfect thermal contact with a radially infinite overlying layer 

of thickness 𝐿. This layer-substrate assembly, initially at zero reference temperature, is suddenly 

subjected to heating across a circular area of radius 𝑅 and a constant and uniform density 𝜑. The 

governing equation of heat diffusion in the solids is [44]: 

 
∂2𝑇𝑖

∂𝑟2 +
∂𝑇𝑖

𝑟 ∂𝑟
+

∂2𝑇𝑖

∂𝑧2 = 𝛼𝑖
−1 ∂𝑇𝑖

∂𝑡
 (8) 

where 𝑇 represents the temperature response of the solids to the heating, 𝛼 denotes thermal diffusivity, 

and 𝑖 = l or s corresponds to the layer and the substrate, respectively. 

The boundary conditions are given by: 

 −𝜆𝑙
𝜕𝑇𝑙

𝜕𝑧
|
𝑧=0

= {
𝜑 (𝑟 ≤ 𝑅)
0  (𝑟 > 𝑅)

 (9) 

 𝑇𝑖(𝑟, 𝑧, 0) = 0  (10) 

 𝑇𝑙(𝑟 → ∞) = 0 (11) 

 𝑇𝑠(𝑧 → ∞) = 0 (12) 

where 𝜆 represents the thermal conductivity. At the interface between the layer and the substrate 

where 𝑧 =  𝐿 the following conditions apply: 

 𝑇𝑙(𝑧 = 𝐿) = 𝑇𝑠(𝑧 = 𝐿)  (13) 

 −𝜆𝑙
𝜕𝑇𝑙

𝜕𝑧
|
𝑧=𝐿

= −𝜆𝑠
𝜕𝑇𝑠

𝜕𝑧
|
𝑧=𝐿

  (14) 

The following Laplace and infinite Hankel transforms can be sequentially applied to Eq. 1-2, and 5-7: 

 𝑇𝑖 = ℒ{𝑇𝑖} = ∫ 𝑇𝑖𝑒−𝑝𝑡∞

0
 d𝑡 (15) 

 𝑇𝑖̇
̃ = ∫ 𝑟

∞

0
𝐽0(𝛽𝑟)𝑇𝑖  d𝑟 (16) 

where ℒ represents the Laplace operator, 𝑝 is the Laplace variable, 𝐽0 denotes the Bessel function of 

the first kind of order zero, and 𝛽 is the Hankel variable.  

The transformed version of the governing equation and boundary conditions become: 

 𝑑2𝑇𝑖̇
̃

d𝑧2 − [𝛽2 + 𝑝𝑖/α] 𝑇𝑖̇
̃ = 0 (17) 

 𝜑̃  =  𝜑 
𝑎𝐽1(𝛽 𝑅)

𝑝𝛽
 (18) 
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 −𝜆𝑙
𝑑𝑇𝑙

̃

𝑑𝑧
|
𝑧=0

= 𝜑̃ (19) 

 𝑇𝑠
̃ |

𝑧→∞
= 0  (20) 

where 𝐽1 denotes the Bessel function of the first kind of the first order. 

At the interface where 𝑧 =  𝐿, the transformed equations are: 

 𝑇𝑙
̃ (𝑧 = 𝐿) = 𝑇𝑠

̃ (𝑧 = 𝐿) (21) 

 −𝜆𝑙
𝑑𝑇𝑙

̃

𝑑𝑧
|
𝑧=𝐿

= −𝜆𝑠
𝑑𝑇𝑠

̃

𝑑𝑧
|

𝑧=𝐿
 (22) 

Combining Eq. 17 and 19 – 22, the following expression can be derived for the temperature at the 

heating surface (𝑧 = 0), 

 𝑇𝑙
̃ (𝑟, 0, 𝑝) =

𝜑̃

𝜆𝑙𝑞𝑙
⋅

𝜆𝑠𝑞𝑠tanh(𝐿𝑞𝑙)+𝜆𝑙𝑞𝑙

𝜆𝑙𝑞𝑙tanh(𝐿𝑞𝑙)+𝜆𝑠𝑞𝑠
 (23) 

where 𝑞𝑖 = √𝛽2 + 𝑝/𝛼𝑖. 

The following inverse Hankel and Laplace transforms can be applied to obtain the temperature in the 

Laplace domain: 

 𝑇 = ∫ 𝛽𝐽0(𝛽𝑟)𝑇̃
∞

0
 𝑑𝛽 (24) 

With this inverse transformation, Eq. 23 can be written as: 

 𝑇𝑙(𝑟, 0, 𝑝) =
𝜑𝑅

𝜆𝑙
∫

𝐽0(𝛽𝑟)𝐽1(𝛽𝑅)

𝑞𝑙𝑝

∞

0
⋅

𝜆𝑠𝑞𝑠tanh(𝐿𝑞𝑙)+𝜆𝑙𝑞𝑙

𝜆𝑙𝑞𝑙tanh(𝐿𝑞𝑙)+𝜆𝑠𝑞𝑠
 𝑑𝛽 (25) 

By integrating this expression over 𝑟 from 0 to 𝑅, the expression for the area-average temperature of 

the heating area can be obtained: 

 Δ𝑇avg =
2𝜑

𝜆𝑙
∫

𝐽1
2(𝛽𝑅)

𝑞𝑙𝑝𝛽

∞

0
⋅

𝜆𝑠𝑞𝑠tanh(𝐿𝑞𝑙)+𝜆𝑙𝑞𝑙

𝜆𝑙𝑞𝑙tanh(𝐿𝑞𝑙)+𝜆𝑠𝑞𝑠
 𝑑𝛽  (26) 

The average temperature of the heating area can be written as: 

 Δ𝑇avg =
2𝜑

𝜆𝑙
∫

𝐽1
2(𝛽𝑅)

𝛽

∞

0
ℒ−1 (

1

𝑞𝑙𝑝
⋅

𝜆𝑠𝑞𝑠tanh(𝐿𝑞𝑙)+𝜆𝑙𝑞𝑙

𝜆𝑙𝑞𝑙tanh(𝐿𝑞𝑙)+𝜆𝑠𝑞𝑠
)  𝑑𝛽 (27) 

where ℒ−1 denotes the inverse Laplace operator.  

Several numerical algorithms are available that allow to predict Δ𝑇avg directly based on Eq. 27. For 

example, the Talbot method can be employed to obtain the inverse Laplace transform and sequentially 

the composite trapezoidal rule can be used to calculate the integral with respect to 𝛽. However, this 
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method is relatively time-consuming, hampering the application of Eq. 27 in data analysis. By 

introducing several reasonable assumptions, two simplified models (the 1D Layer Model and the 2D 

Layer Model) can be derived, each offering significantly reduced computation time. The details of 

these models are described below. 

2.2.2 Layer 1D Model 

When the layer has both a considerable small thickness (𝐿 → 0) and a small thermal conductivity 

compared with the substrate (𝜆𝑙 ≪ 𝜆𝑠), the heat flux across the layer can be regarded as 1D. In this 

case, tanh(𝐿𝑞𝑙) → 𝐿𝑞l and 𝜆𝑙tanh(𝐿𝑞𝑙) → 0, which simplifies Eq. 27 to: 

 Δ𝑇avg,1D ≈
𝜑𝐿

𝜆𝑙
+

2𝜑

𝜆𝑠
∫

𝐽1
2(𝛽𝑅)

𝛽

∞

0
ℒ−1 (

1

𝑞𝑠𝑝
)  𝑑𝛽 (28) 

The first term on the right side of Eq. 28 corresponds to an additional temperature increase caused by 

the layer, while the second term is the temperature increase of the bottom surface of the substrate in 

contact with the layer (Eq. 5). Therefore, Eq. 28 can be written in explicit analytical form: 

 Δ𝑇avg,1D ≈
𝜑𝐿

𝜆𝑙
+

𝜑𝑅

𝜆𝑠
(

8

3π
+ 2√

𝑡∗

π
− 2√

𝑡∗

π
𝑒−

1

2𝑡∗ [(1 +
2

3𝑡∗) 𝐼0 (
1

2𝑡∗) + (
1

3
+

2

3𝑡∗) 𝐼1 (
1

2𝑡∗)]) (29) 

2.2.3 Layer 2D Model 

At a later stage of the measurement, the heat flux across the layer is assumed to achieve a quasi-steady 

state, where the contribution of 𝛼𝑙 to Δ𝑇avg becomes negligible. During this stage, 𝛼𝑙 = 𝛼𝑠 can be 

applied to simplify the term inside the inverse Laplace transform (𝐾) in Eq. 25: 

 𝐾 =
1

𝑝𝑞𝑙
⋅

𝑞𝑠tanh(𝐿𝑞𝑙)+𝑐·𝑞𝑙

𝑐·𝑞𝑙tanh(𝐿𝑞𝑙)+𝑞𝑠
  ≈

1

𝑝𝑞𝑙
⋅

𝑐(𝑤2+3)+3𝑤

(𝑤2+3)+3𝑐𝑤
 (30) 

where 𝑤 = 𝑞𝑠𝐿 and 𝑐 =  𝜆𝑙/𝜆𝑠. Detailed derivation is available in Section S1 of the Supporting 

Information. 

Upon taking the inverse Laplace transform of simplified 𝐾, the following equation can be written to 

predict Δ𝑇avg: 

 Δ𝑇avg,2D =
2𝜑

𝜆𝑙
∫

𝐽1
2(𝛽𝑅)

𝛽

∞

0

(𝐴+𝐷)

𝐹
 𝑑𝛽 (31) 

where 

  𝐴 = 𝑐(𝛽4𝐿4 − 3𝛽2𝐿2 + 9) · erf(𝛽√𝛼𝑠𝑡) 

𝐷 = 3𝛽𝐿(1 −  𝑐2)(3 + 𝛽2𝐿2) 

  𝐹 = 9𝛽𝐿 + 3𝛽3𝐿3(2 − 3𝑐2) + 𝛽5𝐿5   
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2.3 FEM models 

In this study, two FEM models are developed. The first, a simplified FEM model, is used to generate 

reference data for validating the Layer 2D model and to highlight its improvement. The second one, 

referred to as the detailed FEM model, is employed to generate simulated temperature responses and 

investigate systematic measurement errors in the latter part of this paper. 

These FEM models were developed using COMSOL Multiphysics (version 6.1) with the Heat 

Transfer in Solids Module and Heat Transfer in Shell Module. The simulations were solved using the 

Parallel Direct Sparse Solver (PARDISO). Mesh number and solver relative tolerance were 

systematically evaluated to ensure numerical stability, with representative results presented in Fig. S2. 

2.3.1 Simplified FEM model 

The geometry of the simplified FEM model (Fig. 3a) was developed according to the physical 

configuration in Fig. 2. The substrate is a stainless steel cylinder with a radius of 50 mm and a 

thickness of 38 mm (Fig. 3b), which is sufficiently large to be considered a semi-infinite domain 

during the measurement. The sample layer is PMMA, ZrO₂, stainless steel or Al₂O₃ with thicknesses 

ranging from 500 µm to 2000 µm. On the top of the layer, there is a boundary heat source with a 

radius of 6 mm or 11 mm that provides uniform heat flux. Note that only half of the experimental 

setup was simulated owing to vertical symmetry in the heat conduction domain (See Table 1 for 

material properties used in the FEM simulations). Thermal contact resistance is not considered in this 

model. 

Table 1. Material properties. a Measured by TPS measurements on bulk samples. The measurement accuracies are ±2 % for 

thermal conductivity and ±7 % for thermal diffusivity [6]. b Calculated from mass and volume. c Measured by the Transient 

Plane Source Scanning method [43, 45], with a measurement accuracy of approximately 5 %. d Values from reference [46]. e 

Values from reference [47]. 

Material Thermal 

conductivity 

(W m−1 K−1) 

Thermal 

diffusivity 

(mm2/ s) 

Density  

(kg/m3) 

Specific heat 

(J kg−1 K−1) 

Stainless steel 13.5a 3.60a 8150b 460a 

PMMA 0.21a 0.12a 1180b 1464c 

Glass 1.34a 0.81a 2172b 766c 

ZrO2 3.15a 1.23a 6220b 412c 

Al2O3 22.3a 7.26a 3775b 815c 

Polyimide 0.12d - 1090d 1420d 

TIM 1.0 / 3.0e - 2800e - 
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Fig. 3 Schematic of the (a) the Simplified FEM model and (c) the Detailed FEM model, along with their corresponding 

cross-sectional views in (b, d). Selected components in (b, d) are scaled to account for the wide range of dimensions, 

ensuring that all elements remain discernible. 

2.3.2 Detailed FEM model 

The detailed FEM model generates simulated measurement data to comprehensively evaluate the 

application of analytical models in data analysis. This model includes more details of the 

measurement setup compared with the simplified model. Specifically, a boundary heat source with a 

double spiral pattern is utilized to represent the actual heating element (Fig. 3c). The influence of the 

four leads and heat capacity of the spiral is assumed to be negligible, which is reasonable provided 

that the samples do not have an extremely low thermal conductivity [40]. In addition, TIM are 

introduced to align with the experimental conditions.  
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3. Model verification and parameter estimation

3.1 Model comparison 

To evaluate the accuracy of the analytical models, the values of 𝑇avg calculated from the Layer 1D

model and Layer 2D model are compared with those from a reference model — the Simplified FEM 

model (Fig. 4).

Fig. 4 Comparison of 𝑇avg obtained using different models (Layer 1D model: green dashed line, Layer 2D model: red dash-

dot line, Simplified FEM model: black solid line) for a heating area radius of 6 mm: (a) PMMA layer, (b) ZrO2 layer, (c) 

stainless steel layer, and (d) alumina layer. The substrate in all cases is stainless steel, and the heating power is 1 W. 

The conventional Layer 1D model agrees well with the FEM results in some cases — specifically, 

when the layer has both a low thermal conductivity and a small thickness (Fig. 4 a, bottom group). 

However, differences arise with higher thermal conductivity or layer thickness (Fig. 4 a-d). By 

contrast, the Layer 2D model agrees well with the FEM model in the later stage, across a broad range 

of thermal conductivities and thicknesses. Notably, the good agreement is maintained when the 

thermal conductivity of the layer exceeds that of the substrate (Fig. 4 d). 
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In general, there is a time delay before the Layer 2D model achieves close agreement with the FEM 

results. Theoretically, this delay results from the simplification of heat diffusion within the layer in the 

equation, namely assuming 𝛼𝑙 = 𝛼𝑠. Therefore, this delay is linked to both the thickness and thermal 

diffusivity of the layer. For instance, in the case of PMMA, the delay increases from approximately 2 

s to 60 s as the thickness increases from 250 µm to 2000 µm (Fig. 4 a). In the case of ZrO2, which has 

a higher thermal diffusivity than PMMA, the delay becomes slightly smaller (Fig. 4 b). Estimating 

this delay is essential for applying this model and will be detailed in the following sections. 

When layer and substrate share the same properties (Fig. 4 c, stainless steel layer on a stainless steel 

substrate), all scenarios with different thicknesses converge to the case of a semi-infinite substrate 

heated by a circular heat source. Therefore, the 𝑇avg values remain identical across different layer 

thicknesses in both the simplified FEM model and Layer 2D model. The Layer 2D model closely 

aligns with the FEM throughout the whole period without any delay, as the assumption of 𝛼𝑙 = 𝛼𝑠 is 

always fulfilled in these cases.  

When the heating area has a larger radius (Fig. 5 a-d), the difference between the Layer 1D model and 

the FEM results is slightly reduced compared with the previous cases with a small heating area. 

Despite this reduction, the difference remains significant in most cases. The reduction is attributed to 

a higher ratio between the probe radius and the layer thickness, bringing the situation closer to the 1D 

heat flux assumption. However, even an 80 % increase in heating radius (from 6 to 11 mm) yields 

only marginal improvement, indicating that enlarging the heating area is not an effective strategy for 

improving the performance of the Layer 1D model. On the other hand, the Layer 2D model still 

exhibits significantly better agreement with the FEM results. However, a slightly longer time is 

required for the Layer 2D model to achieve a good level of agreement with FEM results. For example, 

approximately 70 s are needed in the case of a 2000 µm thick ZrO2 layer (Fig. 5b), compared with 40 

s when the heating area is smaller (Fig. 4b). 
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Fig. 5 Comparison of 𝑇avg obtained using different models (Layer 1D model: green dashed line, Layer 2D model: red dash-

dot line, Simplified FEM model: black solid line) for a heating area radius of 11 mm: (a) PMMA layer, (b) ZrO2 layer, (c) 

stainless steel layer, and (d) alumina layer. The substrate in all cases is stainless steel, and the heating power is 1 W. 

3.2 Sensitivity analysis 

Based on the simplified FEM model, a sensitivity analysis is conducted to gain deeper insight into the 

interactions among parameters in the measurement, thereby guiding the design of the measurement 

scheme [41, 48]. 

The sensitivity of 𝑇avg to a specific parameter 𝑥 is defined as: 

 𝑆𝑥(𝑡) =
𝜕 ln(𝑇avg(𝑡))

𝜕 ln(𝑥)
≈

𝑥𝛿(𝑇avg(𝑡))

𝑇avg(𝑡) 𝛿(𝑥)
 (32) 

where 𝛿 presents a small perturbation. A large magnitude of 𝑆𝑥(𝑡) indicates that parameter 𝑥 has a 

large influence on 𝑇avg(𝑡). A positive 𝑆𝑥(𝑡) implies that 𝑇avg(𝑡) increases as parameter x increases, 

and vice versa. Here, the data used for calculating 𝑆𝑥(𝑡) were obtained by a parameter sweep study in 

the FEM model with 𝛿𝑥 = 0.02𝑥.  
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In all cases, the sensitivity to the layer thermal diffusivity (𝑆𝛼𝑙
) is initially high but quickly decreases 

to a minimal positive value over time (Fig. 6 a-f). The small value of 𝑆𝛼𝑙
 reflects the validity of the 

simplification of heat diffusion within the layer in the Layer 2D model, assuming 𝛼𝑙 = 𝛼𝑠. For 

thinner layers, the magnitude of 𝑆𝛼𝑙
 decays more rapidly to a small value, explaining the shorter time 

delay they required to achieve good agreement with the FEM results (Fig. 6 a–f).  Additionally, the 

increase in layer thickness lowers 𝑆𝛼𝑠
 in all cases. When the heating area is larger (Fig. 6 d-f), 𝑆𝛼𝑙

 is 

slightly higher and requires a longer time to decrease to a low value. This observation is in line with 

the results shown in Fig. 5, which shows a longer time is needed to achieve good agreement with the 

FEM model when a larger probe is used. 

On the other hand, the sensitivity to layer thermal conductivity (𝑆𝜆𝑙
) and substrate thermal 

conductivity (𝑆𝜆𝑠
) are negative, and their magnitude increase with time (Fig. 6 a-f). In the case of 

PMMA (Fig. 6 a, d), the magnitude of 𝑆𝜆𝑙
 is consistently greater than that of 𝑆𝜆𝑠

 owing to its much 

lower thermal conductivity compared with the substrate. Increasing the layer thickness further 

increases the magnitude of 𝑆𝜆𝑙
 and lowers that of 𝑆𝜆𝑠

 at the same time. When both the layer and 

substrate are stainless steel (Fig. 6 c, f), 𝑆𝜆𝑙
 has a higher magnitude in the very beginning (within 5 s) 

since the layer is in direct contact with the heating area. However, it is quickly surpassed by 𝑆𝜆𝑠
 as 

time progresses. This case illustrates how the position influences the 𝑆𝑥(𝑡) when the layer and the 

substrate have the same properties. In general, the magnitude of 𝑆𝜆𝑙
 is high, suggesting that 𝜆𝑙 can be 

reliably estimated. 
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Fig. 6 Exemplary sensitivity of 𝑇avg to different material properties at different layer thicknesses: (a-b) PMMA layer, (b-c) 

ZrO2 layer, (e-f) stainless steel layer. The radius of heat source in (a), (c), and (e) is 6 mm, and 11 mm in (b), (d), and (f). In 

all cases, the substrate is stainless steel. The black arrow indicates the direction of increasing layer thickness. 
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3.3 Estimation of time window  

 

Fig. 7 Comparison of estimated 𝑡𝑠𝑡𝑎𝑟𝑡 between sensitivity analysis (solid symbols) and the empirical model (empty 

symbols). 

To further utilize the Layer 2D model in analyzing the measurement data, it is essential to identify the 

appropriate time window [𝑡start, 𝑡end] during which this model can accurately describe the 

measurement results. Theoretically, a suitable 𝑡start can be the time when the influence of the layer 

thermal diffusivity on Δ𝑇avg is very small, namely a minimal 𝑆𝛼𝑙
. This time is denoted as 𝑡𝛼𝑙

 and can 

be extracted from sensitivity curves. Here, a value of 𝑡𝛼𝑙
 is assigned to the earliest time at which 𝑆𝛼𝑙

 

falls below a threshold of 0.02 (Fig. 7 a, b, solid symbols). To predict the extracted values of 𝑡𝛼𝑙
 and 

use it in the analysis of measurement data, an empirical equation is written with respect to the 

thickness and the thermal diffusivity of the layer: 
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 𝑡̂𝛼𝑙
= A

𝐿2

𝛼𝑙
 +  B

𝛼𝑙𝑟2

𝛼𝑠
(

𝐿

𝑅
)

𝐶
 (33) 

where A, B and C are constant to be determined for different heating radii. The first term is designed 

to represent the time that heat waves need to go through the layer in the vertical direction, while the 

second term is intended to be associated with the heat wave propagation in the radial direction. 

Constants A, B, and C are determined by an optimization process that minimizes the maximum group 

error (MGE) defined as:  

 MGE = max
𝐺

(
1

𝑛𝐺
∑ (𝑡̂𝛼𝑙,𝑗 − 𝑡𝛼𝑙,𝑗)

2
𝑗∈𝐺 ) (34) 

where 𝐺 represents a group of 𝑡𝛼𝑙
 for different thicknesses, classified by material type,  𝑛𝐺 is the size 

of the group 𝐺, 𝑗 indexes 𝑡𝛼𝑙
 within each group. 

For each heating radius, A, B and C were determined through optimization (Table 2). The values of 

𝑡̂𝛼𝑙
 are in good agreement with 𝑡𝛼𝑙

 (Fig. 7 a, b), showing the generalizability of the empirical 

equation.  

Table 2. Values of coefficients A, B and C used for predicting 𝑡𝛼𝑙
 with different heating radii. 

Heating radius A B C 

6 mm 2.186 4.325 1.056 

11 mm 2.483 5.889 1.140 
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3.4 Procedure of parameter estimation  

 

Fig. 8 Flow diagram of the iterative process used to determine the thermal conductivity of the layer. 

In this section, several procedures are developed to apply the Layer-2D model for determining the 

thermal conductivity of layers from input measurement data (Fig. 8). Overall, these procedures start 

with the initialization of parameters including heating power, probe radius, layer thickness, thermal 

properties of the substrate, etc. Afterwards, a fitting process is carried out over a specify time window 

[𝑡start, 𝑡end], using the Mean Squared Error (MSE) as the objective function: 

 MSE =
1

𝑛
∑ (𝑇avg,𝑡(𝜆𝑙) − 𝑇̂avg,𝑡)

2𝑡=𝑡end
𝑡=𝑡start

 (35) 

where n is the number of data points in the time window, and 𝑇̂avg,𝑡 is the temperature response of the 

probe in the measurement. 𝑇avg,𝑡(𝜆𝑙) is the temperature response of the probe calculated using the 

Layer 2D model, defined as: 

 Δ𝑇avg,2D = Δ𝑇pi +
2𝜑

𝜆𝑙
∫

𝐽1
2(𝛽𝑅)

𝛽

∞

0

(𝐴+𝐷)

𝐹
 𝑑𝛽 (34) 

where Δ𝑇pi is the additional temperature increase caused by polyimide sheets covering the probe. 

Owing to low thermal conductivity and small thickness of the polyimide sheets, Δ𝑇pi can be 

approximated as 
𝜑𝐿pi

𝜆pi
, where 𝐿pi and 𝜆pi denote the thickness and the thermal conductivity of the 



21 

polyimide sheets, respectively. The value of 𝜆pi, 𝜆𝑠, and 𝛼𝑠 used in Eq. 34 can be determined in a TPS

measurement performed with the probe directly sandwiched between two substrates. 

Three schemes are proposed to select and adjust the time window in the fitting process: a reference 

scheme, Scheme 1, and Scheme 2. The reference scheme starts with all data points recorded in the 

measurement [𝑡first, 𝑡last] and iteratively adjusts the time window by trimming the first five data

points at each step. Here, 𝑡first and 𝑡last represent the first and the last data point of the recorded data,

respectively. The reference scheme is intended to provide baseline information about the relationship 

between time window, determined thermal conductivity, and MSE.  

Similar to the reference scheme, Scheme 1 starts with time window [𝑡first, 𝑡last] but subsequently

trims the segment with large square error, (𝑇avg,𝑡(𝜆𝑙) − 𝑇̂avg,𝑡)2. This trimming tactic aims to speed up

the iterative process. Scheme 2, in turn, begins with the time window [𝑡̂𝛼𝑙
, 𝑡last] and likewise trims it

by excluding the segment with the largest squared error. Here, 𝑡̂𝛼𝑙
 is estimated from an empirical

equation using an approximate value of the layer thermal diffusivity (Eq. 33). Overall, Scheme 1 is 

more general and can be utilized for random samples with unknown properties, while Scheme 2 can 

be employed when a rough value of thermal diffusivity is available, thereby further accelerating the 

iteration process.   

Once the MSE falls below a predefined threshold (𝛿), the value of 𝜆𝑙 becomes the output value.

Otherwise, the current time window is adjusted and used for another round of data fitting. After the 

fitting process, the relative error (ε) is used to evaluate the accuracy of the output thermal conductivity 

of the layer: 

𝜀 = (1 −
𝜆𝑙,est

𝜆𝑙,ref
) · 100 % (36) 

where 𝜆𝑙,est represents the thermal conductivity estimated via the fitting process, while 𝜆𝑙,ref represent

the reference thermal conductivity of the material (Table 1). A positive value of 𝜀 corresponds to an 

overestimation of thermal conductivity, and vice versa.  
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4. Model application 

4.1 Measurement results 

The fitting results from the reference scheme are first analyzed. As the iteration progresses (Fig. 9 a, 

c), MSE decreases and the determined thermal conductivity tends toward a specific value. In 

particular, the variation of the determined thermal conductivity remains within 1 % once MSE falls 

below approximately 10−4 in cases of both glass and ZrO2. Although trimming the time window by a 

small, fixed number of data points continuously lowers the MSE and eventually yields a precise 

thermal conductivity, this method requires more iteration steps and thus a longer execution time. 

Using a larger fixed step, e.g., 10 s or 20 s, can shorten the iterations but may cause overshooting and 

loss of accuracy.  

In contrast to the reference scheme, Scheme 1 requires considerably fewer iteration steps to achieve 

the same MSE (orange symbols, Fig. 9 a, c). In case of glass and ZrO2, only around five steps are 

required to achieve a minimal MSE of  10−4, demonstrating a threefold improvement in efficiency 

compared with the reference scheme. When this tactic of adjusting the time window is combined with 

𝑡̂start estimated from the empirical equation (Scheme 2, green symbols, Fig. 9 a, c), only around three 

steps are required for both glass and ZrO2, showing a further 30 % improvement in efficiency relative 

to Scheme 1. 
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Figure 9. Exemplary results from the fitting process. (a, c) Evolution of thermal conductivity values as a function of MSE 

using the reference scheme (grey), Scheme 1 (orange) and Scheme 2 (green), for a 500 μm-thick (a) glass and (c) ZrO2 layer. 

(b, d) comparison between experimental data and the fitted data for (b) a glass layer and (d) a ZrO2 layer. 

Owing to its superior calculational efficiency, Scheme 2 is utilized to process all the measurement 

data to determine the thermal conductivity of the layers. The resulting fits show good agreement with 

the experimental data within the fitting window (Fig. 9 b, d). Moreover, the determined thermal 

conductivity using the Layer 2D model agrees well with the reference values in most cases (except for 

thinnest stainless steel and alumina), with error 𝜀 less than 7 % (Table 3), thereby validating the fitting 

procedure. The magnitude of 𝜀 increases with higher layer thermal conductivity or reduced thickness, 

most likely dominated by the influence of thermal contact resistance. For comparison, the thermal 

conductivity determined by using the Layer 1D model is summarized in Table S1.  Only a few cases 

(PMMA and glass layers thinner than 1000 μm) exhibit an acceptable 𝜀 of less than 14 %, 

highlighting the limitation of the Layer 1D model. 

Table 3. The determined thermal conductivity of layers obtained from experimental data using the Layer 2D model. Each 

value represents the average of three repeated measurements, with the associated error given as the maximum difference 

among them. 
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 Layer 

thickness  

(μm) 

Thermal conductivity (Wm−1K−1) 

 PMMA Glass ZrO2 
Stainless 

steel 
Alumina 

Probe A 

(R = 6.6 mm) 

500 0.198 ± 0.001 1.35 ± 0.01 3.17 ± 0.18 13.8 ± 0.4 14.7 ± 0.1 

1000 0.196 ± 0.001 1.37 ± 0.02 3.15 ± 0.03 13.4 ± 0.3 22.4 ± 0.8 

2000 0.207 ± 0.001 1.33 ± 0.01 3.14 ± 0.01 13.9 ± 0.4 23.8 ± 0.2 

Probe B 

(R = 11 mm) 

500 0.206 ± 0.001 1.38 ± 0.03 3.11 ± 0.06 12.7 ± 0.6 18.4 ± 0.7 

1000 0.209 ± 0.011 1.42 ± 0.01 3.13 ± 0.06 13.9 ± 0.1 19.8 ± 0.6 

2000 0.212 ± 0.002 1.39 ± 0.06 3.22 ± 0.02 13.4 ± 0.3 22.6 ± 1.0 

 

To reveal the distribution of 𝜀 with respect to layer thickness and thermal conductivity, contour maps 

are plotted based on the experimental data in Table S1 (Layer 1D model) and Table 3 (Layer 2D 

model). In the cases of a 6.6 mm probe (Fig. 10 a), the Layer 1D model yields low 𝜀 (< 10 %) for low 

thermal conductivity and thin layers, since the assumption of 1D heat flux across the layer remains 

valid in these cases. However, 𝜀 increases dramatically with increasing thickness or thermal 

conductivity, which we attribute to the violation of the 1D heat flux assumption. It should be noted 

that the effect of this violation overshadows that of thermal contact resistance, ultimately leading to an 

overestimation of the layer thermal conductivity. In the case of a 11 mm probe (Fig. 10 b), the region 

with low 𝜀 (< 10 %) is larger than the previous case, likely due to larger probe-to-layer thickness ratio, 

which as a result of the heat flux across the layer more closely resembles the assumed 1D scenario. 

The green frame in Fig. 10 b indicates the original applicability of TPS method for characterizing 

layers. Note that the data for layers thinner than 500 µm were not experimentally measured but 

derived by extrapolation from the measurement data. 

When utilizing the Layer 2D model, the region with low 𝜀 covers the vast majority of the plot (Fig. 10 

c,d) in cases of both a 6.6 mm and a 11 mm probe. We attribute this significant improvement to the 

consideration of two-dimensional heat flux in the Layer 2D model. For layers thicker than 

approximately 750 μm or with a thermal conductivity lower than about 8 W m−1 K−1, 𝜀 is lower than 

5 %. Only the upper left corner, corresponding to thermally thin layers, shows a magnitude of 𝜀 

greater than 10 %, which we ascribe to the influence of thermal contact resistance.  
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Figure 10. Contour maps of error 𝜀 in layer thermal conductivity determined from measurement data using different probes 

and fitting models: (a) 6.6 mm probe, Layer 1D model, (b) 11 mm probe, Layer 1D model, (c) 6.6 mm probe, Layer 2D 

model, (d) 11 mm probe, Layer 2D model. Since the data for layers thinner than 500 μm was not experimentally obtained, 

the corresponding regions in (c,d) are shaded. In (a,b), due to pronounced overall gradient, the data of layers thinner than 500 

μm was obtained by extrapolation based on the measurement data in Table S1. 

4.2 Analysis of systematic errors 

To further quantify systematic errors (e.g., those resulting from thermal contact resistance), the Layer 

2D model is employed to determine the layer thermal conductivity from simulated measurement data 

generated by the detailed FEM model. The determined thermal conductivity is subsequently compared 

with the input value in the FEM model to calculate the relative error ε.  

The simulated measurement data (Fig. 3 c, d) cover two thermal contact conditions between the 

probe, sample layer, and substrate: (i) good thermal contact, represented by a 5 μm-thick TIM with a 

thermal conductivity of 3 W m−1 K−1, and (ii) inferior thermal contact, represented by a TIM of 1 

W m−1 K−1.  
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When utilizing a TIM of 3 W m−1 K−1 (Fig. 11 a, b), ε is generally low (< 10 %) for layers thicker 

than 250 μm in cases of both a 6.6 mm and 11 mm sensors. For thinner layers, thermal conductivity is 

slightly underestimated, consistent with the experimental observation. We attribute this 

underestimation to the thermal contact resistance between the components, which impedes thermal 

conduction and leads to a higher temperature response of the probe. For low thermal conductivity 

layers (< 2 W m−1 K−1), the magnitude of ε remains small even when the layer thickness is as low as 

50 μm. Compared with the conventional Layer 1D model (green frame, Fig. 11b), the measurement 

applicability has been significantly extended, enabling accurate characterization (ε  < 10 %) of layers 

with thermal conductivities up to 20 W m−1 K−1 and thickness up to 2000 μm.  

When the thermal contact resistance is higher (Fig. 11 c, d), the underestimation for thin layers 

becomes more pronounced, indicating that the thermal contact resistance is the primary limiting factor 

of the Layer 2D model. These results are closer to the measurement results observed in Fig. 10 c, d. 

Overall, although thermal contact resistance introduces minor systematic errors, they remain within an 

acceptable range for relatively thick layers and can be substantially reduced by improving thermal 

contact—for example, by using a TIM with higher thermal conductivity of 3 W m−1 K−1. 
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Fig. 11 Contour maps of error 𝜀 in the layer thermal conductivity determined using the Layer 2D model from simulated data 

under different conditions: (a) 6 mm probe, TIM thermal conductivity of 3 W m−1 K−1, (b) 11 mm probe, TIM thermal 

conductivity of 3 W m−1 K−1, (c) 6 mm probe, TIM thermal conductivity of 1 W m−1 K−1, (c) 11 mm probe, TIM  thermal 

conductivity of 3 W m−1 K−1. The thickness of TIM for all cases is 5 μm. 
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5. Conclusion 

Conventional TPS measurements of layer-substrate structures rely on the assumption of 1D heat flux 

across the layer, which restricts their applicability to sample layers with low thermal conductivity (< 2 

W m−1K−1), small thickness (< 600 μm), and relatively large probes (radius > 11 mm). In this work, 

we propose a semi-analytical model that accounts for non-1D heat flux across the layer. This new 

model is derived from the Laplace-Hankel transform and subsequently simplified for the regime 

where the heat flux within the layer reaches a quasi-steady state. Sensitivity analysis based on finite 

element simulations further validates this assumption and enables the development of an empirical 

equation to estimate the time range for data analysis. Overall, the new model applicable to layers with 

a thermal conductivity up to 20 W m−1K−1 (tenfold higher than before) and a thickness of up to 2000 

μm (approximately fourfold thicker). Moreover, this model enables the use of a new TPS probe for 

layer-substrate structures, featuring a radius of only 6.6 mm. This new model is validated by 

experiments, demonstrating an accuracy of about 10 % for layers with a thermal conductivity below 

16 W m−1K−1 and a thickness above 500 μm. The observed measurement deviations and limitations 

are mainly attributed to thermal contact resistance. FEM simulations suggest that an even wider 

measurement range (< 20 W m−1K−1, > 250 μm) is attainable when the thermal contact resistance is 

minimized, for example by using a 5 µm thermal interface material with a thermal conductivity of 3 

W m−1K−1. 
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Support information 

S1. Derivation of the Layer 2D model 

A closed-form algebraic expression for the inverse Laplace transform term in Eq. 27 is sought to 

reduce computational time. As far as the authors are aware, there is no tabulated inverse 

transformation that can be directly used to the key term (𝐾) in Eq. 27.  

 𝐾 =
1

𝑝𝑞𝑙
⋅

𝑞𝑠tanh(𝐿𝑞𝑙)+𝑐·𝑞𝑙

𝑐·𝑞𝑙tanh(𝐿𝑞𝑙)+𝑞𝑠
  (S1) 

where 𝑐 =  𝜆𝑙/𝜆𝑠. 

However, a considerable simplification of 𝐾 can be achieved by making a modest assumption about 

the thermal diffusivity of the layer (𝛼𝑙). It is assumed that the heat flux across the layer reaches a 

quasi-steady state given a long measurement time, where 𝑇avg is not sensitive to 𝛼𝑙. Consequently, 𝛼𝑙 

can be treated as an arbitrary value without materially influencing 𝑇avg. This observation permits the 

simplification of 𝐾 by assigning the layer the same thermal diffusivity as the substrate, i.e., 𝛼𝑙 = 𝛼𝑠 , 

and thus 𝑞𝑙 = 𝑞𝑠: 

 𝐾 =
1

𝑝𝑞s
⋅ 𝐾r  (S2) 

  𝐾r   =
tanh(𝑤)+𝑐

1+𝑐·tanh(𝑤)
  (S3) 

where 𝑤 = 𝐿𝑞𝑠. 

𝐾r can be further simplified using the Padé approximation of order [2,2] for small 𝑤: 

  𝐾r   ≈
𝑐(𝑤2+3)+3𝑤

(𝑤2+3)+3𝑐𝑤
  (S4) 

This simplification yields significantly better agreement with the original equation (Fig. S1) compared 

with assuming tanh(𝑤)   ≈  𝑤, which leads to 𝐾r ≈
𝑤+𝑐

1+𝑐·𝑤
  and enables the derivation of the Laye 1D 

model in section 2.1.  
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Fig. S1. Comparison between the Eq. S3 (black solid line) and its two approximations: 
𝑤+𝑐

1+𝑐·𝑤
 (purple dashed lines) and 

𝑐(𝑤2+3)+3𝑤

(𝑤2+3)+3𝑐𝑤
 (orange dash-dot line) across different 𝑐 values. 

With the Padé approximation, a close form inverse Laplace transform of 𝐾 can be found: 

𝐿−1(𝐾) ≈
𝑐(𝛽4𝐿4−3𝛽2𝐿2+9) · erf(𝛽√𝛼𝑠𝑡)+3𝛽𝐿(1− 𝑐2)(3+𝛽2𝐿2)

9𝛽𝐿+3𝛽3𝐿3(2−3𝑐2)+𝛽5𝐿5
(S5) 

Therefore, the final equation for calculating 𝑇avg can be written as:

Δ𝑇avg =
2𝜑

𝜆𝑙
∫

𝐽1
2(𝛽𝑅)

𝛽

∞

0

(𝐴+𝐷)

𝐹
 𝑑𝛽 (S6) 

where 

𝐴 = 𝑐(𝛽4𝐿4 − 3𝛽2𝐿2 + 9) · erf(𝛽√𝛼𝑠𝑡) (S7) 

𝐷 = 3𝛽𝐿(1 − 𝑐2)(3 + 𝛽2𝐿2) (S8) 

𝐹 = 9𝛽𝐿 + 3𝛽3𝐿3(2 − 3𝑐2) + 𝛽5𝐿5  (S9) 



 

31 

 

S2. Influence of mesh number and relative tolerance on simulation results 

 

Fig. S2. Simulated Δ𝑇avg at 80 s using the details FEM model as a function of (a) mesh number and (b) relative tolerance. 

 

S3. Results of the conventional Layer 1D model 

Table S1. The determined thermal conductivity of different layers obtained from experimental data using the Layer 1D 

model. The reported values represent the average of three repeated measurements, with the uncertainty expressed as the 

maximum difference among them. Results for stainless steel and alumina are excluded, as the Layer 1D model is not 

applicable to these materials.  

 

Layer thickness (μm) 

Thermal conductivity (W m−1K−1) 

 PMMA Glass ZrO2 

Probe A 

(R = 6.6 mm) 

500 0.209 ± 0.010 1.47 ± 0.03 3.85 ± 0.27 

1000 0.221± 0.004 1.53 ± 0.02 4.03 ± 0.11 

2000 0.282 ± 0.026 1.70 ± 0.01 4.87 ± 0.06 

Probe B 

(R = 11 mm) 

500 0.211 ± 0.005 1.33 ± 0.03 3.65 ± 0.25 

1000 0.217 ± 0.017 1.45 ± 0.02 3.82 ± 0.07 

2000 0.241 ± 0.012 1.56 ± 0.01 4.39 ± 0.06 
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Abstract 

Knowledge about the thermal conductivity of polypropylenes is important for the 

development of new dielectric materials. However, many research laboratories do not have 

access to suitable instrumentation. Here, the thermal conductivity of polypropylenes is 

characterized. The thermal conductivity of isotropic samples is found to linearly increase from 

approximately 0.18 W m-1 K-1 for amorphous material to 0.26 W m-1 K-1
 for a crystallinity of 

about 60%. At the same time, the Young’s modulus exponentially increases from 24 MPa to more 

than 1700 MPa for the most crystalline materials, which is used to predict a logarithmic increase 

of the thermal conductivity with Young’s modulus. Overall, the here presented results allow to 
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estimate the thermal conductivity of polypropylenes with an uncertainty of about 0.01 W m-1 K-1 

through straightforward differential scanning calorimetry or tensile deformation measurements. 

 

Keywords: polypropylene, crystallinity, elastic modulus, thermal conductivity 

 

Introduction 

Polypropylenes are widely utilized for a variety of applications from packaging, 

kitchenware, and textiles to structural components in automobiles and dielectric layers in power 

engineering systems [1]. In the context of electrical components, efficient thermal management 

plays a pivotal role in ensuring the safe and reliable operation of devices. This is of particular 

importance for high-voltage capacitors, power cables, and similar electrical components, where 

temperature regulation is crucial for maintaining performance, preventing damage and ensuring 

low losses. In many electrical systems, polymer-based dielectric layers are the part with the 

lowest thermal conductivity, making the selection of appropriate materials a critical factor in 

optimizing heat dissipation. For instance, in high-voltage direct current (HVDC) power cables, 

the thermal conductivity of the polyolefin-based insulation layer significantly influences the 

maximum operating temperature at a given transmission voltage [2]. As heat is generated by the 

electrical conductor, the ability of the dielectric material to effectively manage and dissipate this 

heat is essential to prevent overheating and to ensure the longevity of the system. 

Among various materials under consideration for the design of novel insulation materials, 

polypropylenes have attracted considerable academic interest in recent years [3-7]. They are 

being explored as a promising alternative to crosslinked polyethylene, which is widely used for 



3/21 

Sensitivity: Internal 

preparing the insulation layer of extruded HVDC cables [2, 3, 8]. The growing interest in 

polypropylenes stems from its higher melting temperature compared to polyethylene. However, 

unlike polyethylene, polypropylene does not conduct heat as effectively [9]. Therefore, a priori 

knowledge of the thermal conductivity of polypropylenes is crucial for the design, development, 

and optimization of thermoplastic HVDC cables. Otherwise, it would be challenging to ensure 

that the cables can handle the thermal demands of high-voltage systems while maintaining 

performance and safety standards. Thus, the straightforward characterization of the thermal 

behavior of polypropylenes is of paramount importance for advancing the field of HVDC 

technology. 

It would be advantageous if methods existed that allowed to estimate the thermal 

conductivity a priory, without the need for intricate measurements. The initial selection of 

materials based on empirical correlations would accelerate development, and the most promising 

candidates could then be subjected to an in-depth evaluation. 

It is not straightforward to estimate the thermal conductivity of a polymer from the 

chemical structure of its repeat unit alone. In case of amorphous polymers, for instance, 

crosslinks and strong secondary interactions tend to enhance coupling between polymer chains, 

thereby improving the thermal conductivity of the polymer [10]. In case of semicrystalline 

polymers, besides crosslinking the thermal conductivity is strongly influenced by the 

nanostructure of the material with typical values ranging from 𝜅 = 0.2 to 0.7 W m-1 K-1 [11-13]. 

Crystalline lamellae, which typically have a thickness of 5-20 nm, are characterized by a higher 

thermal conductivity (due to their ordered structure and higher density) compared with the 

surrounding lower-density amorphous phase. Heat transfer between crystalline regions is 

hindered by phonon scattering at the interface between crystalline and amorphous regions [10, 
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14, 15]. Therefore, the degree of crystallinity, lamellar thickness and chain orientation play a 

substantial role in the thermal behavior of these polymers [14]. The highest thermal conductivity 

values have been reported for highly ordered polymers reaching values of 𝜅 = 1.7 W m-1 K-1 in 

case of bulk, high-pressure crystallized ultrahigh molecular-weight polyethylene (UHMWPE) 

[16], 15-20 W m-1 K-1 in case of uniaxially oriented fibers composed of UHMWPE or aromatic 

polymers [17] and 100 W m-1 K-1 in case of polyethylene nanofibers [17, 18]. Evidently, it can be 

challenging to predict the thermal conductivity of a polymer without detailed knowledge of its 

nano- and microstructure.  

Thermal conductivity measurements can be intricate and are therefore not available in 

every polymer characterization lab. A number of techniques are available for measuring the 

thermal conductivity of bulk polymer specimens, including the Guarded Hot Plate (GHP) 

method, Laser Flash Analysis (LFA), and the Transient Plane Source (TPS) method. The GHP 

method is a steady state method that requires the application of a constant temperature difference 

of up to 50 C to a slab specimen, [19-21] which may result in a gradient in microstructure as a 

result of local annealing. The LFA method is a transient method for measuring thermal 

diffusivity [22, 23]. The thermal conductivity is calculated as the product of the measured 

thermal diffusivity and the heat capacity. In case of LFA, a specimen is heated by less than 3 C 

via a laser pulse and its temperature response is recorded by an infrared detector. A transducer 

layer, e.g. a graphite film, should be deposited on the specimen surface to absorb the laser pulse 

and emit detectable optical signals, which increases the complexity and uncertainty of the 

measurement process. The TPS method is a transient method that utilizes a planar probe to heat 

the specimen and simultaneously record the resulting temperature response of typically less than 

3 C, thus facilitating accurate and non-destructive measurements [24-26]. 
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Here, the TPS method is used to determine the thermal conductivity of a wide range of 

polypropylenes [27]. The nanostructure of each material is examined with differential scanning 

calorimetry (DSC), wide- and small-angle X-ray scattering (WAXS, SAXS) and dynamic 

mechanical analysis (DMA). Various parameters such as the density, crystallinity, lamellar 

thickness and Young’s modulus are compared with the thermal conductivity. We find that thermal 

conductivity scales with crystallinity and consequently the elastic modulus of polypropylenes, 

which facilitates the straightforward prediction of 𝜅 using standard polymer characterization 

techniques. 

 

Experimental section 

Materials. Polypropylenes were obtained from Borealis (PP1, 2, 5-12), Basell Orlen Polyolefins 

(PP3) [28] or Merck Chemicals (PP4). Isododecane (97.8% purity) was purchased from Thermo 

Fisher Scientific.  

Sample preparation. Plaques with a thickness of 1 mm for mechanical analysis and X-ray 

diffraction or 4.5 mm for thermal conductivity, DSC and density measurements were prepared by 

compression molding at 200 °C for 5 min using a LabPro 200 Fontijne press, followed by 

cooling at -10 °C min-1 to 40 °C, transfer to a water-cooled press to cool at a rate of about -130 

°C min-1 to room temperature, or quenched by transferring samples to an ice water bath.  

Differential scanning calorimetry (DSC). First heating thermograms of 4.5 mm plaques were 

recorded under nitrogen with a heating rate of 10 °C min-1 from -40 to 200 °C using a Mettler 

Toledo DSC 5 instrument. The specific capacity 𝐶𝑝 was determined by comparing the heat flow 

𝑄 at a given temperature with the heat flow recorded for sapphire 𝑄𝑠𝑎𝑝ℎ𝑖𝑟𝑒 according to: 
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𝐶𝑝 =
𝑄 ∙ 𝑚𝑠𝑎𝑝ℎ𝑖𝑟𝑒

𝑚 ∙ 𝑄𝑠𝑎𝑝ℎ𝑖𝑟𝑒
𝐶𝑝

𝑠𝑎𝑝ℎ𝑖𝑟𝑒
 

(1) 

where 𝑚 and 𝑚𝑠𝑎𝑝ℎ𝑖𝑟𝑒 are the mass of the sample and of sapphire, respectively, and 𝐶𝑝
𝑠𝑎𝑝ℎ𝑖𝑟𝑒

 = 

0.7788 J g-1 C-1 is the specific heat capacity of sapphire [29]. The overall crystallinity 𝑋𝑐 was 

calculated according to:  

𝑋𝐶 =
∆𝐻𝑚

∆𝐻𝑚𝛼
0 𝐾𝛼 +

∆𝐻𝑚

∆𝐻𝑚𝛽
0 𝐾𝛽 +

∆𝐻𝑚

∆𝐻𝑚𝛾
0 𝐾𝛾 

(2) 

 where ∆𝐻𝑚
 is the melting enthalpy and ∆𝐻𝑚𝛼

0  = 209 J g-1, ∆𝐻𝑚𝛽
0  = 168.5 J g-1 and  ∆𝐻𝑚𝛾

0  = 150 

J g-1 are the enthalpies of fusion of 100% crystalline isotactic polypropylene in ,  and  forms, 

respectively [30-32], and 𝐾𝛼, 𝐾𝛽 and  𝐾𝛾 are the contents of ,  and  forms, respectively (See 

SI Section 1).  

Density measurements. A Mettler Toledo XS105 scale equipped with a density kit XPR/XSR-

Ana was used to determine the density 𝜌 at 25 C using isododecane with a density of 𝜌𝑙 = 0.74 

g cm-3 as the auxiliary liquid according to: 

𝜌 =
𝑚𝑎𝑖𝑟

𝑚𝑎𝑖𝑟 − 𝑚𝑙

(𝜌𝑎𝑖𝑟 − 𝜌𝑙) + 𝜌𝑙 
(3) 

where 𝑚𝑎𝑖𝑟 and 𝑚𝑙 are the sample weight in air and in the auxiliary liquid, respectively, 

and 𝜌𝑎𝑖𝑟 =  g cm-3 is the density of air at 25 C.  

Wide angle X-ray scattering (WAXS). Diffractograms of 1 mm thick samples were recorded in 

reflection mode with a D8 Discover instrument from Bruker equipped with a CuKα source 

(wavelength = 1.54 Å) and using a fixed slit mode (0.7 mm). The diffraction patterns were 

deconvoluted using WAXSFIT program [33] and the contents of individual crystallographic 

phases were calculated (see Figure S1 and SI Section 1). 
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Small angle x-ray scattering (SAXS). SAXS diffractograms of 1 mm thick samples were 

recorded with a Mat:Nordic instrument from SAXSLAB/Xenocs equipped with a microfocus 

CuKα source (wavelength = 1.54 Å) and a Dectris Pilatus 300K detector. Data was processed 

with the SAXSGui software. The thickness of crystalline lamellae 𝑙𝑐 was calculated according to: 

𝑙𝑐 =
𝜌

𝜌𝑐
𝑋𝐶𝐿𝑝 (4) 

where 𝜌𝑐 = 0.946 g cm-3 is the density of -form polypropylene crystals [34] and 𝐿𝑝 is the long 

period obtained from SAXS.  

Thermal conductivity measurements. Five measurements for each sample were carried out in 

accordance with ISO 22007-2 at 25 °C using a TPS 2500S thermal constant analyzer from Hot 

Disk equipped with a 5465 sensor with a radius of 3.18 mm, using a measurement time of 20 s, 

heating power of 25 mW and fixed Cp, unless specified otherwise. Further details can be found in 

Supporting Information Section 2. The surface of the samples was polished with sandpaper to 

ensure good physical contact with the sensor. 

Tensile deformation. Dog-bone shaped samples compliant with ISO 527 (5A) were cut from 1 

mm thick plaques. Tensile deformation was carried out at a strain rate of 25 mm mm-1 and a 

temperature of 25 °C using an Instron 5564 A instrument. To calculate the modulus, the stress 

values  were used in the range of 0 to 1% deformation, assuming that the deformation was 

uniform along the entire length of the sample from clamp to clamp (50 mm). 
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Results and discussion 

 We selected twelve different polypropylenes for our study (see Table 1). The TPS method 

was used to determine the thermal conductivity of the polypropylene materials, which were 

cooled at either -10 or -130 °C min-1, giving rise to different microstructures and crystallinity 

[35]. Measurements were carried out according to standard ISO 22007-2 at 25 °C. In a first set of 

experiments, we compared TPS measurements of the same material (PP5 prepared with -10 °C 

min-1 cooling rate) to determine the error in the obtained values for 𝜅. Variations in different 

measurement parameters and three repeat measurements of a plaque of the same material (PP1 

prepared with -10 °C cooling rate) yielded a percentage error of not more than Δ𝜅 = 1.2 % and 

0.3 %, respectively, when a predetermined value of 𝐶𝑝 was used for the fitting procedure (Figure 

S2 and S3). We also compared the percentage error when carrying out the measurement without 

knowledge of 𝐶𝑝, which yielded a value of Δ𝜅 = 1.6 % (Figure S2). Therefore, we chose to work 

with a percentage error of Δ𝜅 = 1.2% throughout the remainder of our study.  

Subsequently, we determined the thermal conductivity of all twelve grades, cooled at -10 

and -130 °C min-1 and obtained values ranging from 𝜅 = 0.191 W m-1 K-1 for PP4 to 𝜅 = 0.277 W 

m-1 K-1 for PP7 (Table 1). We therefore proceeded with characterizing the microstructure of the 

PP materials with density measurements, DSC, WAXS and SAXS to obtain information about 

the density 𝜌, peak melting temperature 𝑇𝑚, crystallinity 𝑋𝑐, long period 𝐿𝑝, lamellar thickness 𝑙𝑐 

and the presence of different crystalline forms (Table 1, Table S1 and Figure 1; see Experimental 

Section for details). For instance, 𝜌 ranged from 0.871 to 0.914 g cm-3 and 𝑋𝑐 ranged from 8 to 

66 %.   The WAXS diffraction patterns indicate that all samples predominantly contain α-phase 

crystals, however, in all slowly cooled materials, the presence of γ-phase crystals was also 
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identified, ranging from 3 to 32%. Samples PP1 and PP3 exhibit trace amounts (<1%) of β-phase 

cystals, whereas in the slowly cooled PP1, the β-phase content increased to approximately 15%. 

This observation is confirmed by corresponding DSC thermograms, which display two distinct 

melting endotherms (Figure 1).  

Table 1. Melting temperature 𝑇𝑚 of samples cooled with a rate Δ𝑇/Δ𝑡 = -10 °C min-1, thermal 

conductivity 𝜅10 and 𝜅130 of samples cooled with a rate of Δ𝑇/Δ𝑡 = -10 and -130 °C min-1, 

respectively (measurement by TPS with known 𝐶𝑝; percentage error Δ𝜅 = 1.2%). 

 

 

 

 

 
𝑻𝒎 

(°C) 

𝜿𝟏𝟎 

(W m-1 K-1) 

𝜿𝟏𝟑𝟎 

(W m-1 K-1) 

PP1 165 0.253 0.249 

PP2 166 0.251 0.232 

PP3 168 n.m. 0.241 

aPP4 155 0.193 0.196 

PP5 165 0.250 0.231 

PP6 166 0.244 0.230 

PP7 163 0.277 0.251 

PP8 152 0.251 0.230 

PP9 142 0.244 0.226 

PP10 159 0.231 0.228 

PP11 142 0.237 0.222 

PP12 151 0.228 0.216 
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Figure 1. Characterization of PP materials. (a) First-heating DSC thermograms, (b) SAXS and 

(c) WAXS diffractograms of PP1, PP5, PP8 and PP10 crystallized by cooling at -10 C min-1. 
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We then plotted 𝜅 against each microstructure parameter to identify those parameters that 

most strongly correlate. We do not observe any correlation in case of 𝜅(𝑇𝑚) and a weak 

correlation in case of  𝜅(𝜌) and 𝜅(𝐿𝑝) (Figure S4). The absence of any correlation with 𝑇𝑚 is 

likely because structural changes can take place during heating and because 𝑇𝑚 is related to the 

size of crystals rather than the crystallinity. For example, PP4 features a relatively high 𝑇𝑚 = 155 

C but only a low 𝑋𝑐 = 8% when rapidly cooled at -130 C min-1 (see Table 1 and Table S1). A 

clear linear increase is evident for 𝜅(𝑋𝑐) (Figure 2), which suggests that the number of 

crystalline domains is the most important parameter that influence 𝜅. A linear function was used 

to describe 𝜅(𝑋𝑐): 

𝜅 = 𝑚 ∙ 𝑋𝑐 + 𝑛  (5) 

where 𝑚 = (0.00137 ± 0.0001) W m-1 K-1 %-1 and 𝑛 = (0.179 ± 0.005) W m-1 K-1 (see Figure 2). 

The intercept 𝑛 corresponds to the thermal conductivity 𝜅𝑎𝑚𝑜𝑟𝑝ℎ of purely amorphous 

polypropylene, which is similar to a value of 𝜅𝑎𝑃𝑃 ≈ 0.15 W m-1 K-1 that can be extrapolated 

from literature for atactic PP at ambient conditions [36]. Note that the thermal conductivity of 

amorphous polymers tends to be independent of chain length above the entanglement molecular 

weight 𝑀𝑒 [37], which is the case for the here investigated materials since 𝑀𝑒 ≈ 7 kg mol-1 for 

atactic polypropylene  [38]. The linear increase in 𝜅 with 𝑋𝑐 ranging from 8 to 58 % suggests 

𝜅 = 𝜅𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 + 𝜅𝑎𝑚𝑜𝑟𝑝ℎ where the contribution from crystalline domains can be estimated 

according to 𝜅𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 = 𝑚 ∙ 𝑋𝑐 with 𝑚 = (0.00137 ± 0.0001) W m-1 K-1 %-1 (see Figure 2). 

Previously reports for, e.g., poly(ethylene terephthalate) and polyethylene have shown that a 

linear relationship is a reasonable approximation for isotropic semi-crystalline polymers [39, 40], 

while uniaxial orientation will result in an increase in 𝜅 along the direction of chain alignment 
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[41-43]. Evidently, DSC measurements can be used to obtain an estimate of the thermal 

conductivity of isotropic polypropylenes with an 𝑋𝑐 of up to 66% with an uncertainty of Δ𝜅 ≈ 

0.004 to 0.008 W m-1 K-1 (see Figure 2). We calculated 𝑋𝑐 based on the content of the individual

crystallographic phases (see equation 2). Since all investigated materials predominately contain 

-form crystals, we can instead use 𝑋𝐶 = ∆𝐻𝑚/∆𝐻𝑚𝛼
0  in which case a linear fit remains a very

good description of 𝜅(𝑋𝑐) (see Figure S5), which can be used to predict 𝜅 an uncertainty of Δ𝜅

≈  0.005 to 0.01 W m-1 K-1. The linear correlation between 𝜅 and 𝑋𝑐 is promising since many

polymer research labs have access to a DSC instrument. 

Figure 2. Thermal conductivity 𝜅 vs. crystallinity 𝑋𝑐 of polypropylenes prepared by cooling 

with -10 K min-1 (♦), -130 K min-1 (●), quenching (▼), crystallized under high pressure 

(purple ▲) and obtained from refs. (open symbols) [35, 44]; the dashed line is a linear fit 

according to equation 5 and the grey dashed lines are confidence intervals 𝜅 ± Δ𝜅 where ∆𝜅 

is calculated according to the propagation of errors.  
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Another property of semi-crystalline polymers that strongly depends on crystallinity is 

the elastic modulus [45-50], espcially in the temperature range between the glass transition 

temperature 𝑇𝑔 and 𝑇𝑚. Therefore, we chose to determine the Young’s modulus 𝐸 of the 

investigated polypropylenes with tensile deformation at room temperature. We find that 𝐸 

inceases with 𝑋𝑐 from a value of only 24 MPa in case of rapidly cooled low-tacticity PP4 with 𝑋𝑐 

= 8 % to 𝐸 > 1700 MPa for the most crystalline materials (Table S1 and Figure 3). Several 

previous reports have used exponential functions to describe 𝐸(𝑋𝑐) of semi-crystalline polymers 

[48, 50, 51]. Here, we also chose an exponential function to describe the observed trend of 𝐸 

with 𝑋𝑐: 

𝐸 = 𝑎 ∙ 𝑒𝑋𝑐/𝑏 (6) 

𝑤𝑖𝑡ℎ 𝑎 = (26 ± 7) MPa and 𝑏 = (13 ± 1) % (see Figure 3). We obtain a value of 𝐸 = 26 MPa for 

𝑋𝑐 = 0%, which is somewhat lower than the value of 50 MPa, which has been reported for the 

Young’s modulus of the interlamellar amorphous phase of isotactic polypropylene [52]. 

 



14/21 

 

Sensitivity: Internal 

 

Figure 3. (a) Representative stress-strain curves for polypropylenes, (b) Young’s modulus 𝐸 vs. 

crystallinity 𝑋𝑐 of polypropylenes prepared by cooling with -10 K min-1 (♦), -130 K min-1 (●) 

and quenching (▼); the black dashed line is an exponential fit with equation 6 and the grey 

dashed lines are confidence intervals 𝐸 ± ∆𝐸 where ∆𝐸 is calculated according to the 

propagation of errors. 

Equations 5 and 6 were combined to predict a logarithmic change in 𝜅 with 𝐸 (Figure 4): 
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𝜅 = 𝑚 ∙ 𝑏 ∙ ln(𝐸/𝑎) + 𝑛 (7) 

where 𝑚, 𝑛, 𝑏 and 𝑎 are the parameters obtained from fitting 𝜅(𝑋𝑐) and 𝐸(𝑋𝑐). We propose that 

static or dynamic mechanical measurements can be used to estimate 𝜅 of polypropylenes with an 

uncertainty of Δ𝜅 ≈  0.01 W m-1 K-1 (see Figure 4).  

 

Figure 4. Thermal conductivity 𝜅 vs. Young’s modulus 𝐸 of polypropylenes prepared by cooling 

with -10 K min-1 (♦), -130 K min-1 (●) and quenching (▼); the black dashed line is a fit obtained 

by combining the fit functions from Figures 2 and 3 with equation 7 and the grey dashed lines 

are confidence intervals  𝜅 ± ∆𝜅 where ∆𝜅 is calculated according to the propagation of errors. 
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Conclusions 

 The thermal conductivity of polypropylenes with a crystallinity of up to 66% that are 

predominately composed of -phase crystallites has been characterized. The thermal 

conductivity was found to linearly increase from about 0.18 W m-1 K-1 for purely amorphous 

material to about 0.26 W m-1 K-1 for the most crystalline samples. In addition, Young’s moduli of 

isotropic samples are found to exponentially increase with crystallinity, which could be used to 

predict the observed interplay of thermal conductivity and Young’s modulus. Hence, differential 

scanning calorimetry or tensile deformation measurements are proposed as a viable means to 

obtain an estimate of the thermal conductivity of isotropic polypropylenes, which may accelerate 

the development of new formulations for dielectric materials. In the future it will be interesting 

to investigate how the thermal conductivity of polypropylenes with a high content of - or -

form crystals scales with crystallinity and elastic modulus. 
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Figure S1. Example deconvolution of a WAXS diffraction pattern using the WAXSFIT 

program. 
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Section 1. Deconvolution of WAXS diffractograms.  

Parameter optimization was performed using the Rosenbrock method, and peak shapes were 

fitted using a mixture of Gaussian and Cauchy functions. The background was cut off using a 

power function. Based on the areas under the individual peaks - A(110), the content of 

crystallographic forms (𝐾𝛼,  𝐾𝛽 and 𝐾𝛾) was calculated according to the following formulas: 

𝐾𝛽 =
𝐴(110)𝛽

𝐴(110)𝛽 + 𝐴(110)𝛼 + 𝐴(040)𝛼 + 𝐴(130)𝛼 + 𝐴(117)𝛾
 

(S1) 

 

𝐾𝛾 = (1 − 𝐾𝛽)
𝐴(117)𝛾

𝐴(130)𝛼 + 𝐴(117)𝛾
 

(S2) 

𝐾𝛼 = (1 − 𝐾𝛽)
𝐴(130)𝛼

𝐴(130)𝛼 + 𝐴(117)𝛾
 

(S3) 

 

Section 2. Thermal conductivity measurements 

In the TPS method, a sensor composed of a double-spiral nickel foil covered by two 

thin polyimide films is utilized. This sensor is sandwiched between a pair of samples. The 

sensor heats up the surrounding material with constant power and the resulting temperature 

response Δ𝑇(𝑡) is measured via the resulting change in the resistance of the sensor. Provided 

the samples are large so that they can be considered as an infinite medium during the 

measurement, the thermal conductivity 𝜅 of isotropic samples is related to the temperature 

increase of the sensor according to: 

Δ𝑇(𝜏) = Δ𝑇𝑖(𝜏) + 𝑃(𝜋3/2𝑟𝜅)
−1

𝐷(𝜏) (S4) 

where 𝜆 is the thermal conductivity of the samples, 𝑟 is the probe radius, 𝜏 = 𝑟(𝑡𝛼)1/2 is the 

dimensionless time, 𝛼 is the thermal diffusivity of the samples, and 𝐷(𝜏) is a dimensionless 
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specific time function [1]. Δ𝑇𝑖 represents the additional temperature increase caused by the 

thermal resistance between the sample and the sensor, which becomes constant after a short 

time. 

An iterative process can be applied to fit Δ𝑇 measured across an appropriate time 

window ([𝑡 − 𝛥𝑡, 𝑡 + 𝛥𝑡]) using equation S4, which yields values for the two parameters 𝜅 

and 𝛼. Alternatively, if the volumetric heat capacity 𝐶𝑝 = 𝜅/𝛼 is known then 𝛼 can be 

replaced so that Δ𝑇(𝜏) only depends on one parameter, i.e. 𝜅, which can be expected to yield 

more accurate results, which is particularly beneficial for samples with high thermal 

conductivity. 

The probing depth Δ𝑃𝑝𝑟𝑜𝑏 = 2√𝑡𝑚𝑎𝑥𝛼 where 𝑡𝑚𝑎𝑥 = 𝑡 + 𝛥𝑡 represents the distance 

that the heat wave has traveled during the calculation time window. Two requirements 

concerning Δ𝑃𝑝𝑟𝑜𝑏 should be met for optimal results with small uncertainty. One requirement 

is that Δ𝑃𝑝𝑟𝑜𝑏𝑒 should fall within the range: 1.1 𝑟 < Δ𝑃𝑝𝑟𝑜𝑏 < 2.0 𝑟 to ensure appreciable 

sensitivity to both 𝜆 and 𝛼. To fulfill the infinite medium assumption, Δ𝑃𝑝𝑟𝑜𝑏 should also be 

smaller than the distance between sensor and sample outer boundary, which is 4 mm for our 

samples. 
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Figure S2. Thermal conductivity 𝜅 obtained for different measurement parameters and time 

windows: (a) influence of time window length [𝑡 − 𝛥𝑡, 𝑡 + 𝛥𝑡], with 𝛥𝑡 ranging from 1.25 to 

5 s, on 𝜅 obtained from a fit with known 𝐶𝑝; (b) influence of heating power and measurement 

time on 𝜅 from a fit with unknown 𝐶𝑝; and (c) influence of heating power and measurement 

time on 𝜅 from a fit with known 𝐶𝑝; The colored regions indicate the constraints on selection 

of time windows according to the TPS theory (𝛥𝑃𝑝𝑟𝑜𝑏 < 1.1 r in grey; 𝛥𝑃𝑝𝑟𝑜𝑏 < 4 mm in 

yellow).  The white regions indicate the time range where the constraints 1.1 𝑟 < 𝛥𝑃𝑝𝑟𝑜𝑏 <

4 mm  are fulfilled.  
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Figure S3. TPS measurements at three different positions on the same plaque of PP5, 

prepared by -10 °C min-1 cooling rate, using the same measurement parameters (20 s, 25 

mW), yielding values of 𝜅 = (0.2461  0.0001) W m-1 K-1, (0.2443  0.0001) W m-1 K-1 and 

(0.2447  0.0010) W m-1 K-1, yielding a mean value and standard deviation of 𝜅 = (0.2450  

0.003) W m-1 K-1. Although the data magnitude varies due to differences in thermal contact 

resistance, the calculated thermal conductivity values remain consistent, with only a small 

standard deviation of 0.3%.
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Table S1. Melting temperature 𝑇𝑚, crystallinity 𝑋𝑐, long period 𝐿𝑝, lamellar thickness 𝑙𝑐, K, 

K and K crystallographic form content of polypropylenes cooled at Δ𝑇/Δ𝑡 = -10 or -130 C 

min-1; afrom ref. [2]. 

 
𝑻𝒎 

(°C) 

 𝑿𝒄 

(%) 

𝑳𝒑 

(Å) 

𝒍𝒄 

(Å) 

𝐾𝛼 

() 

𝐾𝛽 

() 

𝐾𝛾 

() 

𝐾𝛼 

() 

𝐾𝛽 

() 

𝐾𝛾 

() 

−𝚫𝑻/∆𝒕  

(C min-1) 

10 130 10 130 10 130 10 130 10 130 

PP 1 165 169 50 45 183 161 90 71 >99 <1 0 81 ± 1 15 ±3 4 ± 1 

PP 2 166 167 58 47 180 135 101 62 >99 <1 0 >96 ± 1 <1 3 ± 1 

PP 3 a168 169 n.m. 50 n.m. 151 n.m. 73 a90 ± 2 0 a10 ± 2 100 0 0 

PP4 155 155 13 8 n.m. n.m. n.m. n.m. 100 0 0 100 0 0 

PP5 165 167 50 45 192 145 110 75 100 0 0 96 ± 1 0 4 ± 1 

PP6 166 167 49 40 197 156 112 72 100 0 0 96 ± 1 0 4 ± 1 

 PP7 163 163 66 54 192 161 124 85 92 ± 1 0 8 ± 1 68 ± 4 0 32 ± 4 

PP8 152 154 51 44 165 135 82 57 100 0 0 88 ± 2 0 12 ± 2 

PP9 142 144 47 39 n.m. 127 n.m. 48 100 0 0 84 ± 3 0 16 ± 3 

PP10 159 158 35 32 171 149 73 58 100 0 0 83 ± 3 0 17 ± 3 

PP11 142 146 42 35 172 133 86 56 100 0 0 81 ± 3 0 19 ± 3 

PP12 151 150 33 29 180 135 91 60 100 0 0 83 ± 3 0 17 ± 3 
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Figure S4. Thermal conductivity 𝜅 vs. (a) melting temperature 𝑇𝑚, (b) density 𝜌, (c) long 

period 𝐿𝑝, and (d) lamellar thickness 𝑙𝑐 of polypropylenes prepared by cooling with -10 ºC 

min-1 (♦) and -130 ºC min-1 (●). 
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Figure S5 Thermal conductivity 𝜅 vs. crystallinity 𝑋𝐶 = ∆𝐻𝑚/∆𝐻𝑚𝛼
0  of polypropylenes 

prepared by cooling with -10 K min-1 (♦), -130 K min-1 (●) and quenching (▼) and obtained 

from refs. [3, 4]; the dashed line is a linear fit according to equation 5 and the grey dashed 

lines are confidence intervals 𝜅 ± Δ𝜅 where ∆𝜅 is calculated according to the propagation of 

errors. 
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Table S2. Density 𝜌, heat capacity  𝐶𝑝, Young’s modulus 𝐸 and elongation at break 𝜀𝑏𝑟𝑒𝑎𝑘 of 

polypropylenes cooled at ∆𝑇/∆𝑡 = -10 or -130 C min-1. 

 
𝝆 

(g cm-3) 

𝑪𝒑 

(J g-1 C-1) 

𝑬 

(MPa) 

𝜺𝒃𝒓𝒆𝒂𝒌 

(%) 

−𝚫𝑻/∆𝒕  

(C min-1) 

10 130 10 130 10 130 10 130 

PP 1 0.911 0.911 1.97 1.99 1738 ± 126 1458 ± 82 29 ± 4 979 ± 72 

PP 2 0.909 0.910 1.89 1.94 1530 ± 120 1096 ± 36 18 ± 2 1021 ± 114 

PP 3 n.m. 0.914 n.m. 1.97 n.m. n.m. n.m. n.m. 

PP4 0.874 0.871 1.72 2.12 40 ± 4 30 ± 2 27 ± 2 69 ± 9 

PP5 0.905 0.902 1.97 1.88 1134 ± 204 862 ± 20 695 ± 187 1044 ± 58 

PP6 0.904 0.899 1.93 1.98 1044 ± 30 798 ± 50 920 ± 75 1080 ± 119 

PP7 0.914 0.910 1.87 1.91 1586 ± 56 1414 ± 66 736 ± 63 1071 ± 71 

PP8 0.907 0.904 1.99 1.92 1034 ± 64 894 ± 38 1180 ± 39 1245 ± 3 

PP9 0.903 0.899 2.03 2.02 836 ± 18 668 ± 20 1216 ± 30 1160 ± 92 

PP10 0.894 0.897 2.01 2.03 772 ± 14 686 ± 26 1138 ± 21 1111 ± 31 

PP11 0.888 0.897 1.87 1.87 642 ± 34 536 ± 36 1198 ± 71 1187 ± 45 

PP12 0.890 0.888 2.1 2.12 406 ± 16 316 ± 6 1093 ± 44 1300 ± 63 
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