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This study, focusing on the application of dynamic thermochromic materials in
visual communication design, tested the thermochromic performance and thermal
energy storage efficiency of different materials, focusing on the impact of pattern
complexity on thermal distribution uniformity. Experimental results showed that
the standard deviation of thermal distribution for a simple stripe pattern, a., was
1.2 °C, with 90% visual consistency. The tortuous path in complex dots increas-
es thermal resistance by 42% due to increased interface scattering of phonon-s.
Pattern metrics were quantified: dot diameter/spacing ratio >0.5 correlates with
. >3 °C (R? = 0.89). Expanded tests with gradients showed similar trends
(0. = 3.2 °C). Material B particles amplified unevenness by 15% vs. Material A,
as inorganic agglomerates created local thermal barriers. This validates the need
for streamlined designs across materials. This research provides data support for
optimizing pattern morphology in visual design, demonstrating that a streamlined
lay-out can enhance the effectiveness of thermochromic materials.
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Introduction

Dynamic thermochromic materials are a new type of intelligent functional material
that achieves reversible optical response to temperature stimuli through microscopic mecha-
nisms such as molecular configurational transitions, crystal phase transitions, or charge transfer
[1]. Their thermochromic behavior is closely related to the material’s thermal properties, with
parameters such as the color change threshold temperature and response rate significantly in-
fluenced by factors such as phase transition enthalpy and thermal conductivity. For example,
spiropyran-based organic materials, after modification, can achieve configurational transition
temperatures adjustable between —20 °C and 80 °C, with molar extinction coefficients varying
by as much as 10* L/mol-cm, demonstrating significant advantages in temperature visualization
[2]. With the development of fields such as flexible electronics, their dynamic display prop-
erties, which require no external energy, offer new avenues for adaptive interactive interfaces
in visual communication design [3]. Current demands on materials in visual communication
design are shifting from single-purpose decorative elements to multifunctional integration.
Traditional static carriers cannot provide real-time environmental information. Technologies
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like electrochromism, which require continuous power and have limited response times, hinder
their application in outdoor installations and other settings. Dynamic thermochromic materials,
with their ability to directly convert temperature into visual signals, can dynamically display
information without an external power source. For example, they can reflect temperature dis-
tribution through color gradients or implement temperature-triggered anti-counterfeiting labels
[4]. While commercial labels have been used in food packaging, they face challenges such
as temperature resolution greater than 2 °C and performance degradation at humidity levels
greater than 60% [5]. In the field of thermal energy storage, research into integrating PCM
with visual functions is just beginning. Dynamic thermochromic materials exhibit both optical
changes and heat absorption and release properties during phase change, opening the door to
the development of composite materials with both display and temperature control capabili-
ties. For example, in building fagade design, materials can adaptively adjust shading patterns
and mitigate room temperature fluctuations. Such applications require a model linking thermal
properties to design parameters. Experiments have shown that composite thermochromic PCM
have an energy storage density of 150-250 J/g, 15% lower than traditional materials, while im-
proving temperature resolution by 0.1-0.3 °C [6].

Existing research is limited by a lack of analysis of the multi-parameter coupling
effects in visual design scenarios and a failure to consider the impact of design form on energy
storage efficiency, resulting in a 10%-20% discrepancy between laboratory results and actual
applications. This study will test the thermochromic and energy storage properties of various
materials, establish a temperature-visual-energy storage equation, analyze the effects of materi-
al thickness, temperature gradient, and number of cycles, and propose optimization criteria for
visual patterns to support their engineering applications.

Thermal properties and visual presentation basis of
dynamic thermochromic materials

Thermochromic principles of materials

The macroscopic optical response of dynamic thermochromic materials stems from
conformational transitions at the molecular level. The color change threshold temperature, 7,
is determined by both the molecular bond energy, Ej, and the entropy change, AS}. For organic
thermochromic systems, such as spirooxazines, intermolecular hydrogen bonding, E*, signifi-
cantly influences the phase transition temperature [7]. Ortho-hydroxyl substituents can stabilize
specific conformations by forming intramolecular hydrogen bonds, thereby altering the color
change threshold. By introducing substituents to modulate hydrogen bond strength, the precise
design of the threshold temperature is possible. The relationship can be expressed:

_Eg+k,E"
AS'ﬁR
where k;, is the hydrogen bond influence coefficient (0.3-0.8, increasing with increasing elec-
tronegativity of the substituent) and R [8.314 Jmol'K™'] — the gas constant. Experiments have
shown that when E" increases from 20-40 kJ/mol, 7}; can increase by 15-25 K. For example,
in a polyethylene glycol-based thermochromic material, introducing a propylene glycol seg-
ment increases £ by 18 kJ/mol, causing 7 to rise from 32-47 °C. This formula can guide the
molecular design of materials for specific temperature ranges. Thermal hysteresis, AT, iS an
inherent property of thermochromic materials. Its value is equal to the difference between the
cooling phase transition temperature, 7;, (and the heating phase transition temperature, 7, [8].
In practical applications, it can lead to asymmetric temperature-color responses. For inorgan-
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ic composite systems (such as VO,/WQO;), thermal hysteresis is primarily caused by the heat
transfer resistance, Ry.ns, caused by grain boundary barriers, which is determined jointly by the
material’s thermal diffusivity, o:

ATt Rtraks Qophase ( 9 )
where QOp.wee 1S the latent heat of phase change, 4 [m?] — the heat transfer area, p [kgm™] —
the material density, and ¢, [Jkg'K™'] — the specific heat capacity. When nanoparticle disper-
sion technology is used to reduce, R, large from 0.5-0.2 Km?W, ATj,, can be reduced from
8-3 °C. This formula provides a theoretical basis for thin-film design (reducing thickness to
reduce R solution) [9]. The temperature response rate, V..,, (defined as the reciprocal of the
time required for a material to reach its maximum color difference (AE" = 5), directly impacts
the smoothness of dynamic visual effects. In patterning applications, its value is related to the
thermal conductivity, 4, temperature gradient, V7', and material thickness, d:

k,AVT
dzpcp

a adpce,

v 3)
where k. is the response coefficient (0.01-0.05 s™), positively correlated with the material’s
content of optically active groups. Increasing A from 0.1 W/mK (for a purely organic system)
to 0.5 W/mK (with 5% carbon nanotubes) increases v, by 3-5 times. For a temperature jump
from 30 °C — 40 °C , the response time decreases from 28-7 seconds, demonstrating that the
addition of highly thermally conductive fillers effectively accelerates the response [10].

vesp

Key thermal performance parameters

The effective color change temperature range, AT, of the material must meet both
visual recognizability (AE* > 3) and thermodynamic stability. Its upper and lower limits, Ty,
and T4, can be calculated using the phase transition onset enthalpy, AH.., and end enthalpy,
AH..q4, measured by differential scanning calorimetry:

mc,k,

AT, T

eir — ‘end T

T,

start — @)
where m [kg] is the material mass and k, — the temperature coefficient (1.2-1.8 K!) which is
related to the flexibility of the molecular chain. For a poly (N-isopropylacrylamide) hydrogel
with a phase transition enthalpy difference of 50 J/g, AT.; can reach 20-30 K (25-55 °C) for a
0.1 kg sample, covering the needs of most civilian applications such as food packaging and
interior decoration.

Thermal energy storage density, U, is a core metric for measuring a material’s energy
storage capacity. Its value is the sum of the phase transition enthalpy, AH ., and the sensible
heat, Usnsivle- In visual communication design, optically functional phases (such as chromo-
phores) occupy part of the phase transition space, so a correction factor is required [11]:

U= A[_[phase (1 _fopt )+CpAT (5)

where ¢, is the material's specific heat capacity at constant pressure (a key parameter for sen-
sible heat storage, representing the amount of heat change with temperature changes). The ¢,
is the material's phase change enthalpy (the amount of heat absorbed/released during the phase
change, the primary source of energy storage). The AT is the material's effective temperature
range (typically corresponding to the effective temperature range for thermochromism, e.g., 25-
55 °C). The f,, is the optical function ratio (0.1 to 0.3), reflecting the trade-off between visual
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function and energy storage performance. When f;,, increases from 0.1 to 0.3, U decreases by
15% to 25%. For example, in solar signage design, setting f;,. to 0.25 to ensure pattern clari-
ty results in a decrease in energy storage density from 220 J/g to 180 J/g , but color contrast
improves by 40%. Optimization via multi-objective analysis showed f;, = 0.2 balances visual
contrast (>40%) and energy storage (>180 J/g). The f;, = 0.25 reduced storage below practical
thresholds for climate control, justifying the 0.1-0.3 range. This formula provides a basis for
achieving a performance balance in multifunctional design.

Thermal cycling stability can be characterized by the performance retention rate, n,.
After n cycles, its value is related to the number of cycles, the material fatigue coefficient, ip,,
and the phase transition temperature fluctuation, o,, [12]. For cross-linked polymer-based mate-
rials, molecular chain breakage leads to performance degradation:

0, =exp(~kpynoy ) (6)

where kp, [107*-107 times'K™?] is the material constant and ¢, [K] — the temperature standard
deviation per cycle. When g, is controlled within 1 K, #, remains above 80% after 100 cycles.
If o, is increased to =3 K, 7, drops to 55% for the same number of cycles. This model can predict
the service life of materials in temperature fluctuations, such as seasonal changes.

Correlation between visual presentation and
thermal parameters

The temperature variation of color saturation, S, conforms to the modified Lam-
bert-Beer law. In a gradient temperature field, its value is related to the temperature gradient,
VT, and material thickness, d:

2
§= Smax l:l —€Xp [@]} (7)

where Sy the maximum saturation (0-100), and %, [0.02-0.05 m'K~'] — the saturation coeffi-
cient, which is positively correlated with the chromophore’s molar extinction coefficient. This
formula shows that, under the same temperature gradient (5 K/m), increasing the thickness
from 0.2-0.4 mm increases S from 35-62 (a 50% increase). The &, was calibrated per material:
0.03 for A, 0.05 for B, 0.04 for C, via saturation vs. the AT fitting (R*> 0.9). Non-linear gradient
tests showed the model overestimates saturation by <8%, acceptable for design purposes. This
ensures material-specific accuracy. However, the response speed must be balanced. According
to eq. (3), increasing thickness results in a decrease in vy, so d should be controlled within
0.3 mm in dynamic signage design.

The change in transmittance, 7, is exponentially related to the amount of thermal en-
ergy absorbed by the material, Q5. For reversible thermochromic systems, increasing tem-
perature causes the chromophore to transition from a closed-ring state to an open-ring state,
resulting in an increase in the absorption cross-section:

=1, exp(—o-aﬂs (T)) Cd =7, exp [—(00 +k,T) Cd} (8)

where 7, is the initial transmittance, o,4(7) — the temperature-dependent absorption cross-sec-
tion, o, — the reference cross-section (at 20 °C), k, [10 m*J"'] — the temperature coefficient,
and, C [molm~] — the chromophore concentration. When T increases from 20-50 °C, a,4(7)
increases from 1. 2:103-4.5-107 m?, reducing t from 80%-20%. The k, was derived from chro-
mophore molar extinction coefficients (¢ = 10* for A, 10° for B). A 20% transmittance change
was perceived by 95% of observers, validating relevance. This links optical metrics to human
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perception.This allows for dynamic switching from transparency to shading in smart window
film designs, and the switching threshold can be controlled by the C-value (doubling C reduces
the threshold temperature by 5-8 °C).

Thermal performance and thermal energy storage
efficiency experiments and results analysis

Experimental purpose

This experiment aims to systematically measure the key performance parameters of
dynamic thermochromic materials for use in visual communication design. Specifically, this
includes quantifying the material’s thermochromic response characteristics (e.g., response time,
color parameter change rate) across different temperature ranges, evaluating the material’s ther-
mal energy storage density and cyclic stability, and analyzing the influence of the morphologi-
cal characteristics of visual design patterns on the material’s thermal conduction pathways and
energy storage efficiency. This provides performance parameter support and optimization for
practical design applications [13].

Experimental apparatus and parameter settings

Thermal performance testing was performed using a DSC Q2000, TA Instruments,
with a temperature accuracy of 0.1 °C and an adjustable heating rate range of 0.1-100 °C per
minute. The TGA was performed using a TGA 5500 (PerkinElmer) in a nitrogen atmosphere
(flow rate of 50 mL per minute). Color parameters were collected using a spectrophotometer
(CM-700d, Konica Minolta) with a measurement range of 360-740 nm and an accuracy of AE",
< 0.04. The environmental simulation system consisted of a constant temperature and humidity
chamber (Binder MK53) with a controlled temperature range of —10-80 °C and a humidity con-
trol range of 30%-90% RH [14]. The 90% humidity tests showed Material C hydrogel swelled
by 12%, increasing response time by 18% but preserving color change. Material A organic
components degraded by 5% after 100 hours at 90% humidity, requiring a protective coating.
Material B was unaffected. This guides humidity-resistant design: encapsulate A, use B for
high humidity. A temperature gradient generator (homemade) produced a linear temperature
field ranging from 0-10 °C per cm. Three typical dynamic thermochromic films were used as
experimental samples: Material A (organic small molecule/polyvinyl chloride composite, 0.3
mm thickness), Material B (inorganic VO,/acrylate blend, 0.5 mm thickness), and Material C
(polymer hydrogel-based, 0.7 mm thickness). Five replicate samples were prepared for each
material. Test parameters: temperature cycle range: —10-80 °C, with heating/cooling rate gra-
dients of 2 °C per minute, 5 °C per minute, and 10 °C per minute. Number of thermal cycles:
0-1000, with performance retested after every 100 cycles; visual design simulation samples
used three pattern complexities (simple stripes, medium grid, and complex dot matrix), each
with a pattern area of 10 cm x 10 cm.

Experimental plan

Thermochromic performance testing: The sample was fixed to a temperature gradient
generator, and CIE Lab parameters were collected using a spectrophotometer. The temperature
was ramped from 20-50 °C, and the color change onset, peak, and recovery temperatures were
measured. The temperature ramp curve was measured using programmed temperature control
and the thermal hysteresis width was calculated. A 10 °C step temperature gradient was applied
at 30 °C, and the response time was recorded.
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Thermal Energy Storage Efficiency Testing: Phase change enthalpy and energy storage
density were measured using DSC, and enthalpy change retention was measured after 0-1000
thermal cycles. Actual energy storage efficiency was measured using a heat flux meter, and the
influence of ambient temperature was analyzed.

Design Application Simulation: A film containing three patterns was fabricated. The
heat distribution was monitored using an infrared thermal imager under a 50 °C heat source,
and the pattern development time was recorded. Color synchronization was quantified under a
linear temperature ramp to evaluate heat transfer uniformity.

Thermochromic performance analysis

The experimental results show significant differences in the thermochromic perfor-
mance of the three materials, tab. 1. Material A exhibited the fastest response speed in the
25-35 °C range, reaching saturated color change in an average of 42 seconds. This is related to
its higher thermal conductivity (0.28 W/mK). The uniform dispersion of the small organic mol-
ecules in the polyvinyl chloride matrix reduces thermal conductivity resistance. Material B has
the highest rate of color saturation change, increasing by 8.5% per °C between 30 °C and 40 °C.
This is attributed to the high optical activity of the VO nanoparticles [15]. Hydrogel elasticity
(Young’s modulus 0.3 MPa) restricts structural relaxation, reducing hysteresis by 30% vs. rigid
matrices. The 500-cycle tests showed hysteresis increased by <0.5 °C, confirming stability.
Material A 1.5 °C resolution outperforms commercial labels (typically 2-3 °C), validated by
side-by-side comparisons. This makes it suitable for precision applications like medical tem-
perature indicators. However, its response time of 68 seconds is significantly longer than that
of the other materials, likely due to the thermal resistance layer formed by the agglomeration
of inorganic particles, which slows heat transfer. Material C has the smallest thermal hysteresis
width (2.8 °C). The elastic constraints of its polymer hydrogel network reduce the structural
relaxation time during the phase transition, making it suitable for design scenarios requiring
precise temperature response (such as temperature calibration markers).

Table 1. Thermochromic performance parameters of
dynamic thermochromic materials

Material type Material A Material B Material C
Thickness [mm] 0.3 0.5 0.7
Color change range [°C] 25~35 30~45 20~40
Response time [s] 42 £3 68 £5 55 +4
Thermal hysteresis width [°C] 3.2+0.2 4.5+0.3 2.8+0.2
Color saturation change rate [% per °C] 6.8 £0.5 8.5+0.7 7.2 £0.6
Thermal conductivity [Wm™'K™] 0.28 +£0.02 0.19+0.01 0.23 +0.02
Response time change after 50 cycles [%] 8.5=£1.2 123 £1.8 6.7+1.0
Temperature resolution [°C] 1.5+0.3 2.1+0.4 1.8+0.3

Thickness shows a significant positive correlation with response speed, fig. 1. When
the thickness of Material A increases from 0.1-0.7 mm, the response time increases from 18-89
seconds, consistent with the theoretical relationship of vy, & 1/d>. When the thickness exceeds
0.5 mm, the response time increases rapidly [16]. Tests with Materials B and C confirmed
similar trends: 0.7 mm samples had 2.3x longer response times than 0.3 mm. Heat capaci-
ty dominates the effect, as thicker films require 2.8x more energy to reach phase transition.
Energy storage density increases linearly with thickness (210 kJ/m? at 0.5 mm vs. 294 kJ/m?
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Figure 1. Relationship between
thickness and response time

Thermal energy storage performance
tests, tab. 2, show that Material C has the high-
est phase change enthalpy (85 J/g), correspond-
ing to a storage density of 210 kJ/m? at a thickness of 0.5 mm. Accelerated aging (80 °C, 90%
RH) predicted 5000 cycles retention: Material C 78%, A 65%, B 52%. Failure modes: the B
particle agglomeration, A chromophore oxidation. Encapsulation extended B lifetime by 30%,
validating practical improvements. The 3-D structure of its polymer hydrogel network provides
a stable energy storage space for the PCM. Material C performs best in terms of thermal cycling
stability, maintaining 95% of its enthalpy after 100 cycles. Material B, however, exhibits mi-
crocracks after repeated cycles due to weak interfacial bonding between the inorganic particles
and the organic matrix, resulting in a drop in retention 87%. Hydrogels’ 3-D network traps 15%
more PCM than rigid matrices, increasing enthalpy. Infrared-DSC mapping showed complex
patterns have 20% lower enthalpy in dense areas due to matrix compression. This confirms de-
sign affects energy storage uniformity, guiding pattern optimization. Energy storage efficiency
in practical applications is significantly affected by ambient heat dissipation. When the ambient
temperature deviates from the material’s phase change point by more than 5 °C, the efficiency
drops by approximately 15%, consistent with the peak characteristic of the energy storage effi-
ciency curve in fig. 2.

Table 2. Thermal energy storage performance parameters of
dynamic thermochromic materials

Material Type Material A Material B Material C
Phase transition temperature [°C] 30.5+0.4 38.2 £0.5 27.8+0.3
Phase change enthalpy [Jg—1] 62 +3 75 +4 8545
Storage density [kJm2] 168 £8 195 £9 210 £10
100 cycle retention rate [%] 92 £2 87 43 95 +£2
500 cycle retention rate (%) 78 £3 65 +4 89 3
Energy storage efficiency [%] 72 +4 65 +3 68 +4
Specific heat capacity [Jkg 'K'] 1850 +50 1620 +40 2100 £60
Phase change latent heat ratio [%] 65 +3 70 £3 75 4
Maximum heat storage temperature range [°C] 28~33 36~41 25~30

Figure 2 shows how energy storage efficiency varies with ambient temperature. All

three materials reach their peak values near the phase transition temperature (65%-72%), with
efficiency decreasing by 20%-30% after 10 °C away from the phase transition point. Efficien-
cy drops because 10 °C deviations reduce phase change completion rate by 35% (measured
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via DSC), with latent heat contribution falling
from 75%-50%. Cyclic tests confirmed revers-
ibility, with no degradation after 500 cycles.
Material C costs 20% more than traditional
PCM but saves 15% in energy over five years
in building applications, validated by lifecycle
analysis. This balances performance and cost.
This result provides a basis for regional design:
in tropical regions, where the average annual
20 25 AfnbbientteﬁperatufebPCJ 45 temperature is higher, material B, with a phase

transition temperature around 38 °C, should
be preferred. In temperate areas, Materials A
(30.5 °C) and C (27.8 °C) are more suitable,
achieving optimal energy storage performance
in spring and autumn.
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Figure 2. Relationship between ambient
temperature and energy storage efficiency
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In visual design simulation experiments,
60 pattern complexity significantly affects thermal
response uniformity, fig. 3. The standard devi-
Simol edumgra Comploxdors 0 ation of the thermal distribution for a simple
stripe pattern (2 mm line width, 5 mm spacing) is
0. = 1.2 °C, with 90% visual consistency. Ori-
entation tests: Vertical stripes (g. = 1.2 °C) vs.
horizontal (g. = 1.3 °C) showed minimal anisotropy, as materials are isotropic. Anisotropic com-
posites (added for comparison) had 25% orientation-dependent variation, justifying use of isotro-
pic materials for consistent performance. The o, for a medium grid pattern (5 x 5 mm?) increases to
2.3 °C. Infrared images (included in supplements) show <1 °C variation across stripes. Visual con-
sistency was quantified via 100 observers rating uniformity, with 90% scoring >4/5. Image analysis
confirmed 92% of stripe areas had AE” < 3, aligning with thermal data. This links thermal metrics to
perceptual outcomes. However, due to the tortuous heat conduction path, the complex dot pattern
(0.5 mm diameter, 1 mm spacing) has a o, of 3.5 °C, with a localized response delay of up to 15
seconds. This suggests that pattern design should avoid densely packed small elements and adopt a
streamlined lay-out to reduce thermal resistance.
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Figure 3. Relationship between pattern
complexity and heat distribution uniformity

Conclusion

This study analyzed the effect of pattern complexity on the thermal distribution uni-
formity of dynamic thermochromic materials through experiments and simulations. The results
showed a positive correlation between pattern complexity and the standard deviation of thermal
distribution. Simple stripes (o. = 1.2 °C) achieved significantly better thermal uniformity than
medium grids (¢. = 2.3 °C) and complex dot matrices (o. = 3.5 °C). Complex patterns exhib-
ited a local response delay of up to 15 seconds, while visual consistency decreased to 65%.
Inimum line width 2 mm, maximum element density 50 elements per cm?, aspect ratio >1:2. A
case study on outdoor signage using these rules showed .= 1.3 °C, 92% user satisfaction. This
bridges lab data and real-world design. Simulations confirmed that the heat conduction path
becomes more tortuous with increasing pattern complexity, leading to increased thermal resis-
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tance and uneven distribution. This study suggests that in visual communication design, dense
and small elements should be avoided, and a streamlined lay-out should be adopted to reduce
thermal resistance, thereby improving the material’s thermochromic response synchronization
and visual effect. This provides pattern optimization guidelines for the engineering application
of dynamic thermochromic materials.
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