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Abstract 

Electroconductive and thermochromic textiles represent a transformative approach to automotive interior 

design, combining functionality, aesthetics and sustainability. This review critically examines the scientific 

principles underlying these materials, including conductive yarns, coatings and polymers that enable electrical 

performance as well as leuco dyes and liquid crystals responsible for thermochromic behavior. Advanced 

manufacturing methods such as dip coating, printing, PVD/CVD and smart weaving or knitting are analyzed 

alongside nanomaterial integration for enhanced performance. Key performance metrics including 

conductivity, heating response, dynamic color change, durability and user centered factors such as comfort 

and interface usability are discussed. Sustainability considerations focus on localized heating, multifunctional 

design and eco-friendly materials. Challenges to widespread adoption including scalability, washability, 

reliability, safety standards and cost are addressed. Finally, emerging trends, market readiness and 

interdisciplinary convergence of textile science, materials engineering and automotive design are highlighted, 

demonstrating the potential of smart textiles to redefine future vehicle interiors. 

 
Keywords: Smart textiles, Electroconductive materials, Thermochromic textiles, Automotive innovation, Future mobility, 

Sustainable vehicle design 

1. Introduction 

1.1 Context and rise of smart textiles in automotive design 

Smart textile fabrics with sensing, actuating or responsive functionalities have steadily evolved from niche 

applications to advanced solutions in integrated vehicle components. The integration of electronics into 
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textiles began with wearable computing in the mid-1990s, initially focusing on health monitoring and personal 

electronics. Over time, this technology has matured, enabling textiles themselves to function as sensors, 

controllers and actuators, paving the way for their application in automotive interiors where they contribute 

to enhanced comfort, safety and energy-efficient systems, making smart textiles an attractive area of 

innovation (Stoppa & Chiolerio, 2014). 

1.2 Electroconductive and Thermochromic textiles 

 Electroconductive textiles, encompassing conductive polymer coatings, metal-coated fibers, carbon allotropes 

and conductive yarns, enable diverse functionalities such as sensing, heating, signal routing and 

electromagnetic Interference ( EMI) shielding (Tseghai et al., 2020). In the automotive sector, these textiles 

are suitable for flexible heating elements such as seats and steering wheels, strain and biometric sensors and 

lightweight cabling alternatives ( Petru et al., 2023). Thermochromic textiles, which are materials that change 

color in response to temperature variations, have passive thermal feedback capabilities, aesthetic adaptability 

and intuitive thermal indicators. They are used in comfort-oriented apparel and vehicle interiors to signal 

temperature changes or improve visual ergonomics (Lee et al., 2025). 

1.3 Research objectives and questions 

This review examines multiple dimensions of electroconductive and thermochromic textiles in automotive 

applications. It outlines the underlying scientific principles focusing on how conductive yarns, coatings and 

polymers enable electro conductivity as well as the operation of thermochromic systems such as leuco dyes 

and liquid crystals within textile matrices. Attention is then given to manufacturing and innovation by 

analyzing techniques such as dip coating, printing, PVD/CVD, weaving or knitting with conductive yarns and 

the integration of nanomaterials. The review further assesses performance metrics relevant to automotive 

conditions, including conductivity, heating response times, dynamic color changes and durability against 

washing, friction and thermal cycling.  

Design considerations are also explored, with emphasis on user experience through enhanced comfort, 

visibility, aesthetics and interface usability. Energy efficiency and sustainability are evaluated in terms of 

localized heating, color-based thermal signaling, weight reduction via multifunctionality and the adoption of 

sustainable materials. However, there are challenges to adoption particularly regarding scalability, safety 

standards, washability, reliability and cost effectiveness. Finally, the review discusses emerging trends and 

market prospects including MXene and graphene-based textiles, infrared modulation technologies, more 

efficient smart interface manufacturing and the overall readiness of the market for widespread adoption. 

1.4 Scope of the review 

This review covers: 

a. Materials, these include conductive polymers, carbon-based nanomaterials (e.g., MXene, graphene), metallic 

coatings and thermochromic dyes. 

b. Manufacturing approaches such as weaving, knitting, dip coating, printing, PVD/CVD and nanomaterial 

integration. 
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c. Performance metrics include electrical conductivity, thermal response, color change dynamics and 

durability under specific automotive conditions. 

d. Test frameworks involve resilience under stress, washing, temperature cycling and automotive 

environmental standards. 

e. Systems integration incorporate integration into seating, dashboards and control panels.  

f. Sustainability and pathways to commercialization explore life cycle assessments, ecodesign, scalability, costs 

and regulatory considerations. 

 

2. Scientific principles and mechanisms  

2.1 Electroconductive textiles 

a. Mechanisms 

Electro conductive textiles work by creating continuous conductive paths through the fabric. This is typically 

achieved in one of two ways: 

i. Percolation networks made of metallic fibers, silver nanowires (AgNWs), carbon nanotubes (CNTs), 

graphene or blends of these materials. 

ii. Intrinsically conducting polymers (ICPs) such as poly (3-4 ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT:PSS). 

In percolation theory, conduction begins once enough conductive filler is added to form a continuous network 

across the textile (Zhang et al., 2024). Carbon nanotube (CNT) or graphene networks provide channels for 

charge carriers to move through the fabric. Combining CNTs with graphene can reduce resistance at contact 

points and the amount of material needed to achieve conductivity by forming complementary network 

structures (Ali et al., 2020). 

PEDOT:PSS works differently. The PEDOT portion provides conductivity while the PSS portion helps create 

stable, processable coatings. Conductivity can be significantly improved with post-treatments or by blending 

into composites (Tseghai et al., 2020). Although wet-spun PEDOT:PSS fibers are mechanically strong, they may 

lack sufficient flexibility, hence, blending them with elastic polymers such as polyurethane can significantly 

improve their durability (Ali et al., 2020) 

 When the textile is bent or stretched, the conductive network can break which increases resistance, a 

phenomenon known as piezoresistance. Some coatings, such as graphene-elastomer composites maintain 

good conductivity even after repeated bending, for example, resistance changes minimally under moderate 

strain demonstrating stability suitable for wearable and automotive applications (Petru et al., 2023). 

b. Material trade-offs 
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Metallic conductors such as silver nanowires (AgNWs) metallic fibers offer very high conductivity but tend to 

be stiff, prone to corrosion and can reduce the fabric's flexibility (Ali et al., 2020). Polymer and nanocarbon 

systems such as PEDOT:PSS, carbon nanotubes (CNT) and graphene are lighter and more flexible but require 

more complex processing to achieve long-term stability and high performance (Tseghai et al., 2020). 

c. Key performance metrics 

Typical reported values include: 

i. Sheet resistance: 

 

Figure 1 above shows threshold concentrations, the sheet resistance values for conductive materials are 

as follows: single-walled carbon nanotubes (SWCNTs) exhibit approximately 0.034 Ω/sq, PEDOT:PSS 

around 5.49 Ω/sq, multi-walled carbon nanotubes (MWCNTs) approximately 21.83 Ω/sq, and graphene 

about 90.66 Ω/sq (Tseghai et al., 2020).  

ii. Volumetric conductivity (S/cm). 

iii. Mechanical retention is characterized by the variation in electrical resistance (ΔR) following successive 

bending or stretching cycles. Furthermore, thickness and optical transparency are critical parameters, 

particularly in the context of display and touchscreen applications (Petru et al., 2023). 

2.2 Thermochromic textiles 

a. Mechanisms 

Thermochromic textiles change colour in response to temperature. This can occur through three main 

mechanisms: 
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i. Leuco Dye Systems: The microcapsules contain a dye, a color developer and a solvent. When the solvent 

changes state (from solid to liquid or vice versa), the system transitions between coloured and colourless. They 

are popular in textiles for their flexibility and ease of application (Kumar and Senthilkumar, 2023). 

ii. Cholesteric liquid crystals (CLs): These change their reflected color as their molecular order varies with 

temperature, producing reversible optical changes within a narrow range (Kumar and Senthilkumar , 2023) 

iii. Inorganic thermochromics: Materials such as vanadium dioxide (VO₂) undergo a metal-insulator transition 

around 68°C, dramatically altering their reflectance. However, doping can reduce this transition temperature 

(Liu et al., 2018). 

b. Performance metrics 

i) Activation temperature: Leuco dyes typically operate between –10°C and 60°C (Kumar and Senthilkumar, 

2023). The fabrics have shown transitions around 46°C (Toan et al., 2024) 

ii) Colorimetric change (ΔE): Quantifies the visual difference. 

iii) Response time: Refers to how quickly the color changes. 

iv) Cycle stability: Looks at how many heating/cooling cycles it can withstand before losing 50% of its effect.  

v) Light/UV resistance: Measure of outdoor durability (AlQahtani et al.,2025). 

Material 

Class 

Conductivity 

/ Activation 

Temp 

Mechanical 

Flexibility 

Key Pros Key 

Constraint 

Typical 

Deposition/Embedding 

Method 

Metal wires Very high 

conductivity 

Low–

Moderate 

Excellent 

conduction 

Stiff, 

corrosion-

prone 

Weaving, embedded 

yarns 

Silver 

nanowires 

(AgNW) 

High 

conductivity 

Moderate Transparent 

options, 

excellent 

percolation 

Cost, 

durability 

Coating, printing 

CNTs Moderate–

High when 

optimal 

High Lightweight, 

flexible 

Dispersion 

challenges 

Dip-coating, printing 

Graphene Moderate, 

transparent 

coatings 

possible 

High Excellent 

conductivity, 

flexible 

Scalability, 

cost 

Coating, transfer, 

printing 
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PEDOT:PSS Tens–

thousands 

S/cm 

Moderate 

(improved 

via blends) 

Solution-

processable, 

flexible 

Lower 

durability 

alone 

Wet-spinning, coating, 

printing 

Leuco dyes –10 °C to ~60 

°C 

High Cheap, broad 

color range 

Limited temp 

accuracy, UV 

sensitivity 

Microencapsulation, 

printing/coating 

Liquid 

crystals 

Narrow 

precise temp 

range 

Moderate Precise, fast, 

reversible 

Narrow band, 

UV/humidity 

sensitivity 

Encapsulation, coating 

Table 1: Materials properties comparison  

Table 1 above summarises the different characteristics of textile materials used in modern cars, for example, 

metal wires and silver nanowires (AgNW) give very high conductivity for heating or sensors yet metals can be 

stiff and can easily corrode while AgNW is costly and less durable. Carbon nanotubes (CNTs) and graphene are 

light, flexible and still conduct well yet they are difficult to produce cheaply and in large amounts. PEDOT:PSS, 

a conductive polymer, is easy to process and flexible but not very durable. For color-changing effects, leuco 

dyes are cheap and show many colors but are less precise and fade in sunlight while liquid crystals give very 

accurate and fast color change but only within narrow temperature ranges and are sensitive to UV and 

humidity. These materials help make car interiors smarter, safer and more comfortable. 
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3. Manufacturing methods & process integration 

3.1 Conventional textile methods (weaving, knitting, braiding) 

Using standard textile manufacturing methods remains one of the most reliable and scalable ways to 

manufacture automotive grade conductive fabrics. Conductive yarns, such as metallized fibers, stainless steel, 

silver-coated copper or naturally conductive fibers can be woven or knitted directly into the fabrics. This 

creates mechanically resistant and abrasion resistant sensing grids, bus lines and power paths (Ojstršek et al., 

2022). 

Braiding is often used to manufacture flexible bus lines and multi core conductors that combine strength with 

reliable electrical performance. These braided conductors are already used in seals and harnesses and can be 

adapted to seats and interior wiring that require flexibility and fatigue resistance (Petru et al., 2023). 

Embroidering or inserting patterned conductive threads can also create transmission lines and antennas 

within fabric covers. Various tests have shown that the design and choice of conductive material are important 

for meeting automotive signaling standards  (Zhou et al., 2023).  

These methods work well for large scale production, provide built-in mechanical durability and facilitate 

inspection. However, designers still need to address issues such as making secure connections, preventing 

corrosion and ensuring compatibility between metallic fibers and connectors (Ojstršek et al., 2022). 

3.2 Coating and Printing (Dip coating, Spray coating, Screen printing and Inkjet printing) 

Coating and printing methods allow for the precise placement of conductive areas such as heaters, sensors and 

circuits directly onto textile or composite surfaces. Materials such as PEDOT:PSS, silver nanowires (AgNWs), 

carbon inks (CNTs/graphene) and silver nanoparticle inks are commonly used with dip coating, screen 

printing or inkjet printing to create heaters, electrodes and flexible tactile interfaces (Petru et al., 2023). 

Important process factors include coating adhesion to the substrate, ink flow on porous surfaces and post 

treatment steps such as thermal curing or DMSO/methanol solvent doping for PEDOT:PSS that improve 

conductivity and maintain fabric flexibility (Tseghai et al., 2020). For example, solvent treatments can 

significantly increase the conductivity of PEDOT:PSS, although they also can affect adhesion and color ( 

Ojstršek et al., 2022). 

Silver nanowires (AgNW) and metal nanoparticle inks offer excellent conductivity and thermal performance 

but can be expensive and degrade over time unless encapsulated or blended with flexible binders (Petru et al., 

2023). For automotive applications, coatings must withstand stress, vibration and temperature changes, so 

compatible primers, surface treatments or binders are often used to prevent peeling (Ojstršek et al., 2022). 

Screen and inkjet printing allow conductive elements to be placed exactly where they are needed but require 

careful adjustment of inks and curing steps to maintain the desired appearance and feel in automotive interiors 

(Tseghai et al., 2020). 

3.3 Nanomaterial integration and in-situ polymerization 
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Adding carbon nanomaterials such as carbon nanotubes (CNTs), graphene or carbon dots to conductive 

polymers or creating the polymer directly on the fibers can improve conductivity and stretch resistance 

without making the fabric too stiff (Gómez et al, 2021). This can be accomplished by using the following 

strategies which include blending conductive fillers into the fibers during spinning, coating fabrics with 

nanocomposite inks or chemically polymerizing materials such as PEDOT directly on the fibers (Tseghai et al., 

2020). These techniques can improve durability and sometimes washability, but challenges remain such as 

preventing filler agglomeration, consistent large-scale production and maintaining a strong bond between the 

coating and the fabric ( Ojstršek et al., 2022). 

3.4 Thermochromic application methods (microencapsulation, binders, topcoats) 

Thermochromic materials are typically added to textiles in the form of microcapsules containing leuco dye 

systems, liquid crystals or inorganic compounds such as VO₂. The choice depends on the temperature range 

and the desired visual effect (Gómez et al., 2021). Microencapsulation protects the active material from wear 

and chemical damage and is the preferred method for printing thermochromic inks on textiles (Kumar & 

Senthilkumar, 2023). These inks are often combined with polymeric binders and crosslinkers to preserve their 

color-changing ability while improving wash and rub resistance (Toan et al., 2024). The choice of common 

binders such as acrylic, polyurethane, and crosslinked systems significantly influences performance.  

In addition, additives such as UV stabilizers and antioxidants help slow aging due to sunlight exposure (Toan 

et al., 2024). Recent developments further demonstrate the integration of thermochromic textiles into smart 

display systems, highlighting their potential for real-time monitoring and adaptive design in automotive 

interiors (Lee et al., 2025). 

 For high-temperature solutions like VO₂, thin-film methods such as PVD, sputtering or sol-gel are often used 

in laminated composites instead of direct printing because the films are delicate and require high processing 

temperatures (Gómez et al., 2021). 

3.5 Process integration and automotive assembly considerations 

Turning functional textiles into automotive components involves careful planning of assembly, wiring, 

shielding and electromagnetic compatibility (EMC). The common steps normally used include laminating 

textiles to seat foam cores, routing bus lines to connectors, sealing electronic connections and applying 

protective coatings (Petru et al., 2023).Connections must be designed to withstand vibrations, temperature 

fluctuations, and corrosion to ensure long-term reliability in automotive environments (Ghouri et al., 2025). 

Conductive layers positioned near sensitive electronic components require adequate grounding or shielding 

to minimize interference in line with standards such as CISPR 25 and ISO 11451/11452 (Zhou et al., 2023). 

Flexible shielding approaches, including woven wire meshes and conductive foams, have been explored to 

provide effective electromagnetic compatibility (EMC) protection while preserving the softness and comfort 

of textile-based components (Yang et al., 2022). 

 3.6 Key manufacturing advantages for automotive applications 

i. Scale and robustness - woven, knitted and braided fabrics are robust and scalable but they require thicker 

conductors for low resistance (Ojstršek et al., 2022). 
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ii. Pattern accuracy and functionality - printing/coating methods can create heaters and sensors with fine 

patterns but they require optimized binders and post treatments for long term durability ( Petru et al., 2023). 

iii. Performance versus complexity – nanocarbon polymer hybrids can improve performance but are more 

difficult to produce consistently at scale (Gómez et al., 2021). 

iv. Thermochromic durability - microencapsulation with appropriate binders can generate washable and 

reversible coatings but there is need to address UV and abrasion resistance (Toan et al., 2024). 

v. Systems integration - proper connection, lamination, EMC design and compliance with automotive 

standards are essential to move from prototypes to production (Petru et al., 2023). 
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4. Performance assessment for automotive environments  

4.1 Environmental requirements and regulatory standards 

Materials used in vehicle interiors are exposed to harsh conditions and must perform reliably under extreme 

temperatures ranging from −40°C to +85°C, high humidity, intense UV light and continuous physical wear and 

tear. They are also required to meet stringent safety standards for flammability, smoke and toxicity such as 

FMVSS 302 and various UNECE (PMC) regulations. To verify durability, engineers often employ accelerated 

aging tests, which simulate years of heat, humidity, UV exposure and mechanical stress in a compressed 

timeframe (Ghouri et al., 2025). The wear resistance of seat fabrics is typically evaluated using Martindale or 

Crockmeter tests, which replicate rubbing and pilling under real-world conditions (Ojstršek et al., 2022). 

4.2 Electrical performance testing 

Electrically conductive fabrics are evaluated to determine how their electrical resistance changes under 

bending, stretching, or vibration, typically expressed as a percentage change (ΔR%). Additional tests assess 

their current-carrying capacity, heating power per unit area (W/m²) and the vibration resistance of 

connectors. Data from these tests are often presented as resistance versus number of cycles or heating power 

versus stabilized surface temperature (Ghouri et al., 2025; Petru et al., 2023). A practical example is heated 

seat fabrics, which must maintain stable thermal performance even after thousands of bending cycles and 

repeated temperature fluctuations, ensuring comfort and safety in automotive applications (Bode, 2023). 

4.3 Thermochromic performance testing 

Important tests for thermochromic fabrics are also carried out and these include how much their activation 

temperature changes over time, how accurately their color changes (measured as ΔE) and their performance 

upon UV exposure. These tests detect whether repeated heating and cooling or sunlight cause delays in color 

change, discoloration or shifts in activation points (Toan et al., 2024). 

4.4 Human factors and perceptual assessments 

Performance is not limited to durability but also on how people experience it. Human factors tests analyze 

whether color changes are clearly visible under different lighting conditions inside a vehicle and whether 

features such as heated textiles or color-changing surfaces improve comfort or perceived quality. These tests 

help optimize both thermal comfort and visual appeal for drivers and passengers (Lee et al., 2025). 
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Test Category Relevant Standard/Test 

Method 

Target Acceptance 

Criteria 

Typical Failure Modes 

Thermal cycling IEC 60068-2 (e.g., −40 °C 

to +85 °C cycling) 

<20 % ΔR over 1,000 

cycles 

R cracking, delamination 

Humidity exposure Temperature-humidity 

cycles (ISO 16750-4) 

<10 % degradation in 

properties 

Corrosion, material 

swelling 

UV/weathering Xenon arc or QUV (e.g., 

AATCC 16/AATCC 165) 

ΔE <5 after 1,000 hours Color fading, binder 

breakdown 

Abrasion/pilling Martindale / Crockmeter 

(ISO 105-X12 variants) 

<20 % conductivity loss, 

or visual wear 

Fiber wear, surface 

damage 

Wash/laundering AATCC washing tests Conductivity <10 % loss 

after 50 cycles 

Delamination, 

conductive layer flaking 

Electrical cycling Bending/vibration tests 

(combined stress 

testing) 

<15 % ΔR after 10,000 

bends 

Conductive network 

fracture or fatigue 

failure 

Table 2: Test matrix in automotive environments 

 

Table 2 above is a summary of the tests, standards and acceptance levels as well as the failure mode of textile 

materials used in automobiles. As a result, evaluating the performance of thermally conductive and 

thermochromic textiles in automotive environments focuses on durability under harsh conditions. Thermal 

cycling tests (−40°C to +85°C) verify resistance stability, with the risk of cracking or delamination. Humidity 

exposure assesses resistance to corrosion or swelling under temperature and humidity cycles. UV/weathering 

tests simulate sunlight to ensure color stability and binder durability, with discoloration being a common 

failure. Abrasion and pilling tests assess resistance to repeated rubbing, looking for minimal loss of 

conductivity or visible damage. Washing tests verify the durability of conductive or color-changing layers after 

repeated cleanings, where peeling or delamination may occur. Finally, electrical cycling under flex/vibration 

ensures that the conductive networks remain functional under mechanical stress, with fracture or fatigue 

being typical failure modes. Together, these tests ensure that smart automotive textiles maintain conductivity, 

color response, and mechanical integrity under real-world use. 
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5. Design opportunities and user experience  

5.1 User cases 

Heated seats with textile Ohmic heaters 

Textile ohmic heaters provide even heat distribution and consume less energy than traditional blanket type 

heating systems in car seats. These heaters, made with conductive coatings or woven conductive threads can 

be bent and adapted to complex seat shapes. This flexibility enables targeted thermal comfort while 

contributing to energy efficiency and sustainability goals (Petru et al., 2023). 

Integrated touch controls and gesture surfaces 

By integrating conductive textile electrodes directly into interior surfaces such as seatbacks or armrests, 

designers can create soft, tactile controls without bulky mechanical buttons. One example that of printed 

interdigitized silver electrodes which are used as flexible sensors for vehicle infotainment bezels. These have 

demonstrated strong adhesion and reliable operation under automotive conditions (Li et al., 2020). 

Thermochromic indicators for comfort and aesthetics 

Thermochromic textiles can indicate temperature changes and enhance the visual appeal of a vehicle's interior 

for example, reversible thermochromic fibers which already have been tried in wearable products could be 

adapted for seat covers that change color when heated or cooled (Zhang et al., 2019).This feature offers 

customization options and branding potential without adding complex electronics. 

Security and diagnostics through color change or conductive sensing 

Thermochromic patches can act as visual indicators of overheating or stress points on seats or upholstery 

facilitating safety checks and maintenance. Conductive textile traces can also function as antennas or biometric 

occupancy sensors, providing real-time data on passenger presence or physical status (Zhou et al., 2023). 

5.2 Interaction design and user experience considerations 

Latency and feedback loops 

With textile controls, speed is critical. The time between a user action such as a touch and the textile's response 

for heat or colour change must be minimal. In an automotive environment, predictive and rapid responses are 

essential to maintaining user confidence especially when software controls manage these interactions (Zhou 

et al., 2023). 

Aesthetics and environmental integration 

For a natural feel in the cabin, conductive and thermochromic textiles should integrate with the vehicle's 

existing lighting and design style. Colour changes can be coordinated with ambient lighting or ambient effects, 

creating smooth transitions that enhance both the luxury and overall harmony of the design (Zhang et al., 

2019). 
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6. Energy efficiency, Thermal management and Sustainability  

6.1 Energy saving through targeted textile based heating 

Localized textile heating such as that integrated into seats can significantly reduce energy consumption by 

reducing the need to heat the entire cabin with the HVAC system. Research shows that directing heat to the 

immediate occupant area with lightweight conductive textiles reduces overall energy demand in both internal 

combustion engine (ICE) vehicles and battery electric vehicles (BEVs) (Wang et al., 2021). In BEVs, textile seat 

heating has been shown to reduce cabin heating power by up to 30%, potentially increasing range. In internal 

combustion vehicles, this same approach reduces fuel consumption ( Petru et al., 2023). Since these textiles 

are thin and heat up quickly, they respond more quickly and store less heat than bulky metal cable systems 

which makes them more efficient. 

6.2 Lightweight multifunctional components 

Replacing heavy traditional heating elements and wiring with multifunctional textiles which combine heating, 

sensing and decorative elements help to save weight and space. This weight reduction improves fuel economy 

in internal combustion vehicles and increases range in battery electric vehicles (BEVs) (Ojstršek et al., 2022). 

These textiles can also simplify manufacturing by reducing wiring complexity and assembly costs and 

improving reliability (Stoppa & Chiolerio, 2014). These textiles are not widely used for seat covers, dashboards 

and door panels in line with industry goals of maximizing the utility of each component and reducing 

environmental impact (Ojstršek et al., 2022). 

6.3 Material lifecycle and sustainability challenges 

Despite the benefits mentioned above, sustainability remains a challenge. Many electroconductive and 

thermochromic textiles are made from composite structures that combine synthetic fibers with conductive 

coatings or nanomaterials which render them difficult to recycle (Ojstršek et al., 2022). Materials such as silver 

nanowires and PEDOT:PSS polymers can generate toxicity or environmental issues if not handled carefully 

(Gómez et al., 2021). To address this, researchers are exploring “design for disassembly” methods that allow 

functional layers to be separated more easily (Ojstršek et al., 2022). Other strategies include the development 

of recyclable binders and the use of non-toxic or bio-based conductive materials (Carneiro et al., 2025). While 

life cycle assessment (LCA) data are still limited, existing studies suggest that if end of life recycling is 

optimized, textile heated seats could have a lower environmental impact than conventional metal wire systems 

(Petru et al., 2023). 

In Table 3 below, it is shown that textile-based heated seats offer major advantages over traditional metal-

wire systems. They are lighter (1.2–2.0 kg vs. 3.5–5.0 kg), consume less power (80–100 W vs. 120–150 W), 

and heat up much faster, improving comfort and energy efficiency. At end-of-life, traditional seats are harder 

to recycle due to mixed materials, while textile composites present medium complexity with some recycling 

potential. Overall, textile-based systems reduce environmental impact, but sustainability challenges remain, 

particularly in binder and composite recycling. 
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Feature Traditional Heated Seat (Metal 

wires + PU foam) 

Textile-Based Heated Seat 

Mass (kg) 3.5–5.0 1.2–2.0 

Power Consumption (W) 120–150 80–100 

Thermal Response Time Slow (minutes) Fast (seconds) 

End-of-Life Complexity High (mixed materials, difficult 

recycling) 

Medium (composite textile, 

potential for binder 

recycling) 

Environmental Impact (est.) Moderate to high Lower if recyclable; 

sustainability gap 

Table 3: Comparison of conceptual LCA  

 

7. Challenges, Failure modes and Regulatory considerations  

7.1 Durability challenges and Failure Modes 

Electroconductive and thermochromic textiles in automobiles face significant durability challenges due to 

harsh mechanical, thermal and chemical conditions. The common problems include abrasion damage, loss of 

conductivity after multiple washes or cleanings, wear of connectors caused by vibration and cracking or 

peeling of conductive coatings due to repeated flexing and temperature changes (Ojstršek et al., 2022). A good 

example is where silver nanowire networks (AgNWs) in textiles often break and their strength increases after 

only a few hundred flexes which limit their lifespan (Zhao et al., 2020). Similarly, PEDOT:PSS coated fabrics 

can lose conductivity and peel off due to weak adhesion and mechanical stress (Ojstršek et al., 2022). These 

problems shorten the lifespan of smart textiles in vehicle interiors. 

7.2 Safety considerations 

Safety is critical when incorporating electrical functions into automotive textiles. These textiles must meet 

strict flammable standards such as FMVSS 302 and UN/ECE standards inorder to reduce the risk of fire (MDPI, 

2021). Conductive textiles can also cause short circuits or electromagnetic interference (EMI) which could 

affect other vehicle electronics if not properly shielded or grounded (Ojstršek et al., 2022). When used in safety 

related sensors such as occupant detection sensors, these textiles must comply with automotive safety 

standards such as ISO 26262 and Safety Integrity Levels (SIL) to ensure their safe operation and minimize 

risks (Stoppa and Chiolerio, 2014). 

7.3 Manufacturability and scalability challenges 
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Moving from small laboratory scale samples to mass production presents numerous challenges. Maintaining 

consistency in conductive ink formulations is important as batch variations for inks made with silver 

nanowires, graphene or PEDOT:PSS can alter ink conductivity and adhesion (Ojstršek et al., 2022). Printing or 

coating conductive layers uniformly on complex 3D automotive parts is also challenging and can lead to defects 

such as pinholes, uneven thicknesses or poor curing. These issues reduce performance and reliability (Adak, 

2021). In the end, these technical problems limit the large scale use of smart textiles in automobiles nowadays. 

7.4 Cost tradeoffs 

High quality conductive materials such as silver nanowires and graphene offer excellent performance but are 

expensive to produce and process. This creates need for a balance between meeting performance targets and 

keeping costs low enough for mass market cars (Stoppa and Chiolerio, 2014). Researchers are seeking cheaper 

alternatives such as carbon nanotubes or polymer composites but these often come at the expense of 

conductivity or durability (Zhao et al., 2020). As such, finding the right balance between cost, performance and 

ease of manufacturing remains a key challenge for their adoption in industry. 

7.5 Gaps in standards and testing 

Currently, there are few standardized testing methods specifically designed for smart textiles used in cars. 

Most tests adapt methods from conventional textiles or electronic devices which may not fully detect the 

specific flaws of these smart textiles (Ojstršek et al., 2022). A clear plan is needed to develop standardized tests 

covering electrical cycling, adhesion, electromagnetic interference (EMI) resistance and flammability of smart 

textiles to ensure consistent quality and certification (Ghouri et al., 2025). 

 

8. Interdisciplinary innovation pathways  

8.1 Systems integration 

The effective integration of electroconductive and thermochromic textiles into modern vehicles depends on 

the seamless connection of these textiles with the vehicle's electronic and communication systems. Smart 

textiles increasingly work with automotive networks such as Control Area Network (CAN) and Local Area 

Network (LIN) buses, allowing them to exchange real-time data with vehicle control units (Zhou et al., 2023). 

Small, low power microcontroller units (MCUs) embedded in the textiles manage sensor data and control 

functions such as heating or layer color change, helping to save energy. Wireless modules such as Bluetooth 

Low Energy (BLE) and Ultra Wideband (UWB) provide untethered connections for context aware applications 

such as occupant monitoring or adjusting comfort settings (Yang et al., 2022). Edge AI algorithms add an 

additional layer of intelligence by processing data directly within the textile system, reducing delays and 

protecting user privacy (Lee et al., 2021). These technologies highlight the need for different engineering fields 

to collaborate to advance the capabilities of smart textiles in future cars. 

8.2 Interdisciplinary research and development models 

The development and commercialization of smart textile components for vehicles depends on strong 

collaboration between experts in textile engineering, materials science, automotive electronics and user 
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experience design. Collaborations between universities and industry as well as pilot projects with original 

equipment manufacturers (OEMs) contribute to knowledge sharing and accelerated innovation (Ojstršek et 

al., 2022). Regulatory bodies are also involved from the onset to guide designs and ensure they meet safety 

and environmental standards. A good example is that for the EU funded projects such as TEXTILE-TECH and 

collaborations between textile research centers and Tier 1 automotive suppliers who have tested textile 

sensor arrays integrated into seat covers to improve occupant safety and comfort (Stoppa and Chiolerio, 

2014). 

8.3 Examples of prototypes and demonstrators 

Several research prototypes and patented innovations highlight the integration of electroconductive and 

thermochromic textiles in automotive applications. For instance, Jin et al. (2021) report on a textile-based 

heating system for car seats that employs PEDOT:PSS-coated yarns combined with flexible printed circuits to 

enhance energy efficiency and passenger comfort. In another example, textile electrode arrays have been 

developed for capacitive touch controls embedded in steering wheels and door panels. Furthermore, Petru et 

al. (2023) describe academic demonstrators of multifunctional textiles that combine heating, sensing, and 

visual feedback, designed for seamless integration into modern vehicle interiors. 

 

9. Future trends, Research gaps and Market prospects 

9.1 Future deployments 

Electroconductive heated textiles and capacitive touch sensors are close to being ready for commercial use 

especially in car seats and dashboards. These technologies are already being tested in pilot vehicle models. 

Thermochromic elements such as color changing decorative trim and diagnostic patches that indicate 

overheating are expected to appear first in high end vehicle interiors (Ojstršek et al., 2022). 

9.2 Research gaps 

Even with rapid progress, some important research areas still require attention, current challenges in 

automotive smart textiles include limited long-term durability data under real-life driving conditions, despite 

promising results from accelerated testing. There is a need for scalable, eco-friendly conductive inks that 

adhere well to textile substrates and are recyclable. Standardized testing protocols are lacking, as existing 

methods do not adequately capture the combined electrical and mechanical stresses experienced by smart 

textiles. Additionally, comprehensive life cycle assessments and studies on circularity are scarce, leaving the 

full environmental impact and end-of-life options for composite smart textiles largely unexplored. 
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9.3 Market pathways 

To bring these technologies to the mass market, the following steps are suggested: 

a. Implement pilot programs with first-tier suppliers to include smart textiles in test vehicles. 

b. Develop certification programs to verify performance, safety and recyclability. 

c. Deploy demonstration fleets to test the performance of these textiles under real-life driving conditions and 

gather user feedback. 

Market research shows strong growth potential for thermochromic fabrics. The global market is projected to 

grow from approximately USD 314.5 million in 2025 to USD 552.7 million in 2035. Printed thermochromic 

materials alone are expected to account for approximately 30% of the market by 2025, demonstrating the 

scalability of textile printing techniques ( Future Market Insights 2025).  

Timeframe Focus Area Expected Impact Suggested Stakeholders 

Short-term Pilot deployments of 

heated seats & touch 

sensors; field durability 

studies 

Demonstrate feasibility 

and collect real-world 

data 

OEMs, Tier-1 suppliers, 

test labs 

Mid-term Development of eco-

conductive inks & 

standardized test 

protocols 

Improve 

manufacturability and 

product reliability 

Ink formulators, 

standards bodies 

Long-term Full LCA evaluations and 

circular design 

frameworks 

Ensure sustainability 

and regulatory 

compliance 

Regulatory agencies, 

sustainability 

researchers 

Table 4: Prioritized research agenda 

Table 4 above depicts the stages through textile materials are undergoing. Future development of 

thermoconductive and thermochromic textiles in automotive applications is moving through three stages. 

Short-term, pilot use in heated seats and touch sensors will test feasibility and durability in real-world 

conditions with OEMs and suppliers. Mid-term, research will focus on eco-friendly conductive inks and 

standard test protocols to improve reliability and scalability, involving material developers and standards 

bodies. Long-term, full life cycle assessments (LCA) and circular design frameworks will be key to ensuring 

sustainability, recyclability, and regulatory compliance, with sustainability researchers and agencies driving 

adoption. 
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10. Conclusion 

Electroconductive and thermochromic textiles can play a pivotal role in improving the comfort, appearance 

and sustainability of future car interiors. They offer several advantages which include greater passenger 

comfort due to adaptive heating, a more engaging experience with colour changing functions and lower energy 

consumption as a result of dedicated climate control. Electroconductive and thermochromic textiles offer 

opportunities to enhance sustainability through lighter designs, reduced component use, and improved 

material reuse and recycling. Near-term commercial applications are expected to include heated fabrics, 

tactile-sensing textiles, and decorative or indicator thermochromic fabrics in high-end vehicles. Key challenges 

remain, including proving long-term durability under real-world conditions, developing safe and eco-friendly 

conductive inks, establishing testing protocols tailored to automotive textiles, and incorporating lifecycle and 

recycling considerations into design. Widespread adoption will depend on pilot projects with major suppliers, 

certification for safety and reliability, and test fleets to demonstrate real-world performance. Success will 

depend on close collaboration between researchers, manufacturers and regulatory bodies. Efforts should 

focus on creating common standards, fostering early collaboration between automakers and suppliers, as well 

as connecting experts in materials, electronics and automotive engineering. While the idea of fully integrating 

smart textiles into cars is exciting, progress will be gradual due to current technical and regulatory limitations. 

Nevertheless, with dedicated investment and teamwork, these advanced textiles could transform car interior 

design, offering real comfort, style, energy savings and environmental benefits. 
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