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1.	Overview and Development of Printing Technology

1.1. Definition and Functions of Printing
Printing, as a combination of visual design and technical processing, is an artistic and technical form that transfers patterns, colours, text, or symbols onto the surfaces of various media. Its essence lies in utilising pigments, dyes, or functional materials to create stable patterns or textures on substrates in either a planar or three-dimensional manner. The nature of printing technology is not merely a processing procedure but also a form of creative expression, rooted in humanity's pursuit of aesthetics, symbolism, and practicality. From textiles and clothing to ceramics, glass, metal, and even electronic products, the application of printing has long permeated our daily lives.

The functions of printing can be categorised into three main aspects: decorative functions, information transmission functions, and practical functions. Firstly, as the most intuitive function, printing excels in enhancing the aesthetic appeal of products and creating visual attraction. Taking the fashion industry as an example, from classic French haute couture brands to streetwear fashion, printed designs occupy a significant position. Whether it is geometric patterns inspired by pop art or naturalistic botanical textures, these designs are realised through printing technology. Such designs not only endow products with individuality but also enhance their competitiveness in the market. Similarly, patterns and designs on home items can transform spatial atmospheres. For instance, tropical-themed printed curtains can create a refreshing home ambiance, while minimalist linear prints are well-suited for modern minimalist styles.

Secondly, printing serves the function of information transmission, a role particularly evident in the commercial and packaging sectors. For instance, in food and beverage packaging, printed patterns are not merely decorative but also serve multiple functions, including brand logos, product information, and usage instructions. To some extent, printing can be regarded as a “bridge of communication” between the product and the consumer. Moreover, with the advancement of modern technology, some high-end packaging has adopted anti-counterfeiting printing techniques, such as incorporating microtext or optically variable effects into pharmaceutical packaging and electronic product certificates to prevent counterfeiting.

Finally, printing technology also demonstrates significant practical functionality. For example, technologically advanced functional printing has garnered increasing attention. Currently, the market has introduced thermochromic printing technology, which can change colour with variations in ambient temperature and is applied to smart clothing and home products. Meanwhile, photochromic printing technology has been utilised in building materials and safety facilities, such as warning signs that appear or change depending on the intensity of light. These technologies not only add an element of novelty to products but also highlight their practicality. Beyond the decorative function of printing, these innovative applications further enhance the value of printing in modern industries, opening new developmental opportunities for traditional craftsmanship.

1.2. Development Trends in the Textile Printing Industry
Recently, the textile printing industry has been accelerating its development towards diversification, personalisation, and high technology. With the segmentation of consumer demands, modern printing technologies are required not only to meet the needs of large-scale industrial production but also to place greater emphasis on customisation, innovation, and environmental friendliness. The rise of digital printing technology represents one of the significant transformations in the modern textile printing industry. Compared to conventional screen printing, digital printing offers greater design freedom and production flexibility. Designers can create patterns directly on computers and achieve precise output through digital printers, even enabling exclusive designs on individual products. This technology is particularly suitable for small-batch, personalised customisation needs and significantly shortens production cycles. For instance, sportswear brands have widely adopted digital printing technology in their products to cater to consumers’ desire for personalised designs. This shift has transformed printing from the traditional mass production model to a customisation-oriented approach, achieving high added value.

The trend of sustainable development has driven research and application in green printing technologies. Against the backdrop of growing environmental awareness, the extensive use of chemical dyes and water in traditional printing processes has become an environmental issue that cannot be ignored. Consequently, the modern textile printing industry is actively exploring technologies with low water consumption and minimal wastewater discharge, such as heat transfer printing, waterless printing, and the use of natural plant-based dyes. These technologies not only reduce the environmental impact of production but also enhance consumer recognition of brands. Some companies have launched several clothing lines in recent years made with environmentally friendly dyes and textile printing technologies, earning a reputation in the market for sustainable fashion.

The development trends of the modern textile printing industry reflect a multifaceted integration of technology, culture, and market demands. With continuous advancements in technology and the evolving aesthetic preferences of humanity, textile printing, as an ancient yet vibrant technique, is bound to occupy an increasingly significant position in the industrial landscape of the future.

2.	Basic Principles of Textile Printing

2.1. Comparison Between Textile Printing and Dyeing
Printing and dyeing are two primary colouration techniques in textile processing. Although they share a similar goal (imparting colour to materials), they exhibit significant differences in terms of process flow, mode of action, pattern effects, and application scenarios. Understanding the distinctions between printing and dyeing not only aids in mastering their technical essentials but also facilitates the selection of appropriate processing methods based on practical needs.

Textile printing (or printing) is often referred to as “localised dyeing”, as its essence lies in applying pre-designed patterns in a fixed form to specific areas of the fabric surface through mechanical or chemical processes. This is in stark contrast to the “overall colouring” of dyeing. During the dyeing process, dyes or pigments uniformly penetrate the fibres, rendering the entire material a single or gradient colour. For instance, the production of a solid-coloured T-shirt is typically achieved through dyeing. In contrast, a printed T-shirt displays specific patterns or text, with colours confined to the patterned areas, mostly concentrated on the fabric surface.

In terms of process, dyeing requires the material to be fully immersed in a dye bath, followed by heating, stirring, and physical or chemical actions to ensure a firm bond between the dye and the fibres. Printing, on the other hand, does not necessitate complete immersion. Instead, printing equipment (such as flatbed screen printing machines, rotary screen printing (i.e. rotary printing) machine, digital inkjet printing machine (or digital printing / inkjet printing) is used to precisely apply printing paste - comprising pigments, binders, and auxiliaries - onto designated pattern areas. Dyeing processes are more suitable for large-scale monochromatic treatments, such as the mass production of bed linens or curtains, whereas printing is ideal for products with high design complexity and intricate patterns. 

From the perspective of performance, dyeing emphasises uniformity and stability, with colours penetrating into the fabric’s interior, offering higher abrasion resistance and washing fastness. For example, denim jeans utilise indigo dyeing techniques, ensuring long-lasting colour retention. Printing, on the other hand, exhibits greater artistic and creative expressiveness, capable of presenting diverse colour combinations and intricate pattern designs. However, since printing pigments are mostly distributed on the material’s surface, their washing fastness and abrasion resistance may not match those of dyeing. This is particularly true in the absence of proper fixation processes, where fading or peeling is more likely to occur.

Another critical distinction lies in environmental impact and resource consumption. Dyeing typically requires significant water resources, especially in reactive dye dyeing processes, where water usage and wastewater treatment pose major challenges. In contrast, printing technology (e.g., digital printing) significantly reduces water consumption, making it a more environmentally friendly option. 

2.2. Composition and Functions of Printing Paste
Printing paste is the key material for achieving printing effects, as it is responsible for evenly dispersing pigments and stably adhering them to the surface of textiles, thereby presenting the desired design patterns. The composition and structure of the printing paste directly influence the smoothness of the printing process and the final results, including the clarity of the patterns, the stability of the colours, and the hand feel of the textiles. Generally speaking, printing paste is primarily composed of three core components: adhesives, auxiliaries, and pigments.

Binders are one of the core components of printing paste, and their main function is to firmly attach the pigments to the surface of textile fibres, ensuring that the patterns remain stable during use and washing. Early binders are mostly natural gums, such as gum arabic or starch-based pastes. While these materials provided basic adhesion, they suffered from issues of durability and stability. With the development of the chemical industry, synthetic resin adhesives, such as acrylic resins and polyurethane resins, have become widely used. These modern binders offer stronger adhesion and can achieve durable printing effects on various materials. For instance, in the production of sportswear, printed patterns must withstand multiple washes and high-intensity friction, making high-quality adhesives a critical factor for success.

Auxiliaries are indispensable supplementary components in printing paste, primarily used to improve the dispersibility, fluidity, and processing performance of binders and pigments. There are various types of auxiliaries, including thickeners, dispersants, and preservatives. Taking thickeners as an example, their role is to adjust the viscosity of the printing paste, ensuring that it does not flow excessively or clump during the printing process. To ensure the precision of patterns, natural gums and synthetic polymer materials are commonly used as thickeners. Among them, gum arabic and sodium alginate are widely adopted due to their excellent stability. Meanwhile, the addition of preservatives effectively extends the storage life of printing paste, preventing deterioration during storage.

Colourants are the most direct components in printing paste that present the pattern effects. Based on their forms of expression, colourants are mainly categorised into two types: pigments and dyes. Pigments exist as insoluble solid particles that adhere to the surface of fabrics and are fixed through binders. In contrast, dyes penetrate the fibres in a water-soluble state, undergoing chemical reactions to form bonds. Pigment printing offers bright colours and broad applicability; however, due to incomplete fibre penetration, the texture may feel slightly heavier. Dye printing, on the other hand, provides a softer texture but involves a more complex process and requires additional chemical fixation treatments. The specific choice of pigments must consider factors such as colourfastness, environmental safety, and the application scenarios of the target product. For instance, prints on children's clothing should use non-toxic and environmentally friendly pigments, while outdoor sportswear prioritises ultraviolet resistance and weather durability of the colours.

2.3. Mechanism of Pattern Presentation and Fixation Principles in Printing
The mechanism of pattern presentation and fixation principles are core knowledge points for understanding the scientific nature of printing technology. The key to this process lies in how to precisely distribute the colourants in the printing paste onto the designated areas of the design and ensure their stable adhesion to the substrate without detachment. This process mainly includes pattern transfer, colourant adhesion, and final fixation.

Pattern transfer is typically achieved through various printing equipment, the most common of which include flatbed screen printing machines, rotary printing machines, and digital printers. In flatbed screen printing, the designed pattern must first be made into a screen, which serves as a template for the pattern. When the printing paste is pressed through the screen by a squeegee, only the areas corresponding to the template’s openings allow the paste to pass through and be printed onto the fabric surface. During this process, the viscosity of the printing paste and the precision of the screen directly affect the fineness of the pattern. With the advancement of digital technology, digital printers can directly print patterns onto fabrics in the form of inkjet printing, significantly enhancing the fidelity of details and the expressiveness of colours.

[bookmark: _Hlk217914058]However, pattern transfer alone cannot ensure the long-term stability of the colourants, which requires fixation treatment. The fixation principles differ depending on the nature of pigments and dyes. For pigment printing, fixation primarily relies on the action of binders. During drying and heat treatment, the binders undergo cross-linking reactions to form a stable film that firmly adheres the pigments to the fibre surface. The temperature and duration of heat treatment are critical parameters determining the fixation effect. For instance, in garment production, heat treatment is typically conducted at 180°C-200°C and can be completed within a few minutes. 

In contrast, the fixation process for dye printing is more complex, as dyes need to penetrate the fibres and form chemical bonds with them. For instance, reactive dye printing achieves colour stability through a chemical reaction under alkaline conditions, forming covalent bonds with the fibres. However, this process imposes higher demands on equipment and chemical usage and requires additional rinsing steps to remove unreacted dyes.

Whether pigment printing or dye printing is employed, the final appearance of the pattern is influenced by the quality of the fixation process. Taking a finely designed printed upholstery fabric as an example, an inadequate fixation process may result in pigment detachment or dye fading, thereby compromising the durability and aesthetic appeal of the product. Therefore, controlling the formulation of the printing paste, selecting appropriate equipment, and optimizing fixation conditions are critical factors for achieving high-quality printing.

3.	Classification of Printing Techniques

3.1. Conventional Printing Techniques
Printing technology is an interdisciplinary field that combines artistic creation with technical implementation. With the development of mechanisation, conventional printing techniques evolved from manual processes to mechanised production. Before the emergence of modern digital printing, conventional printing techniques were the dominant approach for printing. Conventional printing methods include two main types: flatbed screen printing and rotary printing. Each of these methods has its own characteristics and limitations during the production process, catering to different production needs and application scenarios.

3.1.1. Flatbed Screen Printing
Flatbed screen printing is an early form of conventional printing technique. Its implementation process is relatively simple but requires a high degree of manual operation, making it suitable for small-scale production or scenarios with high customisation requirements.

The basic principle of flatbed screen printing involves using a stencil to control the application of pigments. The designed pattern is first made into a screen stencil. The screen is typically fixed within a metal frame and covered with a fine nylon or polyester mesh. A layer of photosensitive emulsion is applied to the screen, and after exposure and development, the pattern areas form permeable openings, while non-pattern areas are blocked by the emulsion (similar to the effect of a photographic negative). During the actual printing process, the screen stencil is placed on the fabric surface, and printing paste is forced through the pattern openings under the pressure of a squeegee, evenly transferring the design onto the designated areas.

The greatest advantage of flatbed screen printing lies in its flexibility and cost efficiency, particularly for multi-colour and diverse design printing. Due to the fact that this technology does not require substantial initial investment, it has long been widely utilised by small and medium-sized textile manufacturers. Moreover, manual operation allows for highly customised designs. For instance, in certain high-end home textiles, intricate floral patterns with complex colour schemes or multi-layer gradient effects are often achieved through flatbed screen printing. However, due to the limitations of operating screens individually, its production efficiency is relatively low, making it most suitable for small-scale orders or artistic production scenarios. Additionally, as manual operation requires high precision control, even slight errors can result in pattern misalignment, thereby affecting product quality. Nowadays, automatic flatbed screen printing machines are available in the market for industrial large-scale production with the same printing principle as manual operation.

3.1.2 Rotary Printing (Rotary Screen Printing)
Rotary printing is an upgraded version of flatbed screen printing technology. With the advent of the mechanised era, in order to address the inefficiency of flatbed screen printing, rotary printing technique transformed the screen template from a flat shape into a cylindrical form and enabled fully automated operation through mechanical devices. This transformation significantly enhanced the speed and continuity of printing production, making it one of the most widely applied printing methods in modern textile industries.

The core of rotary printing lies in the cylindrical screen, which is made of metal or polyester material. Its surface is similarly coated with a photosensitive emulsion layer and undergoes exposure and development processes to form the desired pattern apertures. During production, the cylindrical screen is fixed onto the rotating axis of the printing machine, and the printing paste is supplied from within the cylinder. Through the action of a squeegee, the paste is evenly pressed onto the fabric surface. The fabric is pulled by a conveyor system, continuously passing through multiple cylindrical screen templates, thereby forming multi-colour or complex patterns.

The key characteristics of rotary printing are its high efficiency, stability, and adaptability, making it an ideal choice for large-scale production. Compared to flatbed screen printing, rotary printing can complete more printing operations in a shorter amount of time. Additionally, due to its high degree of mechanisation, it effectively reduces the risk of colour misalignment. Therefore, rotary printing is widely used in the production of garments, home textiles, and large-scale curtain fabrics. For instance, geometric patterns and nature-themed designs in high-end bedding are often achieved using rotary printing technology.

However, rotary printing also has its limitations. Firstly, the production cost of rotary screens and equipment is relatively high, making it suitable for long-term and stable batch production but not for short-term or small-batch orders. Secondly, due to the constraints of the rotary screen’s shape, the resolution and detail rendering of patterns may not be as refined as those achieved with digital printing technology. Furthermore, the fixed diameter of the rotary screen imposes certain limitations on the flexibility of pattern design dimensions. 

3.1.3. Comparison of Printing Techniques
Taking the production of a large-scale home textile product as an example, the different application scenarios of these two techniques can be observed. Suppose a pillowcase with a complex floral pattern, rotary printing is more appropriate as it offers higher detail fidelity and colour gradation. If the pillowcase further requires customised designs (such as adding the customer's name or exclusive patterns), flatbed screen printing technology offers optimal flexibility and design freedom.

A comprehensive comparison of flatbed screen printing and rotary screen printing reveals that each technique has its own applicable scope. Flatbed screen printing is renowned for its flexibility, making it suitable for personalised demands; rotary printing emphasises efficiency and versatility, ideal for medium-scale production; roller printing, with its exceptionally high cost-effectiveness in continuous production, becomes the preferred choice for large-scale industrial manufacturing. In the modern printing industry, these two techniques are often not mutually exclusive but rather cater to different needs, forming a multi-technology ecosystem.

3.2. Digital Printing Technology
The development of digital printing technology can be regarded as a revolution in the printing industry. Its emergence has fundamentally transformed the limitations of traditional printing processes, which were overly reliant on mechanised equipment and mass production. Digital printing enables products to achieve higher precision, more flexible designs, and more environmentally friendly production methods. The mainstream technologies in digital printing include inkjet printing, heat transfer printing, and sublimation transfer printing. By integrating modern digital technology with materials engineering, these methods have achieved ground-breaking results in printing design and production.



3.2.1. Inkjet Printing  
Inkjet printing (or digital inkjet printing) is one of the core methods in digital printing for textiles. Its principle is similar to that of household inkjet printers, where the printhead directly sprays pigments or dyes in liquid form onto the surface of the fabric, achieving high-precision reproduction of design patterns. This technology completely eliminates the constraints of traditional printing processes, such as screen templates or rollers, allowing for flexible and rapid adaptation to diverse design requirements.

During the inkjet printing process, the design pattern is first digitised and converted into an electronic file. The printer then receives the data and uses the printhead to precisely spray the colourants onto the designated positions. Inkjet technology can be further categorised into two types based on the ink supply method: Continuous Inkjet (CIJ) and Drop on Demand (DOD). Among these, Drop on Demand is more widely applied due to its precise control and minimal pigment waste. Inkjet printing is suitable for various textiles and is extensively used in the production of high-end apparel, artistic products, and customised items. For example, some luxury brands launch limited-edition printed scarves or exclusive printed T-shirts, which are typically produced using inkjet printing technology.

The advantages of inkjet printing primarily lie in its high precision and flexibility. Since digital processing of patterns can achieve extremely high resolutions (usually up to 360 dpi or higher), intricate patterns, gradient colours, and multi-colour combinations can be easily rendered, and designs can be adjusted in virtually unlimited ways. Additionally, inkjet printing does not require screens or rotary templates, saving significant production preparation time, making it particularly suitable for small-batch or customised orders. Its disadvantages include relatively low production efficiency, as the printing process is constrained by the speed of the inkjet heads, making it difficult to compete with the high-speed operation of rotary printing. However, depending on the printing quality, the printing speed of inkjet printing process can be comparable with rotary printing. Furthermore, inkjet printing demands high-quality equipment and inks, especially specialised water-based pigment or dye inks, which are relatively expensive.

3.2.2. Heat Transfer Printing Technology
Heat transfer printing technology is an indirect printing method that involves transferring a design pattern onto an intermediate medium, such as specially designed transfer paper or film, and then using heat and pressure to transfer the design onto the surface of the final material (e.g., fabric, plastic, or ceramics). This technology is widely applied in the modern printing industry, particularly for small-batch orders requiring high-resolution patterns and diverse designs.

[bookmark: _Hlk217980952]The implementation process of heat transfer printing is divided into two stages. First, digital printing technology is used to print the design onto the transfer paper or film. This printing process typically employs specialised heat transfer inks, which exhibit excellent heat resistance and stability. Subsequently, during the transfer process, the transfer paper comes into close contact with the surface of the substrate. Through high-temperature heating (typically around 150°C-200°C) and high-pressure treatment, the ink is activated and penetrates into the substrate, achieving the final pattern transfer effect.

The advantage of heat transfer technology lies in its extremely high pattern fidelity, making it particularly suitable for complex multicolour designs or designs containing photo-level details. For instance, in the customised gift industry, heat transfer technology is commonly used to produce items such as mugs, cushions, or T-shirts printed with clear photographs, enabling high-precision and vibrant colour presentation. Additionally, since transfer paper can be pre-printed with large batches of patterns and transferred as needed, it is highly practical for batch production or on-demand orders.

However, heat transfer also has its limitations. Firstly, this technology imposes certain restrictions on the material of the substrate. Some textiles (such as natural fibres) may not achieve ideal transfer effects due to insufficient heat resistance or specific fibre structural characteristics. Moreover, as the transfer process involves high-temperature treatment, inadequate temperature control of the equipment may result in blurred or damaged patterns. Furthermore, heat transfer is less efficient for large-scale designs or products requiring high-frequency printing, making it more suitable for small-batch, personalised demands.

3.2.3. Sublimation Transfer Printing Technology
Sublimation transfer printing is a specialised form of heat transfer technology. Essentially, it utilises the gas-phase penetration properties of sublimation dyes to directly transfer the design pattern from the transfer paper onto the final material. Sublimation transfer technology is characterised by its saturated colours, clear details, and soft texture. In the high-end printing market, it occupies an important position.

[bookmark: _Hlk217914173]The principle of sublimation transfer is based on the sublimation characteristics of dyes. When the pattern on the transfer paper is heated to a high temperature (typically 180°C-220°C), the solid dye (such as disperse dye) directly transforms into a gaseous state and interacts with the molecules in the substrate (such as polyester fibres), thereby achieving pattern penetration and fixation. Since sublimation transfer does not merely adhere to the surface but forms an integrated bond with the molecular structure of the substrate, the patterns exhibit exceptional wear resistance and durability.

Sublimation transfer technology is most suitable for synthetic materials such as polyester fibres with the use of disperse dyes. It is not only applicable in the apparel industry (e.g., sublimation patterns on sportswear) but also holds a significant position in the decorative field (such as flags and outdoor billboards). Compared to conventional printing techniques, sublimation transfer achieves a zero-hand-feel effect, where the surface of the printed fabric shows no noticeable difference from the unprinted areas. This is particularly important for meeting the comfort requirements of sportswear.

However, sublimation transfer has two notable limitations. First, it is only applicable to materials with a high proportion of synthetic fibres (such as fabrics containing polyester components) and performs poorly on cotton or other natural fibres. Second, sublimation transfer can only achieve ideal colour effects on light-coloured base materials, with its application on dark-coloured substrates being significantly restricted. This limitation prevents it from fully replacing other printing techniques.

4.	Printing Process and Process Control

The printing process is a complex and precise craft that involves not only the design and presentation of patterns but also a series of steps from pre-treatment to post-treatment, along with precise control of each operation. Every detail in each stage directly affects the quality and stability of the final product.

4.1. Pre-treatment for Printing
Pre-treatment is the starting point of the entire printing operation, aiming to ensure the cleanliness and uniformity of the fabric surface, thereby creating ideal conditions for dye adhesion, pattern presentation, and colour stability during the printing stage. In the pre-treatment phase, the fabric undergoes a series of specialised processes, such as stain removal, singeing, and bleaching, to eliminate impurities and defects on the textile surface. 

4.2. Printing Operation Process
The printing operation process is the core step of accurately transferring patterns onto fabrics. Its specific procedures are closely related to the chosen printing technology. Common steps include: 
(i) pattern preparation
(ii) printing paste preparation
(iii) printing process, and 
(iv) control of operational parameters.

4.2.1. Pattern Preparation
The first step in the printing process is to prepare a design draft. Based on the selected printing technology (such as flatbed screen printing, rotary printing, or digital inkjet printing), the design draft is colour-separated and converted into corresponding templates or data files. For instance, in conventional flatbed screen printing, a separate screen is required for each colour in the pattern, whereas in digital inkjet printing, multi-layered colour separation data must be designed.

4.2.2. Printing Paste Preparation
Printing paste is a critical material in the printing operation, consisting of pigments, binders, thickeners, and functional additives. The quality of the printing paste directly affects the clarity and colourfastness of the pattern. Therefore, the preparation process must strictly control the proportions and ensure appropriate fluidity and stability.

4.2.3. Printing Process
The operational procedures vary slightly depending on the printing technology. For example, in flatbed screen printing, the operator places the screen onto the fabric and uses a squeegee to evenly apply the printing paste onto the patterned areas of the template. In digital printing, precise pigment application is achieved through inkjet nozzles. Regardless of the technology used, it is essential to ensure uniform pigment distribution and precise pattern alignment.

4.2.4. Control of Operational Parameters
During the printing operation, multiple parameters must be strictly controlled. The concentration of pigments, the pressure of the printing machine, the speed, and the angle of the scraper are among the parameters that directly influence the colour rendering and detail performance of the pattern. For instance, insufficient printing pressure may result in incomplete pigment penetration, thereby affecting the clarity of the pattern.

4.3. Post-printing Treatment
The purpose of post-printing treatment is to fix the patterns, remove excess printing paste, and enhance colour fastness, ensuring that printed products maintain the vividness and stability of their patterns over time.



4.4. Factors Affecting Printing Quality
Printing quality is influenced by a variety of internal and external factors, including material properties, equipment conditions, environmental parameters, and operational settings.

4.4.1. Colourant Concentration
Excessively high pigment or dye concentration may result in colour bleeding at the edges of patterns, while excessively low concentration can lead to insufficient colour saturation or blurred patterns. Therefore, pigment and dye concentration must be precisely adjusted based on the desired pattern effect and fibre characteristics.

4.4.2. Printing Table Pressure
The pressure of the printing machine directly affects the transfer efficiency of the printing paste. Insufficient pressure may cause uneven pigment distribution, whereas excessive pressure could lead to fabric deformation or unclear patterns.

4.4.3. Environmental Humidity and Temperature
Printing operations require stable environmental humidity and temperature. Low humidity may cause the printing paste to dry too quickly, hindering penetration, while high humidity may result in blurred patterns or pigment diffusion.

4.4.4. Fabric Quality and Surface Treatment
The flatness and absorbency of the fabric surface are critical to printing quality. Defects such as roughness or looseness in the fabric may lead to pattern distortion or uneven colouration.

The printing process is a systematic engineering task, where every stage, from pre-treatment to post-treatment, must be meticulously controlled to ensure the precise presentation and stability of patterns. A thorough understanding and anticipation of the factors affecting printing quality can effectively enhance the quality of finished products and reduce losses caused by process defects. With advancements in new technologies and improvements in equipment, the printing process will continue to evolve towards greater efficiency and precision. Creating more possibilities for the textile industry.

5.	Printing Suitability of Different Fibre Materials

The physical structure and chemical properties of different fibre materials determine their suitability and technical requirements in the printing process. Whether natural fibres, synthetic fibres, or blended materials, each presents distinct challenges during printing and requires targeted treatment methods to achieve optimal results. 

5.1. Printing Strategies for Natural Fibre
Natural fibres, known for their soft texture and excellent water absorption, serve as important substrates for printing. Common natural fibres include cotton, silk, and wool, whose chemical structures are primarily composed of cellulose or proteins. These characteristics present unique challenges and opportunities for printing processes.

5.1.1. Printing of Cotton Fibre
Cotton fibre, composed of cellulose, exhibit excellent water absorption, dyeability, and stable chemical structures, making them one of the most commonly used substrates for printing. The relatively smooth surface of cotton fibre provides good adhesion for pigments and absorption of dyes. In pattern design, cotton fabrics display rich and vibrant colours, making them suitable for various printing techniques, such as reactive dye printing, pigment printing, and flatbed screen printing.

However, the water absorption properties of cotton fibre can also pose certain challenges, such as uneven moisture distribution during the printing process, which may affect the uniformity of colour distribution. Therefore, pre-treatment of cotton fabrics (e.g., desizing and bleaching) is crucial to improve their water absorption and remove potential impurities. Additionally, cotton fabrics require steaming and soaping processes to enhance the fastness of the prints. This is particularly important in reactive dye printing, where the completeness of the chemical reaction plays a critical role in the final outcome.

5.1.2. Printing of Silk Fibre
Silk fibre features a smooth surface and exceptional flexibility, making them an ideal substrate for high-end printed products. The lustre and delicacy of silk fabrics allow them to present extremely intricate pattern details, making them particularly suitable for artistic printing and high-end fashion design. 

In the printing process of silk, special attention must be paid to its sensitivity to chemicals. Since silk fibre is prone to damage under strong alkaline or high-temperature conditions, acid dyes or neutral pigments are predominantly used for processing. Additionally, as silk has lower moisture absorption compared to cotton fibre, it is essential to ensure uniform wetting of the fabric before printing. 

5.1.3. Printing of Wool Fibre
Wool fibre possesses a natural crimp structure and excellent elasticity. Their water absorption and adsorption properties make them well-suited for printing processes. Similar to silk fibre, wool exhibits a high affinity for acid dyes, which are commonly employed to achieve printing effects. Wool fabrics are frequently used in the printing designs of high-end carpets, woolen garments, and artistic decorative items.

The primary challenge in the printing process of wool fibre lies in their sensitivity to high temperatures and strong alkalis, necessitating printing at relatively low temperatures. Typically, wool printing requires subsequent steaming and washing processes. However, while maintaining the vibrancy of patterns, care must be taken to avoid fibre felting or hardening of the texture. Furthermore, the loose surface structure of wool fibre may result in blurred pattern edges, thereby imposing higher precision requirements on the printing process.

5.2. Printing Strategies for Synthetic Fibre
Synthetic fibres, due to their excellent strength and durability, occupy a significant position in modern printing techniques. However, because of their non-absorbent surfaces and chemical inertness, they typically require specialised printing technologies or chemical treatments to achieve satisfactory pattern effects.

5.2.1. Printing of Polyester Fibre
Polyester fibre is among the most common synthetic fibre and is widely used in clothing, home textiles, and outdoor equipment. Due to the smooth and non-absorbent surface of polyester, its adsorption capacity for traditional dyes is relatively low. As a result, sublimation transfer printing technology has become the optimal choice for polyester printing. Through high-temperature sublimation processes, dyes can directly penetrate the molecular structure of the fibres, forming vivid and wear-resistant patterns.

[bookmark: _Hlk217986841][bookmark: _Hlk217986852]Polyester is highly sensitive to environmental temperature, and sublimation transfer printing typically requires high temperatures ranging from 180°C to 220°C. These conditions not only facilitate dye penetration but also prevent damage to the fibre. Furthermore, the colourfastness of polyester after printing is generally high, allowing it to maintain excellent ultra-violet resistance and colour stability in outdoor environments.

5.2.2. Printing of Nylon Fibre
Nylon fibre (polyamide fibre) exhibit good moisture absorption and abrasion resistance, but their chemical stability necessitates special treatments during the printing process. Nylon commonly employs acid dyes or reactive dyes for printing, which must be carried out under moderate temperature and humidity conditions. Additionally, nylon fibre is relatively sensitive to light, and prolonged exposure to sunlight may lead to colour fading. Therefore, ultra-violet resistant treatment is usually required after printing.

5.2.3. Printing of Acrylic Fibre
Acrylic fibre (polyacrylonitrile fibre) is widely used in winter clothing and interior decoration materials. Due to the relatively inert surface properties of acrylic fibre, their printing processes mainly rely on basic dye and pigment printing techniques. Printing on acrylic fibre requires pre-treatment of the fabric to enhance adsorption, and appropriate fixatives are employed during subsequent processing to improve colour fastness.

5.3. Printing Strategies for Blended Fabric
Blended fabrics are textiles composed of two or more types of fibre, whose printing characteristics typically combine the advantages and disadvantages of the different fibres. However, they also present additional technical and process-related challenges. Common blended fabrics include cotton-polyester, wool-nylon, and silk-cotton blends.

5.3.1. Major Challenges of Blended Fabric
The primary challenge of blended fabrics lies in the diversity of fibre compositions and the differences in printing conditions. For instance, the water absorption and dye affinity of cotton and polyester are entirely different. When printing on the same fabric, issues such as uneven colour development or discrepancies in colourfastness may arise. Additionally, the differences in fibre swelling properties in blended fabrics can lead to varying shrinkage rates after printing, thereby affecting the overall integrity of the pattern.

5.3.2. Solutions for Blended Fabric
Printing on blended fabrics requires tailored solutions based on the characteristics of the different fibres. Firstly, specially designed mixed dyes or pigments can be used to ensure good adsorption effects on both types of fibres. For example, in cotton-polyester blended fabrics, the combination of heat-set pigments and sublimation transfer printing techniques can effectively address the differences in printing suitability between the two fibres.

Secondly, appropriate chemical treatments (such as pre-treatment) should be conducted before printing on blended fabrics to improve compatibility between fibres. Moreover, digital inkjet printing technology can be employed during the printing process to directly spray pigments onto the surface, avoiding penetration discrepancies between different fibres.

The printing suitability of different fibre materials directly impacts the quality and design effects of the final product. Natural fibres hold advantages in terms of colour expression and tactile quality but require meticulous chemical processing. Synthetic fibres, on the other hand, have established a significant position in modern printing techniques due to their durability and environmental adaptability, though specific technologies are necessary to overcome their chemical inertness. Blended fabrics present the greatest challenges, demanding the integrated application of multiple technical approaches to achieve balance and coordination among different fibres. With the continuous advancement of printing technologies, precise treatment of various materials will become increasingly sophisticated, further driving the textile industry toward higher quality and greater diversification.

6.	Quality Inspection and Colour Management of Printing

Printing, as a craft technique that combines artistry and practicality, has its quality not only affecting the appearance of the product but also directly influencing the consumer’s experience and satisfaction. Therefore, comprehensive quality inspection and colour management of printed products are particularly important. Colour fastness testing, evaluation of pattern resolution and fineness, as well as colour difference control and digital colour matching technology, are currently the three main aspects of quality inspection and regulation in printing.

6.1. Colour fastness Testing
Colour fastness is a critical quality indicator for printed products, referring to the ability of patterns or dyes to remain stable on the substrate without fading or transferring. The purpose of colour fastness testing is to examine the stability of printed products under various usage conditions, which not only pertains to the durability of the patterns but also directly affects consumer trust in the product. Common colour fastness tests include washing fastness, rubbing fastness, and light fastness, each of which adheres
 to specific standards based on different application scenarios and industry requirements.

Washing fastness tests the washing resistance of printed products during household or industrial cleaning processes. If printed fabrics experience severe fading or colour transfer during washing, it will compromise the product’s appearance, which is particularly critical for apparel and home textile products. For instance, if cotton printed fabric used for making cushion covers exhibits pigment loss after washing, it not only affects aesthetics but may also stain other textiles. In practical testing, printed products are typically placed together with standard white cloth in equipment containing a specific temperature and washing solution for agitation. After several cycles, the fading condition is observed and evaluated using a gray scale.

Colour fastness to rubbing tests whether pigments on printed products are prone to falling off or transferring to other surfaces when subjected to dry or wet rubbing. For instance, in denim production, if the rubbing fastness of dark printed areas is insufficient, the colour may transfer to white sofas or clothing during wearing or washing, causing inconvenience to consumers. The evaluation of rubbing fastness typically involves the use of a rubbing tester, where the rubbing head repeatedly rubs against the printed surface under a certain pressure, followed by an observation of the pigment’s adhesion.

Light fastness, on the other hand, focuses on examining the resistance of printed products to light exposure under strong or prolonged sunlight. This test is particularly critical for products intended for outdoor use, such as flags, outdoor tents, or sportswear. If lightfastness is inadequate, the product may exhibit colour fading or even pattern disappearance within a short period. Under laboratory conditions, light fastness testing usually employs simulated sunlight lamps or xenon lamps to irradiate the samples. After testing, the light resistance grade is determined through colour difference analysis and comparison with a gray scale.

6.2. Evaluation of Pattern Resolution and Fineness
In printed products, the clarity and fineness of patterns are among the key factors that attract consumers. Whether it is a silk scarf with intricate patterns or sportswear featuring a precise brand logo, the resolution and fineness of printed patterns directly influence the final visual presentation. For modern printing technologies, ensuring that the resolution and fineness of patterns meet the expected standards has become a critical issue in quality inspection.

The resolution of printed patterns primarily refers to the ability to distinguish each detail of the pattern, typically measured in DPI (dots per inch). Resolution is not only determined by the precision of the digital file during pattern design but is also influenced by factors such as printing equipment, the precision of the inkjet head, pigment fluidity, and the surface properties of the fabric. For instance, in digital inkjet printing, insufficient resolution of the inkjet head may result in blurred pattern edges, distortion of detailed sections, or even the appearance of a “stair-step effect” caused by the dot arrangement. This is unacceptable for designs requiring delicate representation, such as portraits or natural scenes.

Fineness, on the other hand, emphasises the detailed expressiveness of the pattern and the sharpness of lines. This indicator is affected by factors such as the viscosity of the printing paste, the pressure of the printing table, and the smoothness of the fabric surface. Taking conventional manual flatbed screen printing as an example, if the fluidity of the printing paste is poorly controlled, fine lines in the pattern may become blurred due to excessive pigment penetration, and in severe cases, the pattern’s contours may become completely distorted. In modern printing processes, laboratories often employ high-resolution photographic testing and software-based image analysis techniques to evaluate the fineness of patterns. 

6.3. Colour Difference and Digital Colour Matching Technology
Colour difference is a significant challenge frequently encountered in printed production, referring to the deviation between the colours of the product pattern and the design draft, or the colour variation among different samples within the same batch of products. Colour difference issues not only affect the consistency of product appearance but may also lead to the failure of commercial collaborations. This is particularly intolerable in high-standard fashion and high-end home textile markets.

In printing, the formation of colour differences is associated with multiple factors, including fluctuations in dye concentration, variations in equipment parameters during the printing process, and the influence of environmental lighting and humidity. For instance, within the same batch of printed products, slight differences in printing table pressure may result in inconsistent colour depth between the first and last products. Additionally, variations in fabric dye absorption properties can also lead to colour deviations.

To address the issue of colour differences, Digital Colour Matching technology has become an indispensable tool in the modern printing industry. The technology is based on colour science and spectral analysis, enabling mathematical modeling of target colours in design schemes and accurately simulating potential colour effects during the printing process through data-driven methods. Companies employing digital colour matching technology typically utilise spectrophotometers to conduct spectral analysis of printed samples and compare the test results with the design targets. If colour discrepancies are detected, adjustments to dye formulations and equipment parameters can be made immediately.

In addition to spectrophotometers, colour management software is also a crucial tool for achieving digital colour matching. Such software can establish colour databases and facilitate precise data transmission between design and production. 

The inspection of printing quality and colour management is an indispensable aspect of the printing process. Colour fastness testing ensures product stability under various application conditions, while the evaluation of pattern resolution and detail fidelity affects the reproduction of designs. Meanwhile, colour difference control and digital colour matching technology ensure the consistency and accuracy of product colours. These inspection methods and technologies not only enhance the quality of printed products but also strengthen the brand's market competitiveness. With technological advancements, the future printing industry is expected to embrace more intelligent and data-driven quality management systems, further driving the industry toward higher quality and more rigorous standards.

7.	Eco-Friendly and Sustainable Printing Technologies

With the rise of global environmental awareness, the printing industry is facing immense pressure and challenges. Although conventional printing technologies have made significant progress in terms of efficiency and scale, their environmental pollution issues have gradually drawn attention. To address these concerns, an increasing number of companies and researchers are focusing on more environmentally friendly and sustainable printing technologies, such as the development of water-based printing pastes, the application of low-temperature printing techniques, the energy-saving and waste-reducing benefits of digital printing, as well as innovations in waterless printing and bio-based printing materials.

7.1. Environmental Impact of Conventional Printing
Conventional printing technologies have significant environmental impacts due to their process characteristics. The conventional printing process consumes large amounts of water, energy, and chemicals, with wastewater discharge and pollution control being persistent critical issues.

One of the most prominent environmental problems is wastewater discharge. In conventional printing processes, pre-treatment (such as bleaching), dye washing during printing, and post-treatment processes like rinsing generate substantial amounts of wastewater. This wastewater often contains residual dyes, pigments, binders, and other chemical auxiliaries, characterised by vivid colours and complex chemical compositions. If discharged untreated, such wastewater can severely pollute natural water bodies, endangering aquatic ecosystems. 

Another issue that requires consideration is energy consumption. Conventional printing techniques typically require high-temperature for fixing the pigments, which entails significant energy consumption. Moreover, these high-temperature operations emit substantial amounts of carbon dioxide, exacerbating the greenhouse effect and running counter to today’s carbon neutrality goals.

In addition, the chemicals used in conventional printing processes pose potential toxicity and ecological risks. For instance, in some low-end printing factories, dyes and auxiliaries containing heavy metals or formaldehyde are commonly used. These substances not only threaten the health of workers but also enter natural ecosystems through wastewater, causing long-term environmental issues. Evidently, the negative environmental impact of traditional printing techniques is particularly pronounced, necessitating the pursuit of more environmentally friendly technological alternatives to mitigate pollution and achieve sustainable development. 

7.2. Water-Based Printing Paste and Low-Temperature Printing Technology
To reduce the environmental pollution associated with conventional printing processes, water-based printing paste and low-temperature printing technology have emerged as important pathways to achieving environmental goals. 

Water-based printing paste is a printing material that uses water as a solvent, thereby reducing reliance on organic solvents. Compared to conventional printing pastes containing volatile organic compounds (VOCs), water-based printing paste has a smaller environmental impact, does not release harmful gases during use, and significantly reduces the harmful components in wastewater. Water-based printing paste is particularly suitable for flexible materials, such as garments and towels, in printing processes. For example, children's clothing made using water-based printing paste, which not only meets environmental standards but also passed multiple safety certifications for children’s products.

Low-temperature printing technology is a technique that achieves printing effects under low or ambient temperature conditions by improving the chemical activity of pigments or dyes. In conventional printing processes, steam at high-temperature is typically a necessary fixation step. However, low-temperature printing technology introduces special catalysts or highly efficient fixatives, enabling pattern fixation at lower temperatures. This technology effectively reduces energy consumption, particularly in large-scale printing production, where it can save significant fuel costs. Additionally, by reducing reliance on heat, it is better suited for temperature-sensitive materials, such as certain synthetic fibres or composite materials. The combination of water-based printing paste and low-temperature printing technology has realised a more sustainable printing method, gradually replacing traditional high-pollution printing processes.

7.3. Energy-Saving and Waste-Reduction Advantages of Digital Printing
Digital printing technology can be considered a revolution in the modern printing industry, renowned for its precision, flexibility, and environmental friendliness. It not only meets the demand for personalised customisation but also demonstrates significant advantages in energy saving and waste reduction.

Compared to conventional printing, digital printing greatly simplifies the process by eliminating the need for screen templates, significantly reducing production waste. Moreover, digital printing ensures precise and efficient use of pigments, with virtually no excess dye waste. For instance, in conventional printing processes, leftover printing paste often remains unused, whereas digital printing technology enables “on-demand printing”, accurately jetting pigments based on the size of the pattern, thereby reducing the consumption of dyeing and chemical materials. In addition, digital printing offers unparalleled advantages in terms of water consumption. 

Taking cotton printing as an example, conventional printing processes can consume as much as 50-100 litres of water per square meter, whereas digital printing can reduce this to as little as 5 litres per square meter, demonstrating significant water-saving effects. This has immense economic and environmental significance, particularly for regions facing water scarcity. From the perspective of energy consumption, the energy-saving benefits of digital printing are equally evident. Since it does not require high-temperature fixation process, it directly reduces energy expenditures. Furthermore, digital printing enables the rapid production of small-batch orders, avoiding the waste associated with overproduction. This is especially relevant in the fashion industry, where an increasing number of brands are adopting digital printing technology to combine rapid market entry with environmental sustainability. 

7.4. Development of Waterless Printing and Bio-Based Printing Materials
With advancements in environmental protection and technology, the development of waterless printing and bio-based printing materials has brought new opportunities to the printing industry. These technologies are gradually becoming key pillars in promoting sustainable printing.

Waterless printing technology, as the name suggests, is a process that completely eliminates the use of water during printing. The core of this technology lies in the use of specialised dyes or pigments that interact directly with the fabric surface, without requiring the aqueous medium used in traditional printing. For example, sublimation transfer printing is a typical waterless printing method, which involves the use of high temperatures to vaporise dyes and allow them to penetrate polyester fibres. Achieving a striking pattern effect. Another increasingly popular technology is electrostatic printing, which utilises charged pigment particles that adhere to the fabric surface through electrostatic attraction, thereby eliminating the use of water. The greatest advantage of waterless printing lies in its complete resolution of wastewater treatment issues, making it particularly suitable for markets with high environmental standards.

On the other hand, the development of bio-based printing materials represents a breakthrough in material science within the printing industry. Conventional printing materials, including dyes and auxiliaries, are mostly derived from petrochemical products, which are not only non-renewable but may also pose ecological toxicity. Bio-based materials, such as plant-based dyes, algae extracts, and biodegradable adhesives, offer a more environmentally friendly alternative for the printing industry. For instance, thickeners extracted from corn starch to replace conventional chemical colloids, achieving a fully green printing process. Additionally, natural dyes derived from discarded fruit peels or plant fibres have become a highlight in the fashion industry, with many brands even applying such technologies to limited-edition designs, adding cultural and environmental value to their products.

Eco-friendly and sustainable printing technologies represent the future direction of the printing industry. From the application of water-based printing pastes and low-temperature printing techniques to the energy-saving and waste-reducing advantages of digital printing, as well as innovations in waterless printing and bio-based printing materials, these technologies not only address the pollution issues associated with traditional printing methods but also pave the way for a more sustainable future. This also lays the foundation for the long-term sustainable development of the industry. In the future, with continuous advancements in technology and the increasing market demand for green products, it is believing that the printing industry will become a model sector for achieving both environmental protection and economic benefits, making greater contributions to the health and balance of the global ecosystem.

8.	Innovative Applications and Future Trends in Printing Technology

Printing technology is continuously being endowed with new possibilities with the advancement of technology. The introduction of smart materials, novel production models, digital design, and artificial intelligence has not only transcended the limitations of traditional printing techniques but has also transformed printing from a purely decorative technology into a medium for functional applications and interdisciplinary innovation.

8.1. Intelligent Printing and Responsive Patterns
With advancements in material science, intelligent printing technology has emerged as a significant highlight in the printing industry. Intelligent printing refers to the use of specialised functional materials to enable printed patterns to undergo visual or functional changes in response to external environmental variations. Among these, thermochromic printing and photochromic printing have become the two primary applications of intelligent printing, showcasing unique appeal in fashion design, outdoor accessories, and high-tech products.

Thermochromic printing is a technology that alters the appearance of patterns based on temperature changes, typically achieved using thermosensitive dyes or pigments. This technology allows fabrics or items to display distinctly different colours or patterns at varying temperatures. For instance, in outdoor apparel, a thermochromic printed T-shirt may appear as a simple solid colour at normal room temperature, but as body temperature rises or ambient temperature increases, hidden floral or textual patterns gradually emerge, significantly enhancing the product’s playfulness and fashion appeal. In children's clothing, thermochromic printing has become an important design approach to spark curiosity. For example, a garment featuring ice and snow patterns may retain its original appearance in winter but transform to display tropical island scenery in summer.

Photochromic printing, on the other hand, utilises photosensitive materials to achieve pattern changes based on light intensity and type of light source. Photochromic materials are commonly used in outdoor and nighttime products due to their high visibility and functionality. For example, glow-in-the-dark printing employs phosphorescent pigments that absorb sunlight or artificial light and emit light in the dark, making it widely applicable in outdoor sports gear and safety signage. Additionally, ultraviolet-sensitive patterns can appear under sunlight, further expanding the scope of applications for photochromic printing. To remind wearers of changes in ultraviolet intensity, some swimwear brands have introduced photochromic pattern designs. These designs allow wearers to experience rich pattern transformations, resembling marine life, under sunlight, while simultaneously conveying the concepts of science and environmental protection.

The application of smart printing technology is not limited to visual changes; it can also integrate with other functional materials to achieve further innovations. For instance, electronic pattern printing that incorporates conductive materials can be used in smart clothing to enable health monitoring and interactive control. Additionally, the combination of thermosensitive and photosensitive materials can create more complex interactive patterns, thereby enhancing the added value of the products.

8.2. Customisation and Small-Batch Rapid Production Models
In the digital economy era, consumers increasingly pursue personalisation and uniqueness. The printing industry is gradually transitioning from traditional large-scale, standardised production models to customisation and small-batch rapid production. This trend not only aligns with current market demands but also opens up new opportunities and value for the application of printing technologies.

The customisation model relies on the high flexibility and precision of digital printing technology, enabling designers and brands to respond quickly to consumer needs. For instance, consumers can submit their own designs via electronic platforms or select personalised elements from existing design inventories to create exclusive T-shirts, scarves, or home decor items. In the wedding market, customised printing technology has been widely applied to produce bespoke handkerchiefs, wedding backdrops, and guest gifts, enhancing the exclusivity and emotional value of the products.

The core of the small-batch rapid production model lies in shortening the time cycle from design to production and reducing inventory risks. Digital printing technology allows for direct printing on fabrics without the need for intermediate processes such as screen templates, thereby enabling low minimum order quantities and rapid delivery. This model is particularly popular in the fast fashion sector, helping brands capture short-term fashion trends and quickly launch seasonal products. For example, companies utilised digital printing technology to produce a batch of limited-edition fan T-shirts, completing the process from design to production in just one week, which sparked a buying frenzy in the market. With further advancements in digital technology, customisation software integrated with artificial intelligence can provide consumers with more intelligent design recommendations. For instance, automatically generating personalised pattern combinations based on user preferences to further enhance the consumer experience.

8.3. The Application of Digital and AI Technologies in Pattern Design and Printing
The introduction of digital and artificial intelligence (AI) technologies is redefining the creative processes and production models in the printing industry. Traditional printing design requires extensive manual drawing and colour separation work, which is inefficient and lacks flexibility. In contrast, digital technologies, through precise and intelligent tools, have made the design process more efficient, convenient, and creative.

In terms of pattern design, the application of AI technology can assist designers in quickly generating inspiration and ideas. For instance, image generation models based on deep learning technology can produce diverse pattern design schemes based on designers’ inputs, eliminating cumbersome creative steps. A design team from an international fashion brand once utilised AI technology to automatically generate a series of artistic print patterns inspired by consumers' favorite natural landscape photographs, which were then applied to limited-edition apparel. The application of AI not only enhances the creativity of design but also significantly shortens the time from concept to market launch.

In printing production, the application of AI is primarily reflected in production management and quality control. For example, AI algorithms can intelligently monitor and adjust the operational status of printing equipment, ensuring uniform pigment distribution and precise pattern positioning. Additionally, AI can employ image recognition technology to conduct quality inspections of printed samples, quickly identifying issues such as colour discrepancies, blurriness, or errors in patterns, thereby improving product consistency and pass rates. The integration of digital and AI technologies has also made “virtual try-on” a reality. Consumers can utilise virtual design platforms to preview the actual effects of printed patterns on clothing or home furnishings further enhances the intuitiveness and appeal of customised printing.

8.4. Prospects for Cross-Domain Applications of Printing Technology
The application of printing technology is no longer confined to apparel and home textiles. With continuous advancements in technology, printing is intersecting with an increasing number of fields, opening up more promising possibilities. In the fashion industry, printing technology has become one of the primary tools for designers to express creativity. Particularly, the flexibility of digital printing allows brands to continuously introduce innovative designs without compromising production efficiency. Meanwhile, smart printing technology has injected greater interactivity and playfulness into fashion. In the future, more intelligent garments, such as dresses, can change patterns based on environmental changes or interactive printed jackets capable of displaying messages.

In the healthcare sector, the application directions of printing technology are even more diverse. For instance, some companies have developed functional printing technologies for medical bandages, enabling the integration of drugs or antibacterial agents directly into the printing paste to achieve slow-release effects. Additionally, intelligent garments with bio-sensing printed patterns are emerging as a new option for medical monitoring, assisting healthcare professionals in real-time tracking of patients’ vital signs, such as body temperature and heart rate.

In the field of architecture and interior decoration, printing technology is also demonstrating renewed vitality. Large-scale digital printing equipment enables highly personalised designs for products such as wallpapers, curtains, and carpets, meeting the dual demands of modern home aesthetics and functionality. For example, hotels utilise digital printing to design custom carpets that align with the overall interior design style. Simultaneously, specialised outdoor printing technologies are being applied to building facades endowing buildings with greater artistic and regional cultural characteristics.

Printing technology, with its remarkable flexibility and creativity, is bringing infinite possibilities to modern life. From intelligent printing to the application of digitalisation and AI technologies, and even to cross-disciplinary integration with other fields, the future of printing has transcended mere aesthetic decoration, delving into multi-dimensional innovations in functionality and experiential value. With continuous advancements in technology and the driving force of market demand, printing technology will play an irreplaceable role in more fields, injecting greater creativity and vitality into people’s lives.


Learning Activities

(1) Printing Technique Comparison Task
· Students work in groups to compare flatbed screen printing, rotary screen printing, and digital printing. Each group prepares a short explanation of:
· how the technique works
· its advantages and limitations
· suitable application scenarios
· Groups then present their findings and discuss which technique they would choose for different textile products.
(2) Design‑to‑Print Practical Exercise
· Students create a simple digital pattern (e.g., a small motif or repeating design), prepare a mock “printing paste formulation” on paper (listing binder, pigment, and auxiliaries). 
· Explain which printing method (e.g., inkjet, heat transfer, sublimation) is most suitable for their chosen fabric (cotton, polyester, or blended fabric). 
· They then justify their choice based on fibre properties, colour fastness needs, and environmental considerations.

Assessment

(1) Explain three main functions of printing with examples. 
(2) Compare textile printing and dyeing in terms of process, colour penetration, visual effects, and environmental impact. 
(3) Describe the three core components of printing paste and explain the function of each. 
(4) Explain the fixation principles of pigment printing versus dye printing. 
(5) Compare flatbed screen printing and rotary screen printing in terms of mechanism, advantages, limitations, and application scenarios. 
(6) Discuss the advantages and limitations of inkjet digital printing technology. 
(7) Describe the process and key characteristics of heat transfer printing and sublimation transfer printing. 
(8) Analyse the main factors affecting printing quality and explain how each factor influences the final outcome. 
(9) Explain the printing suitability of natural fibres, synthetic fibres, and blended fabrics, highlighting key challenges and corresponding solutions. 
(10) Discuss modern eco‑friendly and sustainable printing technologies and explain how they address the environmental issues of traditional printing.
