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ABSTRACT

The development of self-healing materials is essential for advancing sustainable and durable technologies in fields such as soft robotics, wearable devices, and
protective coatings. Polyurea (PU) and thermoplastic polyurethane (TPU) elastomers are particularly promising due to their combination of mechanical robustness,
flexibility, and industrial processability. In this study, a PU/TPU elastomer was synthesized via the incorporation of polyurea/urethane segments into a commercial
TPU matrix, producing a material with a dynamic, hydrogen-bonded network. FTIR analysis confirmed the presence of reversible interactions between urethane and
urea groups, which underpin the material's intrinsic self-healing capability. The optimized PU/TPU formulation exhibits exceptional mechanical performance, with a
tensile strength of 22.55 MPa, elongation at break of 872%, and toughness of 106.45 MJ m™>. Thermal self-healing tests at 120 °C demonstrated rapid recovery of
mechanical properties, achieving healing efficiencies of 34.4%, 76.8%, and 84.2% after 2, 5, and 10 min, respectively. Cyclic tensile tests confirmed the durability
and repeatability of self-healing behavior over multiple loading cycles. At the same time, optical microscopy and stress-relaxation experiments provided insight into
the kinetics of bond reformation and chain reorganization. These results highlight the potential of PU/TPU elastomers as high-performance, self-healing materials

that combine mechanical toughness, extensibility, and rapid repair.

1. Introduction

In recent years, the development of self-healing materials has gained
importance in material science, driven by the increasing demand for
durable, sustainable, and efficient materials across a wide range of in-
dustries [1-4]. Among the most promising candidates for self-healing
applications are polyurea (PU) and thermoplastic polyurethane (TPU)
elastomers, which combine excellent mechanical properties, flexibility,
and industrial versatility [5-7]. However, despite these remarkable
qualities, these materials face a critical challenge: their ability to repair
the damage while retaining mechanical integrity in an autonomous
manner [1,8]. This challenge raises a fundamental question in materials
engineering: how can robust mechanical performance be reconciled
with effective self-healing functionality?

Although a wide range of self-healing polymers based on dynamic
covalent or supramolecular interactions, such as Diels-Alder reactions or
hydrogen bonding, have been reported, these materials frequently suffer
from reduced mechanical robustness, thermal stability, or chemical
resistance when compared to their commercial counterparts [9].
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Commercial thermoplastic polyurethanes offer an attractive plat-
form due to their excellent mechanical strength, processability, and in-
dustrial scalability. However, their proprietary and fixed molecular
architecture hinders direct molecular redesign. To bridge this gap,
recent strategies have shifted from backbone modification toward the
functionalization of commercial TPUs through the in-situ formation of
secondary dynamic architectures. In this context, the incorporation of
supramolecular polyurea domains within a TPU matrix enables the
introduction of self-healing functionality via reversible interactions
while preserving the intrinsic mechanical integrity of the host polymer
[10-13].

A key factor influencing the self-healing potential of these materials
is the choice of diisocyanate used in their synthesis. Diisocyanates play a
crucial role in determining the packing density of the hard segments,
which, in turn, affects both the mechanical performance and the self-
healing ability of the material. Bulky alicyclic isophorone diisocyanate
(IPDI), for instance, has been shown to facilitate looser packing, thereby
enhancing the self-healing potential compared to linear aliphatic dii-
socyanates [14]. This variability in packing density also influences the
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formation of hydrogen bonds (HB), one of the most widely studied
intrinsic mechanisms for self-healing in elastomers. The ability of
hydrogen bonds to form and reform allows for the reorganization of
polymer chains, facilitating the self-repair of damage and thereby aiding
in the recovery of the material's mechanical properties [15].

In addition to hydrogen bonds, thermal activation has emerged as a
critical mechanism for self-healing in elastomers. These materials un-
dergo a physical or chemical transformation that enables the recovery of
damaged regions upon thermal activation. This process involves the
reversible breaking and reforming of bonds at elevated temperatures,
which aids in restoring material integrity. Thermal activation acceler-
ates the healing process by enabling localized heating, which enhances
the mobility of polymer chains and promotes the reorganization of
hydrogen bonds [16]. This thermal activation mechanism offers a dy-
namic and efficient method for activating self-healing, allowing the
material to recover its mechanical properties [2].

Although research on self-healing elastomers has predominantly
focused on polyurethane, polyurea emerges as an alternative due to its
simple, fast synthesis and less stringent atmospheric control re-
quirements, as well as the use of widely available precursors such as
polyetheramines [14]. For instance, Zhang et al. [8] demonstrated the
synthesis of a transparent, elastomeric self-healing polyurea with an
elongation of up to 2000%, but with relatively low tensile strength,
1.6 MPa. Strategies such as combining polyurea with commercial TPU
have shown potential for increasing tensile strength.

Our aim is the integration of self-healing materials into the fabrica-
tion of artificial skins for soft robotics. Materials such as dynamic co-
valent networks, supramolecular polymers, and ionic elastomers offer
autonomous or stimuli-responsive repair mechanisms that enable arti-
ficial skins with reversible and repeated repair, emulating the resilience
of biological tissues [17]. These materials not only restore mechanical
properties like elasticity and flexibility but also critical functionalities
such as electrical conductivity, essential for sensory and actuation tasks
in soft robotics [18]. Embedding self-healing capabilities at the material
level paves the way for more autonomous, durable soft robots capable of
reliable operation in dynamic and unpredictable environments [19].

To address these gaps, this study aims to (i) systematically investi-
gate the synthesis and property relationships of PU/TPU blends, (ii)
evaluate their self-healing kinetics under thermal activation, including
repeated healing cycles, and (iii) quantify the effect of polyurea content
on mechanical performance and healing efficiency. These objectives
provide a clear roadmap beyond a general investigation of the PU/TPU
system, situating this work within the broader context of self-healing
elastomer development. The synthesis of this material is characterized
by its simplicity, cost-effectiveness, rapidity, and high efficiency,
resulting in elastomers with outstanding mechanical properties and
significantly enhanced self-healing capabilities.

2. Experimental section
2.1. Materials

IROGRAN A92 P 4637 (polyether-based TPU, Huntsman), iso-
phorone diisocyanate (IPDI, 98%, Sigma-Aldrich), and trimethylolpro-
pane tris[poly(propylene glycol), amine terminated] ether (TTE, Mn
440, Sigma-Aldrich) were used as received. Tetrahydrofuran (THF) was
purchased from Sigma-Aldrich and used without further purification.

2.2. Synthesis of polyurea/TPU

The polyurea/TPU self-healing skin was synthesized through the
reaction between IROGRAN A92 P4637, isophorone diisocyanate (IPDI),
and Trimethylolpropane tris[poly(propylene glycol), amine-terminated]
ether (TTE). A stock solution was prepared by dissolving 10 g of TPU in
100 mL of THF. For the synthesis, 2.5 mL of this stock solution (~0.25 g
of TPU) was transferred into a 250 mL three-necked flask containing
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3 mL of THF under a nitrogen atmosphere. IPDI (0.016 mL) was added,
followed by dropwise addition of TTE (0.046 mL). The mixture was
stirred at 1400 rpm at room temperature for 2 h. The resulting solution
was then poured into a 7 cm diameter Petri dish and left to evaporate at
room temperature under a fume hood for 24 h to ensure complete sol-
vent removal. The final material corresponds to a laboratory-scale batch
of approximately 0.25 g.

2.3. Characterization and measurements

The presence of the urea group was characterized by Fourier trans-
form infrared spectroscopy (a Vertex 70v FT-IR spectrometer) in a wide
wavenumber range of 600-4000 cm ™! with a resolution of 4 cm ™! using
the attenuated total reflection (ATR) mode.

NMR analyses were performed using a Bruker Avance 500 MHz
spectrometer equipped with a high-resolution magic angle spinning
(HR-MAS) probe, suitable for the characterization of semi-solid and gel-
like polymeric systems.

The TPU/PU polymer blend was analyzed in the swollen state using
tetrahydrofuran (THF) as solvent. Spectral resolution was enhanced by
magic angle spinning (MAS) at a spinning frequency of 5 kHz, allowing
effective averaging of anisotropic interactions while preserving solution-
like chemical shift information.

All measurements were carried out at a controlled temperature of
303 K.

The following NMR experiments were acquired: 'H NMR, 'H-'H
COosY, 'H-'3C HSQC, !3C NMR (ZGIG sequence), 3C APT and 'H DOSY
(Diffusion-Ordered Spectroscopy).

DOSY experiments were recorded using a pulsed-field gradient
stimulated echo sequence with a gradient pulse length p30 = 2.5 ms and
a diffusion delay d20 = 100 ms. These parameters were selected to
optimize sensitivity to polymer diffusion in the swollen semi-solid state.

The stress—strain curves of the sample were obtained using an Instron
3365 dual-column dynamometer equipped with a 2 KN load cell.
Specimens were cut into dogbone shape according to ISO 527 and tested
at a rate of 100 mm/min to evaluate the mechanical properties and self-
healing ability of the samples. Tensile tests were performed on speci-
mens at different times. The self-healing efficiency (1) was quantified as
the ratio of the elongation at break of the healed specimen to that of the
original, uncut specimen, expressed as a percentage:

_ Elongation at break (healed)

= 100%
Elongation at break (original) x 100%

The healed specimen was prepared by bringing the cut surfaces into
contact and subjecting them to a thermal treatment at 120 °C.

The thermal properties of materials were characterized by DMTA
(dynamic mechanical thermal analysis) on a TA Instrument Q800 de-
vice. Samples were cut into ~#4 mm x 15 mm strips and loaded on the
film tension clamp of the instrument. A 15 pm amplitude oscillation was
applied at 1 Hz frequency, increasing the temperature from —70 °C to
120 °C with a 3 °C/min heating rate. The output of the tests included the
storage modulus, a measure of the conservative part of the material
stiffness, and the tand, a measure of the relative energy dissipation.

Dogbone samples were stretched cyclically with 20 mm/min rate,
0.2 mm/mm elongation as peak maximum and 0.05 N at peak minimum.
This procedure was repeated for 50 cycles. The relative stress relaxation
was calculated as a comparative relaxation parameter.

An optical setup (stereomicroscope Nikon SMZ 18, coupled with
TP1080HDMI camera) was used to track the healing process of the
scratches on the sample surface.

Stress relaxation tests were carried out on a TA Instruments Q800
instrument equipped with a film tension clamp. The samples with di-
mensions of 25 mm x 4 mm x 0.1 mm were first equilibrated at the
initial temperature for 5 min, then a constant deformation of 0.5 % was
applied, recording the stress decay as a function of time. The tempera-
ture was then increased by 5 °C, and the same procedure was applied.
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The tested temperatures were chosen to occur in the rubbery region of
the materials (35 °C-55 °C). The normalized stress (G/Gp) was plotted
versus time, and the relaxation times (t) corresponding to 1/e obtained
at different temperatures were plotted to calculate the activation energy
E, according to the Arrhenius equation:

E,

Inz= RT™ InA

To complement the mechanical testing, a quantitative image-based
analysis was performed using appropriate imaging techniques to
monitor the topographical evolution of the damaged interface during
the healing process. This analysis was based on time-lapse recordings of
the material under thermal activation (120 °C), where image profiles
were extracted from cross-sectional views of the damaged region. From
these profiles, key morphological features were quantified, namely the
peak section area (in pmz), which reflects the degree of material
reconnection, and the full width at half maximum (FWHM), indicative of
interface sharpness and heterogeneity. Temperature was measured in
real-time using a FLIR E96 camera featuring a 640x480 pixel resolution
and extracting information about the region of interest where the sample
was located.

3. Results and discussion
3.1. FTIR analysis

As shown in Fig. 1, the neat TPU exhibits a broad absorption peak at
3324 cm™}, corresponding to N-H groups in urethane linkages, and its
deformation vibration emerges at 1528 cm™'. Upon blending with pol-
yurea, this band shifted to 3338 cm™! in polyurea/TPU, indicating a
partial reorganization of hydrogen bonding interactions due to the
incorporation of urea functionalities, which can form intermolecular
hydrogen bonds. The absence of the isocyanate band around 2250 cm ™!
indicates the complete reaction of the isocyanate group [12,20]. Addi-
tionally, the characteristic peaks located at 2950 and 2866 cm
correspond to the asymmetric and symmetric stretching vibrations of the
—CH,, groups, respectively [21].

The bands at 1560 cm ! and 1532 cm ™! correspond to N-H bending
vibrations from hydrogen-bonded and free polyurea groups, respec-
tively [22].
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The FTIR results indicate the presence of hydrogen-bonding in-
teractions in the PU/TPU elastomer. To demonstrate the formation of a
dynamic hydrogen-bond network, the C=0 region of the PU/TPU FTIR
spectra (1750-1600 cm’l) was deconvoluted, as shown in Fig. 2. The
fitted curve (olive dashed line) follows the experimental spectrum (black
continuous line) and confirms that the broad carbonyl band arises from
overlapping contributions associated with free and hydrogen-bonded
carbonyl groups.

The band at 1729 cm™! is assigned to free urethane C=0 groups
(cyan component), while the absorption at 1700 cm ™! corresponds to
disordered hydrogen-bonded carbonyl groups (blue component), and
the peak at 1632 cm ™! is associated with ordered hydrogen-bonded
carbonyls of polyurea (green and red components). These assignments
align with previous studies on polyurea systems, which identify three
distinct C=0 environments: free (non-hydrogen-bonded), disordered
(monodentate H-bonding), and ordered (bidentate or highly organized
H-bonding) [5,8,23].

The deconvolution reveals that hydrogen-bonded carbonyl species
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Fig. 2. Results of PU/TPU FTIR spectra in the range of 1750-1600 cm ™.
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Fig. 1. FTIR spectra of TPU and PU/TPU elastomer.
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constitute the major contribution to the carbonyl envelope, while the
fraction of free carbonyl groups is comparatively smaller. The coexis-
tence of strongly and weakly hydrogen-bonded carbonyl populations
indicates the presence of both stable and dynamic intermolecular in-
teractions within the PU/TPU. Such a distribution supports the existence
of a reversible hydrogen-bonding network, which plays a key role in the
self-healing behavior of the elastomer.

3.2. NMR analyses

The polymeric material was investigated by high-resolution magic
angle spinning (HR-MAS) NMR spectroscopy, which represents a
particularly suitable technique for the structural characterization of
semi-solid, gel-like, and swollen polymer systems. This approach is
especially advantageous for polyurethanes and polyureas, which often
display limited solubility and significant line broadening under con-
ventional solid-state or solution NMR conditions. The analyzed material
is a commercial polymer, identified by the manufacturer as a polyether-
based thermoplastic polyurethane (TPU). As commonly encountered for
commercial TPUs, the exact chemical composition and molecular ar-
chitecture are not fully disclosed, and key parameters such as the mo-
lecular weight, molecular weight distribution, and detailed hard/soft
segment organization are not available. Consequently, spectroscopic
analysis is performed to gain information about the chemical nature of
the polymer. Furthermore, several functional groups characteristic of
polyurethane and polyurea chemistries exhibit overlapping NMR reso-
nances, both between the two polymer components and with the THF
solvent signals used for sample swelling. Consequently, a fully exhaus-
tive structural characterization is not attainable by NMR alone; never-
theless, the acquired spectra provide distinct and meaningful features
that allow relevant information to be extracted regarding the chemical
nature and predominant polymeric species present in the material.

The 'H HR-MAS NMR spectrum (Fig. 3) of the TPU/PU blend is
dominated by resonances characteristic of the polyurethane (TPU)
component, indicating that this species is the major constituent of the
mixture.

In particular, aromatic proton signals at 7.4 and 7.1 ppm are clearly
observed, consistent with aromatic hard segments present in the TPU
backbone. Additionally, a distinct urethane NH proton resonance at
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8.63 ppm is visible. The integral of this NH signal is coherent with that of
the aromatic protons, further supporting the conclusion that the poly-
urethane represents the predominant polymeric species in the blend.

The '3C HR-MAS NMR spectrum provides further insight into the
chemical structure of the polymer blend. In the region corresponding to
quaternary carbonyl carbons, a single intense resonance at approxi-
mately 153 ppm is observed. This signal is assigned to the urethane
carbonyl (-NH-CO-0-) of the polyurethane component.

Importantly, no additional carbonyl resonances attributable to newly
formed interfacial functionalities are detected. The absence of multiple
carbonyl environments strongly suggests that no grafting reactions
occur between the polyurethane and polyurea phases. These observa-
tions confirm that the material does not consist of a covalently linked
graft copolymer system.

Diffusion-Ordered Spectroscopy (DOSY) was employed to investigate
the translational mobility of the polymer species in the swollen state.
DOSY NMR separates signals based on their self-diffusion coefficients,
providing information on molecular size and dynamic behavior in so-
lution or semi-solid systems.

In polymeric materials, DOSY spectra typically display a distribution
of diffusion coefficients, reflecting the inherent polydispersity of poly-
mer chain lengths rather than discrete molecular species. Accordingly,
the TPU/PU blend exhibits a diffusion profile characterized by a
continuous distribution rather than sharp, single diffusion values.

The DOSY spectrum (Fig. 4) indicates that the polymer signals are
predominantly distributed around a diffusion coefficient of approxi-
mately 0.8 x 10719 m?s7L,

This value is consistent with the diffusion behavior expected for
high-molecular-weight polyurethane chains swollen in THF under HR-
MAS conditions.

3.3. Mechanical properties

3.3.1. DMA analysis

The chain mobility and viscoelastic properties of the PU/TPU elas-
tomer were evaluated by measuring the temperature dependence of the
storage modulus (E") and the damping factor (tan 8) via dynamic me-
chanical analysis (DMA) (Fig. 5). In neat TPU, a single tan § peak ap-
pears at approximately —16 °C, corresponding to the glass transition of

— 153.45
—118.01

1 | 1 | 1 | 1 | 1 | 1
200 180 160 140 120 100 80 60 40

Fig. 3. 'H (left) and '°C (right) HR-MAS NMR spectrum of PU/TPU.
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the soft segment. In contrast, the PU/TPU elastomer displays two
distinct tan & peaks at —1.9 °C and 81 °C (Fig. 5b). The lower-
temperature peak (—1.9 °C) corresponds to the Tg of the soft TPU-
derived phase, shifted to a higher temperature relative to neat TPU,
indicative of restricted segmental mobility due to interchain interactions
and the formation of reversible hydrogen bonds. The higher-
temperature peak (~81 °C) is attributed to the hard domains enriched
in polyurea and urethane linkages, which function as transient supra-
molecular junctions that reinforce the elastomeric network. This dual-
transition behavior reflects the microphase-separated architecture of
the material, where soft TPU-rich and hard polyurea/urethane-rich
domains coexist. Similar observations have been reported in other
segmented elastomer systems, such as ethylene-vinyl acetate copol-
ymer/polyurea nanocomposites, where shoulder tan § peaks arise from
strongly intertwined soft and hard phase regions, demonstrating
restricted mobility at the interfaces [24].

In storage modulus (E/, Fig. 5a), the PU/TPU system exhibits a higher
initial E' compared to neat TPU, indicating reduced segmental mobility
and stronger interchain interactions at low temperatures. Literature on
self-healing polyurea elastomers similarly reports increases in E' and Tg
because of dense hydrogen-bonding interactions [25]. In the PU/TPU
elastomer, hydrogen bonds (N-H:--O=C, N-H---N) formed between

urethane and urea groups contribute to a supramolecular network that
both stiffens the matrix and introduces dynamic, reversible crosslinks.
These interactions suppress soft segment mobility relative to neat TPU,
thus shifting the soft Tg and elevating the overall stiffness in both glassy
and rubbery regions [8,23].

The gradual decline in E' with increasing temperature reflects the
progressive dissociation of hydrogen bonds and relaxation of the
network. However, E' does not exhibit a sharp drop beyond T, sug-
gesting that hard microdomains and residual physical crosslinks persist
at elevated temperatures. This behavior is consistent with the presence
of ordered hard segments that serve as mechanical reinforcements while
maintaining dynamic interactions, as reported in segmented copolymers
with self-healing capabilities. The retention of mechanical integrity
above the soft Ty is critical for self-healing, as it ensures that the material
supports load-bearing while allowing polymer chain mobility sufficient
to facilitate damage repair [26].

3.3.2. Uniaxial tensile tests

Fig. 6 shows the results of the tensile test conducted on the PU/TPU,
comparing its mechanical properties to those of TPU. The PU/TPU re-
sults in a material with an impressive mechanical toughness of
106.45 MJ m >, tensile strengths reported up to 22.55 MPa, and an
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Fig. 6. Representative tensile stress-strain curves of neat TPU and PU/TPU.

elongation at break of 872%. In contrast, neat TPU, characterized by its
segmented block copolymer structure, exhibits a tensile strength of
34.43 MPa and a substantial elongation at break of ~838%, owing to its
rigid hard segments and flexible soft segments.

Those observed mechanical property variations between neat TPU
and PU/TPU can be attributed to the complex interplay between phase
morphology, interfacial interactions, and molecular mobility. Incorpo-
rating polyurea into the TPU matrix introduces a second phase, which
can disrupt the crystalline structure of TPU, leading to a decrease in
tensile strength to 22.55 MPa [27]. The presence of polyurea enhances
the elongation at break (~872%) by increasing the mobility of polymer
chains, facilitating larger deformation before rupture [28]. This
improvement in ductility is attributed to the energy-dissipating prop-
erties of the polyurea phase and the increased amorphousness of the
PU/TPU, which enables greater elastomeric deformation. These findings
underscore the trade-off between strength and flexibility in polymer
blends and highlight the importance of optimizing phase compatibility
and morphology to achieve desired mechanical properties [26].

To investigate the effect of IPDI and TTE content on the mechanical
properties of PU/TPU elastomers, samples were prepared with varying
molar ratios of IPDI to TTE (1.5:1 and 0.5:1), Fig. 7.

The tensile stress and elongation at break of these samples revealed a
clear dependence on the diisocyanate-to-chain extender ratio. For the
1.5:1 composition, the material exhibited a maximum tensile stress of
6.3 MPa and elongation at break of 789.5 %, whereas the 0.5:1 sample
showed a higher tensile stress of 9.37 MPa and elongation of 858.2 %.

The tensile behavior of the PU/TPU elastomers reveals a clear trade-
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Fig. 7. Representative tensile stress-strain curves of IPDI/TTE (0.5:1). and
IPDI/TTE (1.5:1).

off between tensile strength and deformability as a function of polyurea
content. Increasing the relative amount of polyurea leads to a moderate
decrease in ultimate tensile strength, accompanied by a pronounced
increase in elongation at break and overall toughness. This behavior
indicates a transition from a strength-dominated response to a more
ductile, energy-dissipative mechanical regime.

Specifically, samples prepared with a higher IPDI/TTE ratio exhibit
lower maximum tensile stress but enhanced strain at break, suggesting
increased chain mobility and more effective stress redistribution during
deformation. In contrast, formulations with lower polyurea content
retain higher tensile strength, reflecting a greater contribution from
load-bearing TPU domains. The optimized PU/TPU formulation used for
self-healing tests combines these effects, achieving high tensile strength
(up to 22.55 MPa) together with large elongation at break (~872%),
resulting in an exceptional mechanical toughness. From an application
perspective, this balance between strength, extensibility, and toughness
is particularly relevant for soft robotics and artificial skin systems, where
materials are subjected to repeated large deformations rather than static
load-bearing conditions. In such environments, increased ductility and
damage tolerance are critical for long-term reliability. The presence of
dynamic polyurea domains enables reversible hydrogen-bonding in-
teractions that dissipate mechanical energy and promote self-healing,
thereby compensating for the reduction in ultimate tensile strength
and enhancing functional durability [8].

3.3.3. Cyclic tensile tests

The cyclic stress-strain responses of neat TPU and PU/TPU are shown
in Fig. 8.

The PU/TPU elastomer exhibits a gradual decrease in peak stress
from 4.02 MPa in the first cycle to 3.39 MPa after 50 cycles, corre-
sponding to approximately 84% stress retention. In comparison, neat
TPU shows a minor reduction in peak stress, from 4.10 MPa to 3.69 MPa,
and retains about 90% of its initial stress. This difference suggests that
incorporating polyurea segments introduces additional energy-
dissipation pathways, leading to a more pronounced stress decay dur-
ing repeated loading [29].

The higher stress retention observed in neat TPU can be attributed to
its more homogeneous elastomeric network, which undergoes limited
microstructural rearrangement under cyclic deformation [30]. In
contrast, the PU/TPU displays larger hysteresis loops during the initial
cycles, reflecting reversible bond dissociation, chain slippage, and
redistribution of supramolecular interactions acting as sacrificial bonds
[31]. Importantly, the hysteresis loop areas become nearly constant
after the early cycles, suggesting that the dynamic network reaches a
steady-state configuration in which both energy dissipation and me-
chanical response stabilize.

Overall, both materials withstand at least 50 consecutive damage-
healing cycles without signs of catastrophic failure or mechanical
collapse. While neat TPU exhibits higher stress retention and mechanical
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Fig. 8. Cyclic stress-strain responses of neat TPU and PU/TPU.

stability, the PU/TPU elastomer shows a stable mechanical response
after initial accommodation, highlighting the self-healing mechanism's
repeatability and long-term durability.

The cyclic stretch data were analyzed by plotting the maximum
stress for each cycle, providing insight into the mechanical stability and
long-term durability of PU/TPU under repeated tensile loading, as
shown in Fig. 9.

The stress signal exhibits highly regular oscillations throughout the
entire test duration, with well-defined stress peaks maintained across
successive cycles. A slight reduction in peak stress is observed during the
initial stage, attributed to molecular rearrangement and redistribution
of dynamic supramolecular interactions within the PU/TPU network.
Notably, after this initial accommodation phase, the stress response
stabilizes, and no progressive decay or mechanical instability is detected
over prolonged cycling.

The preservation of regular stress oscillations and the return of stress
to near-zero between successive cycles confirm effective elastic recovery
and the absence of significant permanent deformation accumulation.

3.4. Self-healing properties

3.4.1. Self-healing performance

The stress—strain behavior of the pristine and thermally healed PU/
TPU elastomers is illustrated in Fig. 10.

The thermal treatment at 120 °C increased healing performance,
with efficiencies of 34.4%, 76.8%, and 84.2% attained after 2, 5, and
10 min, respectively (Fig. 11a). This outcome underscores the rapid and
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Fig. 9. Maximum stress of PU/TPU measured during cyclic stretch tests as a
function of the number of loading cycles. Stress values are normalized to the
first cycle to highlight the material's cyclic stability.
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Fig. 10. Stress—strain curves of the polyurea/TPU film at three healing times.

effective self-repair capability of the PU/TPU system under thermal
stimulus. In addition to its excellent self-healing performance, the PU/
TPU elastomer also exhibits remarkable optical transparency, making it
highly attractive for soft robotics applications that require visual
monitoring or embedded sensing (Fig. 11b).

The neat TPU does not show measurable self-healing under the
conditions investigated. The healing process is primarily governed by
enhanced segmental mobility and the dynamic reformation of non-
covalent interactions, particularly hydrogen bonding and urea ex-
change mechanisms, which are thermally activated [32,33] (Fig. 11c).
The reversibility of hydrogen bonds plays a pivotal role in
re-establishing interfacial cohesion across damaged regions.

The dynamic behavior of the PU/TPU system was investigated at
different temperatures under 0.5 % of applied strain (Fig. 12a). The
range of temperatures was chosen above the glass-to-rubbery transition
between 35 °C and 55 °C. Stress-relaxation curves demonstrate that the
PU/TPU system exhibits a faster decrease in stress with higher temper-
atures, because of enhanced mobility of PU chains and faster hydrogen
bonding rearrangement. According to the Arrhenius equation, relaxa-
tion activation energy can be calculated by plotting the time corre-
sponding to the value of 1/e of the initial stress against the reciprocal of
temperature (Fig. 12b). The value of activation energy E, obtained from
the plot is 89.2 kJ/mol, which is comparable to other PU networks
controlled by hydrogen bonds and exchangeable covalent bonds, such as
urea or imines (55.2-109 kJ/mol) [34,35], but higher than other
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polyurethane elastomers used in damping field (19-40 kJ/mol) [36].
The relatively high activation energy obtained for the PU/TPU system
presented in this work may be due to reduced mobility of chain segments
induced by ordered hydrogen bonding among the chains.

The mechanical properties before and after healing are shown in
Table 1, which evidences a progressive recovery in tensile performance
as a function of healing duration. These results confirm the capacity of

Table 1
Mechanical properties of PU/TPU before damage (pristine) and after healing at
120 °C for different time intervals.

Healed Toughness (MJ Elongation at break Tensile strength
time m) (%) (MPa)
Original 106.45 872 22.55
2 min - 300 9.66
5 min 69.41 670 19.23
15 min 87.87 879 21.76

the PU/TPU network to balance mechanical robustness with intrinsic
self-healing functionality. Moreover, the isophorone diisocyanate
(IPDI)-based hard segments were instrumental in dissipating mechanical
stress and enabling reversible supramolecular interactions, which are
critical for efficient damage repair [14].

Compared with previously reported self-healing systems [30,31,
37-41] (Fig. 13), the high toughness and rapid self-healing highlight the
potential of PU/TPU as a promising material for high-performance
self-healing elastomers.

3.4.2. Optical microscopy images

PU/TPU self-healing was also investigated using an optical micro-
scope. Fig. 14 shows the healing of the surface scratches of PU/TPU at
120 °C. The scratch gradually disappeared with time.

Additionally, an analysis of the images was conducted to investigate
the behavior of the crack section and the full width at half maximum
(FWHM) during the healing process. The resulting plot (Fig. 15) presents
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healing temperatures of the literature data ranging from 40 to 120 °C.

healing time on the x-axis, with multiple y-axes depicting peak section
area, height, and FWHM. Temperature was extracted from real-time
thermography, and peak features from the optical profile are shown in
Fig. 16.

These data provide a real-time morphological signature of the
healing dynamics. The progressive increase in section area over time
suggests enhanced chain interdiffusion and supramolecular reorgani-
zation, while the concurrent decrease in FWHM indicates a more defined
and cohesive interfacial region as the damage is progressively repaired.
These morphological trends correlate with mechanical recovery data
from tensile testing discussed previously in this study, further support-
ing the role of thermal energy in facilitating reversible hydrogen
bonding and structural reorganization within the PU/TPU matrix.

The evolution of peak morphology as a function of heating time
provides critical insights into the efficiency and mechanism of self-
healing in the PU/TPU system. The increase in peak height and area
up to ~117.9 °C in a time of 92 s reflects a thermally induced
enhancement in segmental mobility and chain interdiffusion at the
damaged interface. This is consistent with the expected behavior of
hydrogen-bonded networks, in which thermal activation facilitates the
reversible dissociation and reformation of supramolecular interactions,
such as urea-urea hydrogen bonds, which are known to govern self-
healing behavior [42,43]. In this context, the gradual increase in peak
height indicates effective chain reorganization and re-entanglement,
critical steps toward mechanical reconnection across the damaged
area. This dynamic reconfiguration enables the restoration of mechan-
ical properties, as previously observed in tensile tests, where healing
efficiency increases significantly with time under similar thermal con-
ditions [44]. However, beyond the critical temperature around 121.5 °C,
the sudden decrease in both peak height and area, coupled with the
increase in FWHM, suggests a breakdown in structural integrity. This

Polymer Testing 160 (2026) 109209

may result from excessive chain mobility or partial melting, which dis-
rupts the physical crosslinks and prevents effective reconnection of
polymer chains, thus limiting healing performance. Therefore, the data
confirms that self-healing efficiency is strongly temperature-dependent,
governed by an optimal window in which polymer chains gain sufficient
mobility to rearrange and re-establish interfacial interactions, without
losing the cohesive structure necessary for healing [45,46]. This high-
lights the importance of optimizing the healing conditions, particularly
the temperature and activation time, to achieve maximum recovery in
supramolecular polymer systems.

4. Conclusions

In this study, we developed a PU/TPU elastomer that combines high
mechanical performance with fast, efficient self-healing, enabled by a
synergistic architecture of soft TPU domains and hard polyurea/ure-
thane segments. Spectroscopic and dynamic mechanical analyses
confirmed a dynamic hydrogen-bond network and a dual-Tg,
microphase-separated structure that balances chain mobility for healing
with mechanical reinforcement at higher temperatures. The material
exhibits a tensile strength of 22.55 MPa, elongation at break of 872 %,
toughness of 106.45 MJ m 3, and stable cyclic response over 50 loading
cycles, indicating robust, repeatable performance. Under thermal acti-
vation at 120 °C, healing efficiencies of 34.4 %, 76.8 %, and 84.2 % were
achieved after 2, 5, and 10 min, respectively, with an activation energy
of 89.2 kJ mol~! pointing to a thermally activated rearrangement of
hydrogen-bonded networks. Overall, the commercial TPU provides a
load-bearing, elastic matrix, while the supramolecular polyurea/ure-
thane network supplies reversible bonding and energy dissipation,
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Fig. 15. Variation of peak section area and FWHM with healing time. The x-
axis represents healing time, the y-axis (left, black dots) shows peak section
area, (middle, red dots and curve) the peak height, and (right, green dots and
curve) the FWHM, reflecting the morphological evolution during the self-
healing process in the PU/TPU system.

Fig. 14. Images of PU/TPU damaged and healed.
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Fig. 16. Thermography of the sample showing the heated stage under the microscope and the position of the damaged specimen, indicated by the black dashed line
(left). Optical profiles of the crack healing process, taking place between 72 s and 95 s of heating time at 120 °C.

yielding a material that withstands large strains and autonomously re-
pairs damage—suited for soft robotics, artificial skin, and wearable
devices. Future work should target self-healing at lower temperatures,
further optimization of hard-segment architecture, integration of func-
tional fillers (e.g. for sensing or actuation), and long-term testing under
realistic operating conditions.
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