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Abstract: In order to address the challenges of insufficient stability and 
accuracy in the large-scale application of intelligent responsive printing 
materials, this paper first designs a dual chamber microcapsule structure with 
temperature and light dependent response, and applies nano interface 
crosslinking agents to improve polymer crosslinking density. Secondly, this 
paper optimises the rheological properties of ultraviolet (UV) ink, adjusts the 
monomer molecular structure to match surface tension, and makes it suitable 
for high-speed screen/inkjet printing processes. Finally, this paper constructs a 
portable detection terminal based on smartphone spectral sensing and support 
vector machine convolutional neural network (SVM-CNN) algorithm. The 
results showed that the colour retention rate after five cold chain cycles was 
83.33%, the fracture rate after 48 hours of mechanical vibration was only 2.0%, 
the accuracy of the 5-level high-quality imitation label was 97.5%, and the 
response threshold drift reached 0.30°C within 96 hours. 
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1 Introduction 

As a cutting-edge breakthrough in the field of functional materials, new environmentally 
responsive printing materials face technical bottlenecks in their large-scale application, a 
key issue hindering the industry’s development. The innovative application of these 
materials in product anti-counterfeiting and smart packaging is reshaping product safety 
systems and upgrading user experience (Yang et al., 2025; Shen et al., 2024; Zhou and 
Miao, 2024). By dynamically sensing external environmental parameters, combined with 
customised identification features and real-time tracking technology, they effectively 
achieve enhanced anti-counterfeiting performance and intelligent packaging upgrades (Su 
and Song, 2021; Singh et al., 2024; Zhu et al., 2025). Against the backdrop of continued 
advancements in global product safety standards, the development of intelligent material 
systems that combine multidimensional environmental responsiveness with the 
advantages of industrial mass production has become a critical research topic in materials 
science that must be addressed urgently (Yin and Rogers, 2022; Jafarzadeh et al., 2024). 

In practical applications, intelligent responsive printed materials face multiple 
challenges (Ma et al., 2021; Sun et al., 2022). The disconnect between the 
multidimensional response of anti-counterfeiting characteristics and portable detection 
technology makes it difficult to popularise efficient, convenient detection methods, 
hindering the promotion and application of materials and impeding the integration of 
anti-counterfeiting and packaging. In addition, there is a conflict between the stability of 
materials in large-scale printing production and their tolerance in complex packaging 
environments (such as humidity, heat, and mechanical vibration). Although many 
materials exhibit good response performance under laboratory conditions, they often lack 
stability in large-scale production (Iftekar et al., 2023). In addition, the materials’ 
insufficient tolerance in packaging environments limits their widespread application in 
industrial production. 

To address these challenges, studies have used various design methods. For example, 
some studies have improved the response performance and environmental adaptability of 
materials by modifying polymers and the design of capsule structures (Alidaei-Sharif  
et al., 2024); some methods have improved the adaptability of materials in the printing 
process by adjusting the rheological properties of inks (Lopez-Donaire et al., 2023). At 
the same time, portable detection technology has also been continuously developed. 
Detection terminals based on smartphone spectral sensing and image recognition 
algorithms have gradually been applied to the identification of anti-counterfeiting labels 
(Chen et al., 2022; Han et al., 2024). Although these methods have made progress in 
some areas, they still face problems such as insufficient integration of multidimensional 
response characteristics and detection technology, and the contradiction between 
production stability and packaging adaptability. These problems have not yet been 
effectively resolved. 

To overcome the above bottlenecks, this paper proposes an innovative solution. This 
study adopts a three-in-one research approach of ‘material design, process optimisation, 
and system integration’. First, we construct a temperature- and light-dual-responsive 
microcapsule, then regulate the rheological properties of the ultraviolet rays (UV) ink to 
adapt to high-speed printing, and finally develop a portable recognition terminal based on 
a smartphone, forming a complete closed loop from material to application. The core lies 
in the development of a temperature-variable/light-variable dual-chamber microcapsule 
structure, which, combined with a nano-interface crosslinker, significantly improves the 



   

 

   

   
 

   

   

 

   

    Preparation of intelligent responsive printing materials 65    
 

    
 
 

   

   
 

   

   

 

   

       
 

material’s wet-heat stability, and by precisely controlling the rheological properties of 
UV ink, ensures its compatibility with high-speed screen/ink-jet processes. A portable 
detection terminal based on smartphone spectral sensing and a support vector  
machine-convolutional neural networks (SVM-CNN) dynamic recognition algorithm is 
constructed by integrating these technical means. Experimental results show that the 
solution achieves 97.5% recognition accuracy for high-imitation labels (level 5). The 
colour retention rate of the material remains 83.33% after five cold chain cycles, and only 
a 2.0% breakage rate occurred during the 48-hour mechanical vibration test. It effectively 
solves the key technical barriers in large-scale applications. It paves the way for the 
practical application of intelligent response materials in the integration of  
anti-counterfeiting and packaging. 

2 Related work 

Recent research on intelligent, responsive printed materials has demonstrated significant 
advances in both material innovation and application expansion. Current research focuses 
on three dimensions: material design, printing process optimisation, and performance 
testing, providing valuable insights for this study. At the material design level, Wang  
et al. (2024a) proposed a composite hydrogel film based on cholesteric liquid crystal 
microspheres and photochromic spiropyran dyes, which undergo dynamic colour changes 
in response to temperature and light stimuli, thereby enabling the construction of a 
multidimensional dynamic anti-counterfeiting label. This research result demonstrates 
application potential in anti-counterfeiting, security, dynamic camouflage, and  
bio-inspired driving, but there are still technical bottlenecks in large-scale production and 
cost control. Muthamma and Sunil (2022) reviewed the applications of cellulose  
and its nanocellulose derivatives in anti-counterfeiting, explored their potential as 
environmentally friendly security inks, films, and papers, and analysed the challenges and 
future research directions for cellulose-based materials in anti-counterfeiting technology. 

In contrast, Zhang et al. (2021) began with the latest progress in functional  
3D-printing polymer materials and analysed the applications of various functional 
materials, including electronic conductivity, thermal conductivity, electromagnetic 
interference shielding, energy storage, and collection. He pointed out the contradiction 
between material selection and large-scale production, especially the difficulties in 
functional integration and process adaptation. Although these studies have demonstrated 
technological potential in various directions, to achieve the accurate commercial 
application of innovative, responsive materials, core issues such as stability, cost control, 
and process adaptation for large-scale production remain to be addressed. 

In terms of printing process optimisation, controlling relevant properties is  
crucial for adapting to high-speed printing. Arslan et al. (2023) A studied the flow 
behaviour and structural recovery properties of inks composed of acrylate-terminated 
polyurethane-based polyethylene glycol hydrogel precursors and nanoclay Laponite. To 
ensure efficient printing quality and fluidity, rheological property optimisation is critical. 
This process can significantly improve the ink’s adaptability during printing. Kim et al. 
(2023) studied the orientation effect of low-concentration bentonite particles in 
nanocomposites using an embedded 3D printing method and found that this orientation 
can significantly improve the material’s mechanical and physical properties. This study 
showed that proper particle orientation can enhance the material’s stability and structural 
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strength during printing, thereby improving fluidity while optimising printing quality. 
Soleimani-Gorgani et al. (2021) prepared a water-based UV-curable ink-jet ink in his 
research and applied it to a transparent flexible polyethylene terephthalate substrate. His 
research investigated its chemical structure, molecular weight, physical properties, 
surface tension, and other properties (Soleimani-Gorgani et al., 2021). By rationally 
adjusting surface tension, adhesion between the ink and the substrate is enhanced, 
improving the transparency and clarity of the print and guiding improvements in the 
quality and efficiency of ink-jet printing. Prosvirnina et al. (2022) functionalised the 
surface of cellulose nanofibres (CNF) produced by bacteria and used them as crosslinking 
agents and reinforcing agents. They combined them with a polymerisable deep eutectic 
solvent of acrylic acid and choline chloride to prepare UV-curable ink (Prosvirnina et al., 
2022). The study showed that functionalised CNF effectively reduced cellulose 
agglomeration and improved printing quality. Wang et al. (2024b) designed a unique 
texture pattern and proposed a triple anti-counterfeiting authentication method that 
effectively detects product anti-counterfeiting through triple encryption of the texture 
pattern and three analysis methods, and verified the robustness of the method against 
various copying methods, devices, and attack scenarios. Although existing studies have 
provided a variety of ink optimisation strategies, they still face challenges such as 
stability and cost control in large-scale production. 

In research on innovative, responsive printed materials, many scholars have sought to 
improve their anti-counterfeiting performance and application effectiveness through 
various technical means. Huo et al. (2022) introduced a method for designing anti-
counterfeiting labels using surface-enhanced Raman scattering (SERS) technology and 
discussed in detail the encoding method of spectral and graphic information in SERS 
labels. Using these technologies, SERS tags exhibit strong anti-counterfeiting 
capabilities. However, the development of usable SERS anti-counterfeiting tags for 
practical applications still faces challenges, including complex production processes and 
environmental adaptability, and their stability in large-scale production remains to be 
verified. At the same time, Su H studied the performance of corrugated paper media in 
cold chain transportation and found that after freeze-thaw treatment, the crystallinity and 
polymerisation degree of the paper media decreased, the intermolecular hydrogen bonds 
decreased, and calcium carbonate precipitation and pore size increased on the surface (Su 
et al., 2023). This research provides valuable experience for improving the stability of 
cardboard materials in high-humidity environments. However, the durability and damage 
resistance of these materials in extreme environments still need to be further enhanced to 
ensure that they can remain effective for a long time during cold chain transportation. 

On the other hand, Lin et al. (2024) prepared polymer materials with photochromic, 
mechanochromic, and thermochromic properties by covalently applying photochromic 
spiropyran and spirothiopyran (STP) into the polyurethane backbone, and discovered for 
the first time that white light of a certain intensity can activate STP to produce green. The 
reversible three-colour change properties of these materials give them strong potential for 
applications in anti-counterfeiting and information encryption. However, in actual 
promotion, the durability of the materials and the consistency of their response to external 
stimuli still need to be overcome. Although existing research has made some progress in 
innovative anti-counterfeiting materials, many technologies still face challenges in 
environmental adaptability, complex production processes, and long-term stability. 
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3 Preparation and process optimisation of smart response materials 

3.1 Synthesis of multidimensional dynamic response materials 

To realise the application of intelligent responsive materials in anti-counterfeiting and 
packaging, a dual-chamber microcapsule structure with temperature- and light-dependent 
responses is designed (Wu et al., 2024; Chen et al., 2025). The left chamber encapsulates 
a phase-change temperature-sensitive material with sodium oleate as the core, while the 
right chamber contains photochromic fluorescent dyes (such as spiro pyran derivatives). 
Through independent response mechanisms, the two chambers achieve decoupled 
recognition of temperature and light signals, preventing functional crosstalk and ensuring 
the accuracy and stability of multidimensional dynamic responses. This structure is 
coated with a composite fluorescent material to achieve the material’s multidimensional 
dynamic response characteristics. In this study, ‘multidimensional dynamic response’ 
refers to the composite response ability of materials to temperature changes 
(thermochromic), ultraviolet light (photochromic), and time-accumulation effects (such 
as cycle aging), which together constitute the dynamic identification feature space of 
anti-counterfeiting labels. The specific preparation process is as follows: 

Core component of synthetic temperature-responsive materials. Selecting a phase 
change material (PCM) with a low phase transition temperature, such as sodium oleate, 
as the core material for the temperature-responsive material and dissolving the PCM in a 
suitable solvent using solvent evaporation and copolymerising it with the polymer shell to 
form microcapsules. The thickness of the microcapsule shell is precisely controlled by 
adjusting the polymer content and reaction time to ensure that the core material stably 
releases the response signal within the target temperature range. A light-sensitive 
responsive shell is designed. A fluorescent dye with excellent light-sensitive properties is 
selected for compounding. A transparent optically variable film is formed by uniformly 
dispersing fluorescent dyes in an organic polymer matrix through a sol-gel method. This 
optically variable film exhibits spectral shifts under UV light, which, combined with a 
temperature-dependent response, enhances the material’s multidimensional sensing 
properties. Dual-responsive materials achieve a synergistic effect by adjusting the 
hydrophilicity/hydrophobicity of the microcapsule wall. Nanoparticles are dispersed 
within the microcapsule system as reinforcing agents to improve the material’s thermal 
stability and mechanical strength. In addition, surface functionalisation (e.g., amino and 
carboxyl groups) is used to enhance the interface compatibility of the microcapsules 
further, thereby stabilising their dynamic response capabilities across different 
environmental conditions. 

In a hot, humid environment, the addition of a nano-interface crosslinker effectively 
inhibits microcapsule delamination. The addition of the crosslinker makes the surface 
interface structure of the microcapsules more compact, improving their tolerance to 
humidity. Dynamic scanning calorimetry and thermogravimetric analysis (TGA) indicate 
that the phase transition temperature of the crosslinked microcapsules has increased and 
that their thermal stability has been significantly enhanced. The synthesised  
dual-responsive microcapsules are also characterised by X-ray diffraction (XRD), 
scanning electron microscopy (SEM), and microscopy. SEM images show that the 
microcapsules have a smooth surface, uniform appearance, and no noticeable cracks, 
indicating that the integrity and stability of the capsule structure are guaranteed. XRD 
results show that the composite material has good phase transition properties at low and 
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high temperatures, and its light-sensitive response properties change significantly under 
ultraviolet irradiation, as shown in Figure 1. 

Figure 1 Flowchart of the synthesis of multidimensional responsive materials (see online version 
for colours) 

 

3.2 Printing adaptability formula optimisation 

To ensure the stable application of innovative responsive materials in high-speed screen 
printing and ink-jet printing, the rheological properties of UV-curable inks are optimised 
(Jongprasitkul et al., 2024; Sun et al., 2025) to meet the requirements of different printing 
processes. The specific optimisation process is as follows: 

In the development of UV curing systems, it is necessary to prioritise selecting resin 
substrates compatible with this process as core components. By regulating the molecular 
configuration of multiple monomers, precise control of the rheological parameters of the 
ink can be achieved. Rheological performance testing equipment is used to systematically 
evaluate the kinematic characteristics of the ink, focusing on ensuring its uniform 
transmission during the digital printing process and preventing nozzle blockage. On this 
basis, by optimising the ratio of low-viscosity active monomers to high-viscosity 
crosslinking components, an ink system with adaptive flow characteristics is constructed, 
thereby improving printing stability. At the same time, the introduction of specific 
plasticisers can effectively adjust the intermolecular forces within the ink and improve 
the system’s fluidity. 

To adapt to high-speed screen printing processes, the ink’s surface tension γ must 
match the substrate’s surface energy. By adjusting the ratio of surfactants and wetting 
agents in the ink, the surface tension of the ink is altered to ensure even adhesion to 
different surfaces. By measuring the difference in surface tension between the ink and the 
substrate, the optimised surface tension matching formula is calculated: 

ink substrateγ γ γΔ = −  (1) 

In formula (1), γink is the surface tension of the ink; γsubstrate is the surface tension of the 
substrate; and Δγ represents the surface tension difference between ink and substrate. The 
smaller the absolute value of Δγ, the better the interface wetting. When Δγ approaches 
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zero, the ink can spread uniformly on the substrate surface, thereby improving the pattern 
clarity and adhesion. This parameter is a key indicator for optimising printing suitability. 

The optimised ink ensures good adhesion and clear pattern clarity during the screen 
printing process. To ensure the ink’s excellent hardness and durability during UV curing, 
the photoinitiator content is optimised. By adjusting the photoinitiator ratio, optimising 
the curing efficiency, and ensuring that the ink cures quickly under UV light, a  
high-strength cure can be achieved. After UV light exposure, the crosslinking degree of 
the ink’s resin increases, improving the finished product’s resistance to scratches, 
weathering, and water. 

3.3 Enhanced dynamic response stability 

To improve the stability of innovative, responsive printed materials in hot, humid 
environments, this study uses a nano-interfacial crosslinker to enhance microcapsule 
structural stability and inhibit delamination. The nano-interfacial crosslinker is selected 
and functionalised, enabling it to form a strong chemical bond with the polymer matrix of 
the microcapsule shell via a chemical crosslinking reaction. 

The crosslinked microcapsules are characterised by dynamic thermal analysis and 
TGA. Thermo-gravimetric analysis can calculate the thermal stability of the material 
using the following formula: 

100%Weight lossTGA
Initial weight

= ×  (2) 

In formula (2), weight loss is the mass lost by the sample during heating, and initial 
weight is the initial mass. 

To prevent microcapsule delamination due to heat and humidity, a heat-aging test is 
conducted. The test is conducted under high-temperature, high-humidity conditions to 
ensure the stability of the microcapsules in such environments. The effect of humidity on 
microcapsule delamination can be quantified using the following formula: 

final initialM M MΔ = −  (3) 

In formula (3), ΔM is the mass change of the microcapsules, and Mfinal and Minitial are the 
mass after hygrothermal aging and the mass of the initial state, respectively. The mass 
change reflects the degree of moisture absorption and delamination. 

To maintain the dual response characteristics of temperature and light changes, 
crosslinking treatment helps reduce the material’s response decay after multiple thermal 
cycles. The change of phase transition temperature can be evaluated by dynamic scanning 
thermal analysis, and the phase transition temperature change is calculated using formula 
(4): 

phase final initialT T TΔ = −  (4) 

In formula (4), Tfinal and Tinitial are the temperatures after and before the phase change, 
respectively, ensuring that the crosslinked microcapsules can maintain stable dynamic 
responses under different environmental conditions. 
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To ensure the material’s stability in a complex environment, the surface morphology 
of the microcapsules is observed using a SEM to verify further the uniformity and 
stability of the crosslinked microcapsules’ surface structure. The surface roughness (RMS) 
can be calculated using the following formula: 

( )2

1

1 N
MS ii

R Z Z
N =

= −  (5) 

In formula (5), Zi is the surface height of the i-th measurement point; Z  is the average 
surface height; and N is the total number of measurement points. The surface smoothness 
of the crosslinked microcapsules is further evaluated through calculation. 

To address delamination of microcapsules under hot, humid conditions, it is 
necessary to systematically quantify the regulatory effect of nanointerfacial crosslinkers 
on the material’s intrinsic stability. Table 1 reveals the structure-activity relationship 
between crosslink density and structural integrity by using a gradient of crosslinker 
concentration and designing three key parameter experiments: changes in moisture 
absorption, phase transition temperature drift, and rupture rate. 
Table 1 Relationship between crosslinker addition amount and stability 

Crosslinker 
concentration (wt%) 

Hygroscopic change 
(%) 

Phase transition 
temperature shift (°C) 

Fracture  
rate (%) 

0 8.2 –3.5 25.7 
1 3.1 –1.2 12.3 
1.5 1.5 –0.8 5.4 
2 0.9 –0.3 2.1 

Notes: The fracture rate refers to the percentage of microcapsules with cracks or fractures 
in the shell on SEM images after vibration or aging treatment, based on random 
sampling analysis of at least three fields of view with a total of no less than  
500 microcapsules. 

Table 1 shows the effect of crosslinker concentration on material stability, including three 
key parameters: changes in moisture absorption, phase transition temperature drift, and 
cracking rate. The data show that as crosslinker concentration increases, the change in 
moisture absorption decreases significantly, indicating that crosslinker application 
effectively suppresses changes in material quality during moisture absorption. When the 
crosslinker concentration is 0, the moisture absorption change is 8.2%; at 2 wt%, it drops 
to 0.9%. In terms of rupture rate, increasing the crosslinker concentration increases 
material strength, with the rupture rate dropping from 25.7% to 2.1%, demonstrating that 
the crosslinker significantly enhances the material’s tensile strength. Overall, the 
crosslinking agent increases the crosslink density of the material, thereby enhancing the 
molecular chain’s structural strength, allowing it to exhibit better stability and crack 
resistance in a humid, hot environment, under temperature changes, and under external 
forces. 
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4 Experiment and verification 

4.1 Experimental sample preparation 

During experimental sample preparation, screen printing and ink-jet printing are used, 
depending on the application requirements of the anti-counterfeiting label and the smart 
packaging indicator, respectively. For the screen-printed anti-counterfeiting label, a 
suitable UV-curable ink is selected, and its rheological properties are adjusted to ensure 
smooth, stable spraying during the high-precision printing process. During preparation, 
special attention is paid to controlling the viscosity and curing speed of the ink to ensure 
clear printing, uniform colour, and good adhesion. In the sample preparation for  
ink-jet-printed smart packaging indicators, ink fluidity and ink-jet equipment parameters 
are optimised to meet high-resolution printing requirements. By adjusting the nozzle’s 
jetting frequency, pressure, and other process conditions, the accuracy and consistency of 
the printed pattern on the paper or plastic substrate are ensured. To ensure the accuracy of 
the intelligent response function, temperature- and light-variable response materials are 
selected and embedded in the printing ink to enable dynamic changes in labels and 
indicators across different environments. 

Throughout the sample preparation process, the multidimensional response 
characteristics of the printed material and the printing process’s compatibility are fully 
considered. Through the gradual optimisation of the printing process, the  
anti-counterfeiting labels and smart packaging indicators not only achieve the desired 
anti-counterfeiting effect but also demonstrate excellent stability and dynamic response 
capabilities in practical applications. Samples are tested under specific environmental 
conditions to ensure that the prepared samples maintain their functionality and stability at 
room temperature, in humidity, and under heat. 

4.2 Development of portable detection terminals 

To enhance the portable detection capabilities of intelligently responsive printed 
materials, a portable detection terminal based on a smartphone spectral sensor and a 
dynamic feature recognition algorithm has been developed. The system employs a serial 
architecture, where a CNN first extracts spatial feature maps from spectral images, then 
feeds the high-dimensional feature vectors into an SVM for classification. This design 
balances deep feature extraction capability with robustness in small-sample classification, 
effectively improving the accuracy of distinguishing highly imitated labels. By 
integrating spectral sensors and image processing algorithms, this system enables  
real-time monitoring and identification of temperature- and light-responsive materials. A 
high-precision spectral sensor covering the visible to near-infrared wavelength range is 
used to capture high-resolution spectra of material responses. The sensor is connected to 
a smartphone via its USB port, converting the spectral signal into a digital signal and 
performing preliminary processing. The spectral data processing model uses the Laplace 
transform to suppress signal noise, as shown in the following formula: 

{ }
0

( ) ( )stL f t e f t dt
∞

−=   (6) 
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Using a dynamic feature recognition algorithm and machine learning, we analyse the 
material’s real-time temperature- and light-dependent response characteristics. The 
Laplace transform is mainly used to suppress Gaussian environmental noise (e.g., 
illumination fluctuations and sensor thermal noise) in the spectrum signal because of its 
good smoothing properties in the frequency domain. By normalising the collected 
spectral data, a support vector machine algorithm can be applied to classify and identify 
different response characteristics. The normalisation formula is as follows: 

X μX
σ
−′′ =  (7) 

In formula (7), X is the original data; μ is the mean; σ is the standard deviation; and X′ is 
the normalised data. The SVM-based classification model can accurately classify the 
response signal across different environments, effectively distinguishing true and false 
labels. To enhance detection accuracy, a convolutional neural network is trained to 
recognise image data by combining spectral features and dynamic response models. After 
the image is input, the response features are extracted through multiple convolution and 
pooling layers, and the classification results are finally output. The convolution operation 
formula of the convolution layer is: 

( ) ( * )( ) ( ) ( )y t x w t x τ w t τ dτ
∞

−∞
= = −  (8) 

To ensure the miniaturisation and convenience of the terminal device, the system 
develops an image-acquisition module for a smartphone. This module uses a built-in 
camera and a dedicated light source to capture the label and, using a processing 
algorithm, calculate its colour difference. Under temperature change response, the colour 
difference formula is used to evaluate the response change: 

( ) ( ) ( )2 2 2* * * * *
00 1 1 1 1 1E L L a a b b R CΔ = − + − + − +  (9) 

In formula (9), L*, a*, and b* are the chromaticity, saturation, and brightness components, 
respectively, and ΔE00 is the colour difference, which reflects the visual change of the 
response. By experimentally verifying the responsive material under different lighting 
conditions, an adaptive dimming algorithm is developed to optimise the spectral capture 
accuracy under environmental changes. The following formula can describe the 
relationship between light intensity and signal capture: 

d
signal incidentI I e−= ⋅ α  (10) 

In formula (10), Isignal is the received signal intensity; Iincident is the incident light intensity; 
α is the material absorption coefficient; and d is the light propagation distance. 

4.3 Quantifying the difficulty of imitation of anti-counterfeiting features 

To validate solutions to the environmental tolerance bottleneck in large-scale printing, it 
is necessary to evaluate the impact of high-precision equipment on dynamic response 
consistency. By establishing a five-level equipment gradient model (level 1 basic to level 
5 precision), the correlation between equipment level, operating time, and response 
deviation is quantified. The results are shown in Figure 2. 
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Figure 2 Analysis of imitation difficulty and dynamic response consistency, (a) relationship 
between device level and working hours (b) distribution of device level and response 
consistency deviation (see online version for colours) 

  

Figure 2 reveals the correlation between device level, work duration, and response 
consistency deviation. The response consistency deviation is the relative standard 
deviation of the dynamic response values (e.g., colour difference or spectral peak 
position) across multiple printed samples under the same equipment and process 
conditions, relative to their mean. It is used to measure the stability of the response 
output. The data shows that as the device level increases from level 1 to level 5, work 
duration increases from 6 hours to 15 hours, while the mean response deviation decreases 
significantly from 8.8% to 3.2%. Level 1 devices exhibit significant deviation 
fluctuations, while level 5 devices exhibit a stable, narrowing deviation range of 2.10% to 
4.73%. This reversal confirms the core requirement for high-precision printing: 
equipment stability enables advanced equipment to maintain a consistent response over 
the long-term. This phenomenon stems from two aspects: the synergistic effect of the 
temperature-variable/light-variable dual-chamber microcapsule structure and the  
nano-interface crosslinker, which significantly enhances the material’s wet and hot 
stability, so that the deviation of the level 5 equipment remains stable below 5% during 
15 hours of continuous operation, solving the environmental tolerance bottleneck of 
large-scale printing. The rheological properties of UV ink are optimised to adapt to  
high-speed screen/ink-jet processes. Combined with real-time calibration of the dynamic 
recognition algorithm on smartphones, the equipment deviation fluctuation range is 
compressed from 11.6% at level 1 to 2.62% at level 5, breaking through the technical 
barriers to dynamic response materials in high-precision printing of anti-counterfeiting 
labels. 
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4.4 Dynamic response cycle stability 

Given the risk of response degradation under cyclic stress, it is necessary to compare the 
long-term reliability of the new dual-chamber microcapsules with that of traditional 
materials. Traditional materials refer to single-chamber temperature-sensitive 
microcapsule systems without a double-chamber structure and a nano-crosslinking agent, 
whose shells are composed of ordinary polyurethane with low crosslinking density, 
which are prone to rupture or response attenuation under hot, humid conditions or 
mechanical stress. Through temperature-dependent cycling accelerated aging 
experiments, structural stability (colour difference/cracking rate) and functional 
durability (response time/detection accuracy) are simultaneously monitored. The results 
are shown in Figure 3. 

Figure 3 Comparative analysis of cyclic stability and system performance of innovative  
response materials, (a) comparison of material structural stability and functional 
durability (b) comparison of response efficiency and system performance (see online 
version for colours) 

 

Figure 3(a) compares the structural stability and functional durability of the materials 
through the number of temperature cycles. The colour difference value of the novel 
material steadily increases from an initial 0.09 to 1.56, while the traditional material 
experiences significant fluctuations, reaching a peak near 1.93. The crack rate of the 
novel material remains stable between 1.1% and 4.9%, while that of the traditional 
material is as high as 10% to 25%. Figure 3(b) reveals the difference in response 
efficiency: the temperature-change response time of the new material increases from  
0.47 s to 3.10 s, and the light-change response time increases from 0.19 s to 1.92 s, both 
of which are significantly lower than the traditional material temperature-change 
response time of 0.94 s to 4.90 s and light-change response time of 0.21 s to 2.76 s. The 
detection accuracy of the novel material decreases slightly from 98.1% to 94.8%, while 
that of the traditional material decreases from 85.7% to 73.9%, highlighting the novel 
material’s performance advantage under cyclic pressure. The dual-chamber microcapsule 
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structure isolates the temperature- and light-responsive materials, preventing functional 
crosstalk. The nano-interface crosslinker reduces the breakage rate of the novel material 
and maintains structural integrity by increasing the polymer crosslink density. 

4.5 Portable detection performance verification 

To ensure the adaptability of portable detection systems in complex scenarios, it is 
necessary to examine how sample complexity affects recognition performance. By 
constructing a five-level counterfeit labelling model (from level 1, simple, to level 5, 
high-quality), the correlations among complexity, recognition accuracy, false-positive 
rate, and time consumption are analysed under unified detection conditions. The results 
are shown in Figure 4. 

Figure 4 Analysis of the impact of sample complexity on the performance of portable detection 
systems (see online version for colours) 

 

Figure 4 reveals the significant impact of sample complexity (levels 1–5) on the detection 
system. As complexity increases (from simple level 1 labels to high-fidelity level 5 
labels), the recognition accuracy of novel materials steadily increases from 94.7% to 
97.5%. The false positive rate decreases from 1.8% to 0.7% for novel materials and from 
7.8% to 7.1% for traditional materials. The difference is further highlighted by the test-
time data: the new material takes 2.80 seconds at level 5 complexity, while the traditional 
material takes 2.51 seconds at level 3 and 3.16 seconds at level 5. This performance 
advantage is due to a dual technological innovation: a SVM-CNN hybrid model is used to 
eliminate environmental noise through normalisation. The dual-chamber microcapsule 
structure produces a stable phase-difference signature, which the algorithm accurately 
extracts using a convolutional kernel, reducing the computational effort required to 
identify high-quality counterfeit labels. When processing at level 5 complexity and using 
Laplace transforms for noise suppression, the false positive rate decreases, demonstrating 
the enhanced anti-counterfeiting detection performance achieved through a collaborative 
design of material and algorithm. At the same time, to ensure the universality of the 
portable detection terminal in actual scenarios, its robustness under various 
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environmental conditions must be verified. By setting temperature and humidity 
gradients, light intensity (50 lux), and dynamic scanning conditions, and using traditional 
materials as a control group, the impact of environmental variables on dynamic feature 
recognition accuracy, false positive rate, and detection efficiency is quantified. The 
results are shown in Table 2. 
Table 2 Comparison of environmental adaptability of portable detection terminals 

Environmental 
conditions 

Dynamic feature 
recognition 

accuracy (%) 

 Counterfeit label 
misjudgement rate 
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Detection time (s) 
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Room temperature 
and humidity (25°C, 
50%RH) 

98.7±0.3 85.2±2.1  1.2±0.4 14.8±3.2  0.8±0.1 2.5±0.6 

High temperature 
and high humidity 
(40°C, 85%RH) 

96.5±0.8 72.3±4.7  3.1±0.9 27.5±5.3  1.2±0.3 3.8±1.1 

Low light 
environment  
(50 lux) 

95.2±1.2 68.7±5.2  4.3±1.1 31.2±6.1  1.5±0.4 4.2±1.3 

Fast moving scan 93.8±1.5 60.5±6.8  6.0±1.8 39.7±7.4  0.9±0.2 3.5±0.9 

Table 2 shows that at 25°C and 50% relative humidity, the new material’s dynamic 
feature recognition accuracy is 98.7±0.3%, higher than the 85.2±2.1% of the traditional 
material. The false-positive rate for counterfeit labels is 1.2±0.4%, compared with 
14.8±3.2% for the traditional material. The detection time for the new material is  
0.8±0.1 seconds. This demonstrates that the new material can maintain high recognition 
accuracy even in extreme environments such as high temperature, high humidity, and low 
light. Traditional materials exhibit significant performance fluctuations under 
environmental stress, leading to higher false-positive rates and longer detection times. 
The new material also shows high efficiency in fast-motion scanning tests, highlighting 
its advantages in efficient, high-precision anti-counterfeiting recognition scenarios. 

4.6 Packaging service environment tolerance 

To meet the application needs of innovative packaging in extreme environments, such as 
cold chains, it is necessary to evaluate the performance evolution of materials under 
conditions of damp-heat aging and sudden temperature changes. By simulating 
accelerated damp-heat aging for 0 to 96 hours and performing dual-stress field tests with 
1 to 5 cold-chain cycles, the material’s response threshold drift and colour retention rate 
are monitored. The cold cycle refers to the alternation between –18°C (frozen) and 4°C 
(refrigerated). Each cycle lasts 12 hours, for a total of five cycles, to simulate the typical 
temperature fluctuations encountered in cold chain transportation of fresh food and to 
evaluate the colour stability of materials in practical applications. The results are shown 
in Figure 5. 
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Figure 5 Comparison of material environmental tolerance under wet heat aging and cold chain 
cycle (see online version for colours) 

 

Figure 5 shows the effects of the damp-heat aging time (0–96 hours) and the number of 
cold chain cycles (1–5) on material performance. During damp-heat aging, the response 
threshold drift of the new material gradually increases from an initial 0.04°C to 0.30°C, 
whereas the traditional material increases dramatically from 0.20°C to 0.75°C. In the cold 
chain cycle data, the colour retention rate of the new material reaches a peak of 91.52% 
in the second cycle and remains at 83.33% in the fifth cycle; the traditional material drops 
from 86.64% to 82.61%, and reaches the lowest value of 82.18% in the fourth cycle, 
indicating that it is not stable enough when the temperature changes suddenly. This 
difference stems from the crosslinking agent’s strengthening effect. The dense network 
formed by the crosslinking agent on the microcapsule’s surface reduces the new 
material’s water absorption rate. It effectively inhibits the expansion and deformation 
during wet heat aging. The dual-chamber microcapsule structure provides synergistic 
protection, and the uniform dispersion of the photovariable fluorescent dye within the 
crosslinked polymer matrix ensures that the colour retention rate during the cold chain 
cycle is consistently higher than that of traditional materials. During the fifth cold cycle, 
the new material maintains colour stability through the phase-change temperature 
compensation mechanism. In contrast, the traditional material suffers from irreversible 
structural degradation due to phase-change temperature drift. 

To verify the effectiveness of intelligent, responsive materials in real cold-chain 
packaging scenarios, this study designs a food freshness indicator experiment based on 
temperature- and light-responsive materials. Fresh salmon fillets, a representative of 
perishable cold chain foods, are selected as the test subject. Indicator labels incorporating 
the novel innovative response material are affixed to salmon packaging bags. The entire 
experiment is conducted in a simulated cold chain environment (4°C). Samples are 
collected at 0 hours (initial), 24 hours, 48 hours, 72 hours, and 96 hours. At each time 
point, TVB-N content determination and label colour reading were performed 
simultaneously on the same packaging sample to ensure data consistency. Food spoilage 
indicators: The total volatile elemental nitrogen (TVB-N) content of salmon is measured 
using national standard methods as a key chemical indicator for objectively evaluating 
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freshness (TVB-N ≥ 20 mg/100g generally indicates spoilage). The relevant changes are 
shown in Figure 6. 

Figure 6 Relationship between the colour change of the smart response indicator label and the 
TVB-N value of salmon (see online version for colours) 

 

As shown in Figure 6, the TVB-N value of salmon increases with storage time, reaching 
32.0 mg/100 g at 96 hours, indicating significant spoilage. At the same time, the colour 
difference ΔE00 of the smart indicator label also shows a regular increase. When the 
TVB-N value exceeds 32 mg/100 g, the label’s ΔE00 reaches 6.8, and the colour change is 
significant enough for consumers to identify as a ‘stale’ signal intuitively. The current 
ΔE-TVB-N correlation is based on salmon data, and because of differences in metabolic 
pathways involved in food spoilage, this mapping lacks universal applicability. However, 
this smart label can achieve customised freshness indication by calibrating the critical 
TVB-N thresholds for different foods. 

To address the mechanical vibration risks during packaging and transportation, it is 
necessary to evaluate the failure behaviour of materials under continuous vibration. Using 
traditional materials as a benchmark, a 12–48-hour step-vibration test is conducted to 
monitor mechanical tolerance indicators, including failure rate, colour change, and 
microcapsule rupture rate. The results are shown in Table 3: 

Table 3 presents data on the packaging material’s tolerance to mechanical vibration, 
including failure rates, colour variations, and microcapsule rupture rates for the new and 
traditional materials at different vibration durations. After 12 hours of vibration, the 
failure rate for the new material is 1.2±0.3%, lower than the 15.3±2.1% for the traditional 
material. The comparison of colour difference changes and microcapsule rupture rates 
also shows the advantages of the new material in these two indicators: 0.8±0.2 % and 
0.5±0.1%, respectively, compared with 3.5±0.7 % and 8.7±1.3% for traditional materials, 
indicating that the new material has better stability and tolerance to vibration. The 
microcapsules and overall structures of traditional materials may not withstand long-term 
vibration effectively, leading to a higher failure rate and greater colour differences. In 
addition, as vibration duration increases, the rupture rate of traditional materials rises 
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sharply. In contrast, the new material effectively resists vibration-induced microcapsule 
damage, demonstrating better vibration tolerance, especially in packaging applications, 
where it can provide higher reliability and safety. 
Table 3 Mechanical vibration tolerance of packaging materials 

Vibration 
duration 
(h) 

Failure ratio (%) 
 

Colour difference  Microcapsule rupture 
rate (%) 

New 
material 

Traditional 
material 

New 
material 

Traditional 
material 

New 
material 

Traditional 
material 

12 1.2±0.3 15.3±2.1  0.8±0.2 3.5±0.7  0.5±0.1 8.7±1.3 
24 3.8±0.7 28.6±3.5  1.5±0.3 5.2±1.1  1.2±0.3 15.2±2.4 
48 7.5±1.2 42.1±4.8  2.3±0.5 7.8±1.6  2.0±0.5 24.3±3.1 

4.7 Printing process compatibility assessment 

To adapt to high-speed screen/inkjet printing processes, it is necessary to understand how 
printing resolution affects material suitability. By setting a DPI gradient (100–500), the 
changing trends of dot gain (printing accuracy) and ink adhesion (printing durability) in 
the two processes are measured. The results are shown in Figure 7. 

Figure 7 Effect of printing resolution on material printability (see online version for colours) 

 

In Figure 7, the horizontal axis represents dots per inch (DPI), ranging from 100 to 500. 
The vertical axis shows the dot gain and ink adhesion of the two materials. For dot gain, 
the new material consistently shows lower values than the traditional material, indicating 
that it can better control print quality at high resolutions. As DPI increases, the dot gain 
rate of the new material gradually increases from 10.1% to 15.3%. In comparison, the 
traditional material shows a larger increase, from 12% to 18.8%, indicating that the 
printing effect of the new material at different resolutions is more stable and refined. In 
terms of ink adhesion, the adhesion of the new material is always higher than that of the 
traditional material. As the DPI increases, ink adhesion decreases slightly from  
4.85 g/cm2 to 4.55 g/cm2, while the traditional material’s adhesion decreases from  
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4.4 g/cm2 to 3.9 g/cm2. Overall, the new material outperformed traditional materials 
during printing, with more stable print quality, particularly at high resolutions. The new 
material also exhibited lower dot gain, indicating greater resistance to diffusion and better 
control over ink distribution on the paper surface. In terms of ink adhesion, the new 
material’s higher adhesion indicates it bonds more effectively with the paper surface 
during printing, reducing ink peeling and improving printing quality. 

5 Conclusions 

This study successfully breaks through the technical bottleneck of large-scale application 
of intelligent responsive printing materials through innovations in material design, 
process optimisation, and system integration. At the material design level, the 
introduction of a dual-chamber microcapsule structure with temperature- and  
light-dependent responses has achieved the synergistic effect of multidimensional 
dynamic responses. The application of nano-interface crosslinkers significantly enhances 
the material’s structural stability in hot, humid environments, resolving conflicts between 
environmental tolerance and material performance. In terms of process optimisation, 
precise control of the rheological properties of UV inks enables adaptation to the needs of 
high-speed screen/ink-jet printing, providing key technical support for large-scale 
production. In terms of system integration, the portable detection terminal based on 
smartphone spectral sensing and a dynamic recognition algorithm effectively bridges the 
gap between anti-counterfeiting characteristics and detection technology. The UV ink 
used in this scheme is a water-based system, which does not contain volatile organic 
solvents. The microcapsule synthesis uses emulsion polymerisation at room temperature, 
which offers low energy consumption, high yield, strong green manufacturing potential, 
and a large-scale cost advantage. 
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