nature communications

Article

https://doi.org/10.1038/s41467-025-57653-5

Cartilage-bioinspired tenacious concrete-like
hydrogel verified via in-situ testing

Received: 10 September 2024

Accepted: 27 February 2025

Published online: 08 March 2025

M Check for updates

Jize Liu', Wei Zhao', Zhichao Ma®"23| -, Hongwei Zhao ® >3 & Luquan Ren*

Polyvinyl alcohol (PVA)/polyethylene glycol (PEG) hydrogels, being low-cost
and abundant materials, can demonstrate tremendous potential in applica-
tions requiring mechanical robustness by harnessing the enhancements
afforded by a structure inspired by articular cartilage (AC). This study presents
the fabrication of bioinspired PVA/PEG (BPP) hydrogel, characterized by their
high mechanical strength and low friction coefficient. By utilizing a concrete-
like structure composed of PVA particles and PVA/PEG fibers, the BPP hydrogel
demonstrates notable properties such as high compressive strength (86%,
29.5 MPa), high tensile strength (265%, 10.5 MPa), fatigue resistance, impact

resistance, and cut resistance. Moreover, under submerged conditions, it
exhibits low coefficient of friction (COF) and minimal wear. The packaged
hydrogel sensor demonstrates high sensitivity, high linearity, and fast
response time. Ultimately, we endeavor to apply the straightforward yet
competent bioinspired strategy to intelligent protective sensing equipment,
showcasing extensive prospects for practical applications.

One of the most promising approaches to designing synthetic hydro-
gels with notable mechanical properties—including strength, modulus,
toughness, lubrication, and fatigue resistance—is through bioinspired
structural design'™*. The most direct example is natural cartilaginous
materials, composed of chondrocytes, dense type Il collagen inter-
twined with glycoprotein matrices®°. It reduces friction between joint
surfaces during repetitive motions, possesses lubricious and wear-
resistant properties, and also serves to cushion impacts and absorb
shock ™", By emulating natural cartilage, bioinspired hydrogel mate-
rials can be developed, with the key being an understanding of the
structure-function relationship in AC. In recent decades, researchers
have made profound experimental and theoretical advances in eluci-
dating the function and performance of natural cartilage'*". Cartilage
can withstand loads up to 100 MPa, endure millions of loading-
unloading cycles without significant fatigue, and rapidly recover upon
unloading'®™®, Our research team has also explored the structure and
underlying mechanisms of cartilage in recent years, explaining how AC
achieves its unique mechanical characteristics through a network of
entangled collagen fibers and proteoglycans, which bears striking
resemblance to concrete structures” >,

Currently, some studies on the development of hydrogel materi-
als have achieved significant breakthroughs in mechanical perfor-
mance by using cartilage as a biomimetic model”*. These studies
have developed more complex preparation processes and more
sophisticated material systems, significantly enhancing mechanical
properties such as strength and modulus. In contrast, our work is
inspired by the role of cartilage in dispersing pressure and dissipating
energy in the human body, aiming to apply similar functions of AC to
protective and sensing equipment. To achieve this, we hope to prepare
hydrogel materials by mimicking the concrete-like structure of natural
cartilage, finding a balance between high stiffness and flexibility. The
goal is to enable these materials to function like AC when applied
between rigid protective equipment and soft human skin: the outer
layer of conventional protective equipment prevents damage, while
the inner layer of hydrogel dissipates energy and protects the skin
from injury. Thus, the mechanical properties required for the hydrogel
should not be blindly focused on strength alone, but rather should be
similar to those of cartilage, capable of withstanding certain loads
without damage and able to buffer and absorb pressure. In addition to
providing protection, the hydrogels must also possess sensing
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capabilities, enabling wireless data transmission and automatic alerts
for excessive impact stress to seek rescue. Considering the need for
commercial promotion, low-cost and simple preparation tools are
required, and biocompatible raw materials are necessary for skin
contact. Therefore, PVA and PEG are suitable ideal materials. Reported
PVA/PEG hydrogel materials lack sufficient mechanical strength and
durability under alternating loads and cyclic friction conditions,
making them unsuitable for load-bearing components®**. Given that
high stiffness and high toughness are typically mutually exclusive
properties, designing and fabricating ultra-strong and super-tough
hydrogels at low cost using currently available, straightforward tech-
nological methods to meet the mechanical performance requirements
for practical applications remains challenging.

Herein, inspired by the concrete-like architecture of natural AC,
we successfully fabricated BPP hydrogel that boasts notable mechan-
ical strength and effective lubricity. An innovative biomimetic “con-
crete” structure was designed, composed of a PVA/PEG fiber network
and micro PVA particles. Upon tensile loading, the crystallinity of the
hydrogel increased, promoting the formation of a highly compact
PVA/PEG fiber network; under compressive loading, the rigid PVA
particles compressed against each other to share the load collectively.
The design significantly enhanced the overall tensile and compressive
mechanical properties of the BPP hydrogel. This was manifested in its
high compressive strength, pronounced tensile strength, durable
fatigue resistance, and surface hardness comparable to that of natural
cartilage. Moreover, the BPP hydrogel also exhibited notable resis-
tance to impact and cutting. Under mixed synovial fluid conditions, its
COF was exceedingly low, approximately 75% lower than that of AC.
Integrating these characteristics, we compared the performance of our
BPP hydrogel with that of natural cartilage and other PVA/PEG
hydrogels to highlight its potential in the field of intelligent protective
sensor. Ultimately, we developed an intelligent sensory protector that
enables wireless detection of impacts, energy dissipation, and auto-
matic warning emails sending, and further systematically studied its
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mechano-electrical coupling performance. This straightforward yet
competent bioinspired strategy demonstrated broad application
prospects in protective sensing equipment.

Results and discussion

Design and formation of BPP hydrogel

Our previous research has elucidated that chondrocytes and the
extracellular matrix (ECM) are the two fundamental components of
AC, with chondrocytes providing structure and the ECM enveloping
these cells, endowing cartilage with elasticity and tensile strength??',
The cartilage ECM structurally resembles a concrete composite (Fig. 1),
consisting of collagen fibers and other ECM components. Collagen
fibers act akin to rebar in concrete, while the remaining ECM, pre-
dominantly proteoglycans, is similar to the cementitious binder. The
collagen fiber network forms the scaffold of the joint cartilage, with
numerous proteoglycan aggregates, resembling miniature springs,
embedded within this network*. These aggregates confer elasticity
against compressive forces, offering mechanical protection to the joint
and enabling the load-bearing function of cartilage®.

Inspired by the concrete-like structure found in the middle and
deep layers of natural cartilage, we designed a convenient method for
manufacturing BPP hydrogels. In this design, fibers formed from the
PVA/PEG network serve as “rebars,” while partially undissolved PVA
particles act as “cement.” The rigid PVA particles, together with the
crystalline-enhanced PVA/PEG network, achieve multi-scale stress
dispersion***’. In brief, in a beaker, PVA and PEG were mixed in a 11
ratio with a small amount of deionized water added. The mixture was
then heated to 80 °C and continuously stirred. Given that PEG’s solu-
bility is higher than that of PVA, once PEG was fully dissolved, heating
and stirring were stopped, leaving PVA partially dissolved. The
resulting mixture was poured into molds and frozen in a refrigerator
before being thawed. Subsequently, the samples were repeatedly
stretched until aligned textures appeared on their surfaces. This step
promoted the formation of a dual-network skeleton of PVA/PEG,
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Fig. 1| Material design and potential applications. Bioinspired PVA/PEG hydrogels, motivated by natural articular cartilage (AC), incorporate a bionic concrete structure

synthesized via a one-pot approach, suitable for use as intelligent sensing protectors.
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interspersed with many partially undissolved PVA particles, function-
ing similarly to “proteoglycans” in ECM. Throughout the freeze-thaw
cycles, water transformed into ice crystals, occupying volume within
the hydrogel. Upon thawing, these crystals were expelled from the
biomimetic hydrogel, leaving behind numerous tiny cavities that
formed the network structure®®, In future applications, these pores and
the presence of PEG facilitate the movement and migration of cations
and anions within the hydrogel, thereby enhancing the electrical
conductivity of the BPP hydrogel and improving its sensing perfor-
mance in smart protective equipment. The elasticity of PVA particles
and the densification of the PVA/PEG fiber network fundamentally
determine the hardness and load-bearing capacity of the BPP hydrogel.

Mechanical properties of BPP hydrogel

Initially, a series of mechanical property tests were conducted on PVA/
PEG hydrogels of varying ratios, as depicted in Supplementary Fig. S1.
Through screening of these results, the normal PVA/PEG (NPP)
hydrogel with a PVA:PEG ratio of 1:1 was identified as exhibiting the
most notable mechanical performance. Unless otherwise stated, all
subsequent PVA/PEG hydrogels were prepared at this 1:1 ratio. Tensile
testing revealed that the ultimate tensile strength (UTS) of NPP
hydrogels fabricated via conventional methods was approximately
4 MPa, whereas the BPP hydrogel demonstrated enhanced tensile
properties and modulus, achieving a UTS of 10.5 MPa. This value sig-
nificantly surpassed that of the NPP hydrogel and exceeded the

required 8.1MPa for equivalence with natural cartilage (Fig. 2a and
Supplementary Movie 1)***°. As shown in Fig. 2b, the ultimate com-
pressive strength (UCS) of the NPP hydrogel barely reached the lower
limit of cartilage strength, indicating inadequate performance for
cartilage equivalence. By simply incorporating the biomimetic con-
crete structure into the BPP hydrogel, we significantly augmented the
UCS to 29.5 MPa, well within the cartilage equivalence range®. Addi-
tionally, durometer tests were conducted on AC, NPP, and BPP
hydrogel, revealing overlapping hardness ranges, with the mean
hardness of the BPP hydrogel marginally lower than cartilage, nearly
achieving equivalence (Supplementary Fig. S2)°'. Interestingly, post-
testing examination showed clear indentation marks on AC and NPP
hydrogel samples but no visible traces on the BPP hydrogel sample
(Supplementary Fig. S3). The compressive modulus (0-50% strain) and
tensile modulus (0-100% strain) of the fabricated hydrogels were
compared with those of AC (Supplementary Fig. S2). The compressive
modulus of the BPP hydrogel surpassed the mean value of the com-
pressive modulus range for AC, while its tensile modulus reached
within the equivalent range of AC. Compared to NPP hydrogel, the BPP
hydrogel demonstrated a substantial improvement in strength, hard-
ness, and modulus'®. Notably, while introducing the concrete structure
into PVA-PEG hydrogels elevated UTS, UCS, and hardness to cartilage
equivalence levels, it reduced the tensile failure strain from 330% to
270%. Natural cartilage, in contrast, experiences a much lower tensile
failure strain range of 20-30%, significantly less than that of the BPP
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Fig. 2 | Mechanical properties of BPP hydrogel. a Tensile stress-strain curves,
b compressive stress-strain curves, ¢ Compressive fatigue performance of BPP
hydrogel. d Tensile curves of BPP hydrogel after soaking for 12 h. e Tensile strength,
modulus, and toughness of BPP hydrogel after soaking in different solutions.
fTensile curves of BPP hydrogel after soaking for 30 days. g Compression curves of
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BPP hydrogel after soaking for 12 h. h Relationship between compressive modulus
and stress of BPP hydrogel after soaking in different solutions. i Compression
curves of BPP hydrogel after soaking for 30 days. Data in e are presented as mean
values + standard deviations (s.d.) of n =3 replicates.
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hydrogel®™>. Considering a common usage scenario of protective
equipment—wearing under cyclic fatigue loads—we further verified the
fatigue resistance of the BPP hydrogel. Using a fatigue testing machine,
the BPP hydrogel was subjected to 84% compressive strain at a fre-
quency of 10 Hz for 28 h. After approximately 1 million cycles, the peak
compressive stress decreased from about 25 MPa (85% of the uncon-
fined compressive strength of BPP hydrogel) to 91.43% of the original
value (Fig. 2¢). Even after 1 million cycles, the stress-strain curves
remained clear and stable, indicating notable fatigue performance.
Additionally, we evaluated the long-term mechanical stability of BPP
hydrogel after immersion in various conducting solutions other than
deionized water, including normal saline (NaCl), phosphate-buffered
saline (PBS), and hyaluronic acid (HA)/Plasma mixed solution. As
shown in Fig. 2d, the tensile mechanical properties of the samples
slightly increased after 12 hours of immersion in these liquids. Detailed
evaluations of strength, modulus, and toughness are summarized in
Fig. 2e. Specifically, after soaking for 12 h, the strength and modulus of
samples in all three solutions increased to similar levels. In terms of
toughness, PBS and HA/Plasma mixed solutions showed the most
significant enhancement. This enhancement is mainly attributed to
osmotic pressure effects when the hydrogel is placed in salt solutions,
causing water within the hydrogel to migrate into the solution, leading
to dehydration and a more compact network structure. Furthermore,
according to the Hofmeister effect, which describes the influence of
salt ions on polymer chain aggregation, the mechanical properties of
BPP hydrogel are also affected. Normal saline, rich in Na* and CI- ions,
promotes PVA chain aggregation to some extent, although this effect
is relatively mild. PBS primarily contains phosphate ions (PO43") and
potassium ions (K*), which tend to reduce polymer solubility and
enhance chain aggregation, thereby strengthening the mechanical
performance of BPP hydrogel*>™. Plasma contains a variety of ions,
with higher concentrations of Na*, CI-, and K* ions, which similarly
promote the aggregation of PVA/PEG chains within the BPP hydrogel.
However, in solutions with low ion concentrations, the Hofmeister
effect was not pronounced after short-term soaking. After 30 days of
immersion, no dissolution was observed, and the effects of salting-out
were more pronounced, resulting in performance changes that align
with the Hofmeister effects of the respective ions (Fig. 2f). We also
conducted compression tests after immersion. As shown in Fig. 2g, the
compression curves of the samples immersed for 12 hours in different
solutions are very similar, with UCS being higher than those of samples
immersed in deionized water. This increase is primarily due to the
dehydration and densification of the hydrogel under osmotic pressure.
The linear relationship between the compressive modulus and stress
was derived from the compression curves (Fig. 2h). To facilitate the
calculation of contact stress during friction tests, we fitted the com-
pression modulus-stress curves for samples in different solutions
using appropriate functions. After 30 days of immersion, the salting-
out effects of ions became fully pronounced (Fig. 2i). Samples
immersed in PBS exhibited the highest UCS and compressive modulus.
The performance of samples in normal saline and HA/plasma mixed
solutions was similar, while the properties of samples in deionized
water remained stable.

In-situ X-ray scattering and structural evolution

We characterized the structural evolution of BPP hydrogel at micro-,
nano-, and molecular scales during synthesis and tensile testing,
summarizing the strengthening and toughening mechanisms at both
macroscopic and microscopic levels (Fig. 3). Optical image of BPP
hydrogel samples revealed fibrous textures and irregular particles
(Fig. 3a). In contrast, NPP hydrogels exhibited a more uniform texture
(Supplementary Fig. S4a). To further investigate a partially fractured
BPP hydrogel sample after tensile testing, we used laser confocal
scanning microscopy (LCSM) (Fig. 3b). Even though surface cracks
propagated through the sample, internal crack propagation was

impeded by PVA particles, forcing cracks to deflect around these
particles. LCSM observations of the network structure between parti-
cles revealed that some particles were not tightly connected but rather
linked by PVA/PEG chain structures (Fig. 3¢ and Supplementary
Fig. S5). The width of these microscopic structures ranged from 38 pm
to 182 pum, with pores distributed throughout, facilitating fluid flow.
Field emission scanning electron microscopy (SEM) images of the
internal structure of BPP hydrogel are shown in Fig. 3d, e, while SEM
images of NPP hydrogels are presented in Supplementary Fig. S4b, c.
At the microscopic level, there were significant morphological differ-
ences between BPP and NPP hydrogels. NPP hydrogels prepared via
freeze-thaw cycles exhibited a single, homogeneous microstructure
characterized by pores formed by melted ice crystals and a three-
dimensional network created by PVA and PEG cross-linking®®*. In
contrast, BPP hydrogel displayed density gradients beyond their por-
ous and network structures (Fig. 3d). Optical photographs of BPP
hydrogel showed PVA/PEG fibers aligned around PVA particles, with
SEM focusing on the junctions where fibers met particles. Near the
particles, a dense, thick-walled microstructure formed due to restric-
ted pore formation, while regions farther from the particles contained
fiber networks woven by PVA and PEG (Fig. 3e). This characteristic was
attributed to thicker reinforcing chains resulting from PEG accumu-
lation around PVA particles and within the network cavities. Further
SEM characterization of fracture surfaces clearly showed micro-pore
walls and aligned fiber remnants caused by particle spalling (Fig. 3f).
Therefore, at the micro level, the introduction of a concrete-like
structure increased material density through the densification of PVA
particles, enhancing the material (Fig. 3g). During tensile deformation,
the toughening mechanism involved the pull-out and bridging of
fibrous “rebars” composed of PVA and PEG chains, as well as the
blocking effect of PVA particle “cement” on crack propagation, causing
deflection. During compression, the solid “cement” blocks formed by
PVA particles resisted stress by mutual compression.

The in-situ small-angle X-ray scattering (SAXS) of the unstrained
sample showed distinct lamellar crystal signals with a long period of
approximately 30 nm (d=2m/q) (Fig. 3h). When the tensile strain
reached 100%, the lamellar crystal signals gradually disappeared,
replaced by prominent fibrous crystal signals (Fig. 3i). As the strain
increased, the lamellar crystal signals weakened, while the fibrous
crystal signals became more pronounced and increased in size
(Fig. 3j, n). In the two-dimensional (2D) patterns of in-situ wide-angle
X-ray scattering (WAXS), it was observed that as the stretching ratio
increased, the diffraction signals gradually concentrated and oriented
more strongly perpendicular to the stretching direction (Fig. 3k-m).
Converting the 2D WAXS patterns into one-dimensional (1D) curves,
we observed that the diffraction peak near 19° became sharper and
stronger, indicating that stretching promoted preferential orientation
growth of the crystal planes (Fig. 30). By calculating the azimuthal
integration of this crystal plane, we observed that the orientation
gradually increased, with orientation degrees of —0.00255, -0.06676,
and -0.14595 (Fig. 3p). Using the Scherrer equation to calculate the
grain size of the crystal planes at 19°, we obtained values of 3.5nm,
3.1nm, and 2.6 nm, indicating improved crystallinity during stretching.
Peak fitting of the 1D integrated curves yielded crystallinity values of
0.1111, 0.24352, and 0.23607, suggesting that under lower stretching
ratios, stress promoted molecular chain movement, enhancing crys-
tallinity (Supplementary Fig. S6)*. However, as the stretching ratio
increased, the crystallinity slightly decreased. We further verified the
interactions between PEG and PVA using Fourier-transform infrared
spectroscopy (FTIR) and X-ray diffraction (XRD). As shown in Sup-
plementary Fig. S7, the XRD pattern of pure PVA exhibited a large peak
at approximately 19.4° corresponding to the (101) plane, indicating its
semi-crystalline structure. For the PVA/PEG composite material, a new
characteristic peak appeared at 22.5°, indicating successful incor-
poration of PEG chains into the PVA matrix. Figure 3q shows the FTIR
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spectra of the PVA/PEG composite gel. The peak at 3275 cm™ corre-
sponded to the O-H stretching vibrations of intra- and intermolecular
hydrogen bonds in NPP hydrogels. In contrast, for BPP hydrogel, a red
shift of the O-H bond (approximately 3255cm™) and an enhanced
bending vibration peak at 3255cm™! were observed, indicating
enhanced interactions between O-H bonds. Therefore, more hydrogen
bonds form between the O-H groups of PVA and PEG chains in BPP

hydrogels. Additionally, the peak at 1141 cm™, associated with C-O
stretching vibrations in PVA molecules, undergoes significant changes
during crystallization, making its intensity useful for evaluating PVA
crystallinity®®. The peak at this position was slightly higher in BPP
hydrogel than in NPP hydrogel, suggesting that the inhibitory effect of
PEG on PVA crystallization is weaker in BPP hydrogel. These results
confirmed that PVA crystallizes and forms intermolecular hydrogen
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bonds with PEG. The increase in crystallinity during stretching
strengthens each PVA/PEG fiber chain, enhancing the material’s elas-
ticity because the crystalline domains act as rigid, high-functionality
cross-linkers that retard the fracture of PVA/PEG chains (Fig. 3r). The
strengthening mechanism primarily resulted from structural densifi-
cation due to hydrogen bonding and crystalline domain formation.

In-situ impact and tribological tests

Due to the elasticity of the PVA particles, the BPP hydrogel exhibited
notable impact resistance compared to AC and NPP hydrogels. As
shown in Supplementary Movie 2, a Split Hopkinson Pressure Bar
(SHPB) was used to impact a composite structure of AC, NPP hydrogel,
and BPP hydrogel at a speed of approximately 4.5 meters per second
driven by an air pressure of 0.07 MPa. This speed is consistent with the
ground impact experienced during a ~1-m drop, reflecting real-world
conditions*>*°. The in-situ testing setup and principle are depicted in
Supplementary Fig. S8, where the bar and sample diameters are 20 mm
and 15 mm, respectively. As shown in Fig. 4a, during the impact test on
AC, most of the incident wave on the incident bar was absorbed by the
cartilage and returned to the incident bar. Therefore, there was only a
slight decrease in voltage on the strain gauge of the transmission bar,
while there was a significant increase in voltage on the strain gauge of
the incident bar. During the impact test on the NPP hydrogel, it was
damaged, leading to the majority of the incident wave being trans-
mitted to the transmission bar, which resulted in a significant dip in the
voltage curve on the strain gauge of the transmission bar (Fig. 4b). As
shown in Fig. 4c, during the impact test on the BPP hydrogel, the
voltage curves of both strain gauges were very similar to those during
the cartilage test. The difference was that the voltage on the strain
gauge of the transmission bar remained at zero during the impact on
the BPP hydrogel, indicating no impact was transmitted to the trans-
mission bar. This demonstrated that the BPP hydrogel could effec-
tively absorb impact energy like AC, and even better than AC. The
entire process was captured by a high-speed camera (Fig. 4d)®". The
central region of the NPP hydrogel was completely penetrated,
whereas AC and BPP hydrogel remained intact even under extreme
compression, with BPP hydrogel exhibiting complete recovery from
impact strain. But AC has only recovered 70 percent of its thickness.
Moreover, an adult male, exerting full force with a single hand, failed to
cut through the hydrogel samples using a blade edge, further attesting
to the satisfactory strength and hardness of the BPP hydrogel (Fig. 4e).
We further utilized a high-speed camera to illustrate the surface
wettability of the BPP hydrogel (Supplementary Fig. S9 and Supple-
mentary Movie 3), observing that the contact angles of water droplets
(1 L) on the hydrogels were exceedingly small, ultimately leading to
their complete absorption by the hydrogels®’. This indicated that the
presence of hydrated PVA/PEG chains enhanced surface hydration and
hydrophilicity, suggesting that as a sensor, it could maintain its own
moisture and high water content for a longer period. Given the com-
parable performance of AC and BPP hydrogel in the SHPB impact test,
we proceeded to conduct a pendulum impact test with a 5.5) energy
using the edge of the pendulum head to cut into cartilage and BPP
hydrogel samples (Fig. 4f and Supplementary Movie 4). As illustrated
in Fig. 4g, cartilage was seen with a significant gash incurred from the
cutting process. Conversely, in Fig. 4h, no conspicuous wound was
discernible on the surface of the BPP hydrogel with the naked eye.
Upon closer examination using an Olympus microscope and sub-
sequent analysis of the 3D cloud map from scanning, it was revealed
that the injury on the BPP hydrogel surface was exceedingly shallow
(170 pm), extending to a depth far less than that of the shallowed point
of the wound in cartilage (480 pm). Under extreme conditions, the BPP
hydrogel maintained its integrity without any permanent damage,
even when subjected to puncture attempts using a sharp blade tip
dropped from a height of 5 cm, whereas AC was readily penetrated, as
depicted in Supplementary Movie 5.

The tribological tests revealed the lubrication performance and
mechanisms of BPP hydrogel. The average COF was collected using a
ball-on-disk tribometer with a reciprocating sliding contact mode. The
sliding distance was 5mm, and the ball counterpart was a stainless
steel ball with a diameter of 6 mm. The sliding tests were conducted at
room temperature (25 °C). As shown in Fig. 4i-n, the effects of applied
load, lubricant type, and sliding frequency on the lubrication perfor-
mance of BPP hydrogel samples were investigated. Considering the
application scenarios of hydrogel-based protective sensors, the
applied loads were chosen as 1, 5, and 10 N, the frequencies were 1 and
5Hz, and the lubricants were physiological saline (NaCl), PBS, and HA/
Plasma mixture. We also calculated the contact stress under spherical-
disk friction motion in three different solutions, following the formula
described in the “Methods” section®***, First, Fig. 2h depicted the E(p)
curves for three compression loading curves. From these curves, an
E(p) fitting function was derived, which represented the relationship
between the compressive modulus and stress of the hydrogel. Ulti-
mately, when the samples were compressed by a rigid sphere, the
contact stress of the hydrogel became calculable. Typical values of
normal force and the corresponding contact stress are listed in Table 1.
To provide more convincing evidence, we also tested the average COF
of AC against stainless steel under the same conditions as a control
(Supplementary Fig. S10a-c). As a complement, we also included the
friction coefficient testing of NPP hydrogel (Supplementary Fig. S11).
As the tribological test time increased, the COF of BPP hydrogel tended
to stabilize. With increasing applied load, the overall trend of the COF
was a slight increase. The COF was higher when physiological saline
was used as the lubricant compared to PBS buffer and HA/Plasma
mixture, with the latter yielding the lowest COF. Under the same
conditions, the COF at a sliding frequency of 5Hz was significantly
lower than at 1 Hz, which is consistent with the COF variation pattern of
AC. Under all conditions, the stable COF of BPP hydrogel was lower
than that of AC against stainless steel, especially when the HA/Plasma
mixture was used as the lubricant. To intuitively demonstrate the tri-
bological response of BPP hydrogel under different conditions, we
calculated the average COF of BPP hydrogel samples under each
condition, as shown in Fig. 40. The above tribological phenomena can
be attributed to the influence of applied load on the contact stress and
deformation of BPP hydrogel. Under loads, the elastic deformation of
BPP hydrogel increases significantly, allowing the lubricant stored in
the internal porous structure to more easily flow to the surface, pro-
viding lubrication and maintaining a low COF. This mechanism is
similar to the interstitial flow in AC*"*>*®, The viscosity of the lubricant
also affects its lubrication efficiency. Under the same load and fre-
quency, the higher viscosity of the plasma/HA mixture results in the
most effective lubrication on the hydrogel surface, leading to a smaller
COF. Compared to normal PVA/PEG hydrogels, the BPP hydrogel
exhibits greater surface hardness and microgroove structures, pro-
viding effective load-bearing capacity while allowing the surface
microstructures to store a small amount of lubricant, further enhan-
cing tribological performance. The sliding distance was fixed; conse-
quently, a higher frequency results in faster reciprocating friction. At
5Hz, the higher speed promoted the flow and distribution of the
lubricant, facilitating the formation of a uniform lubricating film at the
friction interface. This lubricating film reduced direct contact between
the metal ball and the hydrogel, lowering the friction coefficient.
Furthermore, considering the application scenarios of hydrogel-based
protective and sensing equipment for human wear, the BPP hydrogel
should maintain effective lubrication and wear resistance over long-
term use. Therefore, the long-term lubrication and wear resistance of
BPP hydrogel were investigated (Fig. 4p). The results showed that even
after 18,000 seconds of sliding cycles, the BPP hydrogel still exhibited
effective lubrication performance, indicating their notable wear
resistance®’. After long-term friction and wear, the surface morphology
of the BPP hydrogel was characterized in three dimensions and

Nature Communications | (2025)16:2309


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57653-5

a 02 T—jrggent voltage [E— b 02 T —Trgident voltage C 02 T—frcident voltage
—— Transmitting voltage —— Transmitting voltage —— Transmitting voltage
01 01 NPP hydrogel was broken down 01
. . Almost all impacts were transmitted .
S s y ' s
o o o
§ 00 goo o0 —
S AC absorbed most 2 S BPP hydrogel absorbed
-0.1 of the impact energy 201 01 all of the impact
02lAC 0.2 JNPP hydrogel BPP hydrogel
0.0000 0.0001 0.0002 0.0003 0.0004 0.0005 0 0000 0.0001 0. 0002 0 0003 0.0004 0.0005 0 0000 0.0001 0.0002 0.0003 0.0004 0.0005
d Time (s) Time (s)
Q
<

NPP
Hydrogel

[
a &
a 2/
R
>0
I
covery
Contact Impact Finish Morphology
f arp gl Complete cut-off
corner: 30° "
K
st Morphofogy 4
7 D a
NaCl: A PBS: Plasma/HA:
i 0.20 j o k o020
i — N e — N
Average COF of AC — N Average COF of AC — N
0.15 m 0.15{Average COF of AC — 10N 0.15 — 10N
w w
So.10 oo.mW S0.10
1Hz: O o o
0.05 0.05
1z — N 1Hz 1Hz
NaCl __ oy PBS Plasma/HA
0.00 0.00 0.00
0 100 200 _ 300 400 500 600 0 100 200 _ 300 400 500 600 0 100 200 _ 300 400 500 600
Time (s) Time (s) Time (s)
| 0.20 m o2 n o020
s5Hz — [N 5Hz — 1N sHz T 1N
Average COF of AC NaCl __ fon PBS __ on PlasmaliA _ 10N
0.15 0.15Average COF of AC 0.15
w w
S0.10 3 0.10 Q 0.10{Average COF of AC
5Hz: © o o
o O IR T oo
0.00 0.00 0.00
0 100 200 _ 300 400 500 600 0 100 200 300 400 500 600 0 100 200 _300 400 500 600
Time (s) Time (s) Time (s)
0.20 0.20
o p 5 h, 25 °C, Plasma/HA environment
F
- )
L 015 015 b y swmum
o N
o >
° w 0.10Average COF of AC Hydregel
g0.10 ] .
5 Plasma/HA o
> [ E—
< 0.05
0.05
W, " z
" =3 — —
0.00 e ] 1= 158.9 pm
00~ 50 s
151015101 51015101 5101 510 0 6000_ 12000 18000
1Hz 5Hz 1Hz 5Hz 1Hz 5Hz Time (s) 500  AA 1000 1500

Fig. 4 | In-situ impact testing and wear resistance testing of BPP Hydrogel.
Voltage changes in the strain gauges of the incident bar and transmission bar
during impact on a AC, b NPP hydrogel, and ¢ BPP hydrogel. d High-speed snapshot
images showing AC and hydrogel samples impacted by the incident bar. The inci-
dent bar rebounded for the BPP hydrogel, while incident bar perforated through
the NPP hydrogel. e The photographs show that the BPP hydrogel can resist cutting
with a sharp knife. f Pendulum impact tester. Residual morphology of (g) the AC

sample and (h) the BPP hydrogel sample after pendulum impact testing. Friction
test curves of BPP hydrogel at different frequencies and different water lubricants,
including i 1Hz/NaCl, j 1Hz/PBS, k 1Hz/Plasma/HA, 1 5 Hz/NaCl, m 5 Hz/PBS, and
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values + s.d. of n =3 replicates.
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Table 1| The correlation between the normal load and the
contact stress

Lubricant NaCl PBS HA/Plasma
Normal load (N) Contact stress (MPa)

1 0.66 0.48 0.7

5 1.53 1.49 1.64

10 2.18 2.19 2.34

compared with that of AC. The BPP hydrogel surface exhibited smooth
grooves with a width of 416.7 pm and a depth of 68.8 um (Fig. 4q). In
contrast, the AC surface showed large-area indentations (width: 905.7
pm) accompanied by scratches with a depth of 160 pm (Supplemen-
tary Fig. S10d). Furthermore, we conducted friction stability tests on
the samples after 30 days of immersion. Friction tests were performed
under conditions of 1N normal load and 5 Hz frequency (Supplemen-
tary Fig. S12a). Comparing the original results with those of fresh
hydrogel samples, we observed that long-term immersion had minimal
impact on the friction performance (Supplementary Fig. S12b). The
type of lubricant remained the dominant factor influencing the friction
behavior. Collectively, these results indicate that BPP hydrogel, due to
its effective lubrication mechanisms, can maintain notable lubrication
and wear resistance under continuous shear.

Performance summary and protective sensing application
Finally, we summarized the various mechanical properties of the
proposed BPP hydrogel. To date, many materials based on PVA/PEG
hydrogels have been developed. Despite this, most of these hydrogels
typically exhibit insufficient strength and stiffness. We selected a series
of hydrogels primarily composed of PVA and PEG with similar water
content (BPP hydrogel: 54%) for comparison (Supplementary
Table S1). Figures 5a, b compares the tensile modulus-UTS and com-
pressive modulus-UCS of our BPP hydrogel with those of previously
reported hydrogel materials?®*>. Our BPP hydrogel exhibits moduli
and strengths within the equivalent range of cartilage, surpassing the
majority of existing synthetic hydrogels, such as PVA/PEG/BA hydro-
gels, SA/PVA/PEG hydrogels, PEG/PVA/PAA hydrogels, GO/PVA/PEG
hydrogels, PVA/PEG/CMC hydrogels, and PVA/PEG/gelatin hydrogels,
while maintaining their toughness. Mechanical properties similar to
those of AC indicate that the BPP hydrogel in this study can achieve the
same impact resistance and energy dissipation functions as cartilage,
making them worthy of consideration for use in protective sensors.
Additionally, the quantities of materials used and the number of pro-
cessing steps involved in manufacturing these typical hydrogels were
quantified to assess their cost-effectiveness (Fig. 5c). Clearly, the pro-
posed BPP hydrogel offer the most cost-effective and simplest pre-
paration method, highlighting their economic feasibility. We selected
three of the most comprehensively reported PVA/PEG hydrogels for a
comprehensive comparison. Overall, the BPP hydrogel proposed in
this study are the most suitable for use as protective sensing devices,
matching the characteristics of cartilage in terms of strength and
toughness, and excelling in impact resistance, lubrication, and cost-
effectiveness, thus demonstrating significant potential for commercial
scalability (Fig. 5d)*3¢*2

Given the notable comprehensive performance of BPP hydrogel,
we explored its application in intelligent protective equipment for
special populations, such as firefighters or delivery personnel engaged
in high-risk occupations. BPP hydrogel was soaked in physiological
saline until swelling equilibrium was reached, enriching them with CI
and Na* ions, which endowed the BPP hydrogel with high electrical
conductivity®®. In the BPP hydrogel, PEG enhances Na* cation transport
through chain hopping, further improving the hydrogel’s conductivity.
We encapsulated the BPP hydrogel as a pressure sensor using copper
foil and insulating tape. When the BPP hydrogel sensor was

compressed under external force, the path length for ion migration
shortened, decreasing the resistance, and vice versa. As depicted in
Fig. Se, within the strain range of 0-50%, predefined strain-specific
signal peak profiles could be identified, with stable detection signals
and a broad operational window. The relative change in resistance was
defined as ((R — Ro)/Ro), where Ry and R denote the initial and instan-
taneous resistances, respectively. Linearity, a critical metric for asses-
sing sensor sensitivity, is particularly pertinent in advanced
applications such as health monitoring devices. As illustrated in Fig. 5f,
the relative change in resistance of the hydrogel sample decreased
with increasing strain and force. Clearly, for responses to force and
strain, corresponding linear fitting curves yielded determination
coefficients (R2) for two distinct regions, both greater than 0.9868,
indicating high linearity. Moreover, the gauge factor (GF), an indicator
of sensitivity, fully satisfied the usage requirements. To verify the
reliability of the sensor, we conducted 5500 compression tests on the
BPP hydrogel sensor (Fig. 5g). The resistance signal remained clear and
stable throughout the process. After 5500 cycles, the relative resis-
tance change still maintained 90.4% of its original value. Due to the BPP
hydrogel’s notable mechanical properties combined with its ability to
monitor changes in electronic signals induced by mechanical defor-
mation, we envisaged its application in intelligent protective sensing.
When a significant impact force was applied to the BPP hydrogel
protector, an instantaneous electrical signal was promptly displayed
on the multimeter (Supplementary Movie 6). The undamaged state of
the BPP hydrogel post-impact highlighted its reliable impact protec-
tion capability. Consequently, the external force could be assessed
based on the electrical signal. Excessive relative resistance change
indicated that the force of the impact might have exceeded the
threshold of human tolerance, signifying the need for immediate res-
cue measures. For instance, in high-risk scenarios like riding electric
scooters, installing a BPP hydrogel protector inside helmets would
enable it to mitigate the impact of the hard outer shell on the head
upon danger, and automatically trigger alarms in case of excessive
external force indicative of bodily harm. To this end, we constructed a
prototype of an automated warning intelligent protective sensing
system, as shown in Fig. 5h. A simple sensor was fabricated by
encapsulating BPP hydrogel with a copper sheet and electrical tape. An
electromagnetic coil gun was set up to fire bullets (5.38g) at the
hydrogel sensor at varying speeds. Upon impact, the resistance value
decreases as a monitoring signal. Simultaneously, the changes in the
electrical signal throughout the process were detected by a smart
acquisition module, which does not require external power®’. The
module automatically sends a warning email when a significant signal
decay indicates excessive impact energy and can wirelessly transmit
data to personal terminals for display. As shown in Fig. 5i, higher
impact speeds result in greater energy, leading to larger decreases in
the relative resistance curve. The BPP hydrogel sensor can clearly
distinguish these curve characteristics. Overall, the BPP hydrogel
sensor exhibits rapid response, notable stability, and high impact
resistance, making it an ideal candidate for protective sensing
equipment.

In summary, this work aims to balance cost-effectiveness, tough-
ness, stiffness, strength, and conductivity, striving to achieve the most
simple and efficient preparation method. By introducing a bioinspired
structure from natural cartilage, we obtain a toughened BPP hydrogel.
A series of microscopic characterizations revealed that the strength-
ening mechanism of the hydrogels under tensile force primarily
resulted from the densification of the PVA/PEG network structure due
to hydrogen bonding and crystalline domain formation. Ingeniously,
this structural design utilized micro PVA particles as “cement” for load-
bearing, while PVA/PEG fibers acted like “rebars” connecting these
particles, collectively forming a system with significantly enhanced
mechanical properties. Experimental outcomes demonstrated the BPP
hydrogel’s notable mechanical attributes, including high compressive
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Fig. 5 | Performance analysis and sensing application of BPP hydrogel.

a Property map of UTS versus tensile modulus, b property map of UCS versus
compressive modulus, and ¢ quantity map of raw materials versus processes for
different kinds of PVA/PEG hydrogels. Data of other hydrogel materials were
compiled from literature. d Performance comparisons of reported typical PVA/PEG
hydrogels. e Real-time relative resistance change responding to cyclic compression

tests with different strains (0-50%) at a fixed speed of 12 mm/min. f Fit indices of
the BPP hydrogel sensor versus consecutive applied strains and forces (GF: gauge
factor, R%: determination coefficient). g Cycling stability of the resistance signal of
the BPP hydrogel sensor. h A prototype of an automated warning intelligent pro-
tective sensing system. i Real-time relative resistance change responding to
shooting tests with different speeds.

strength (29.5MPa at 86% strain), high tensile strength (10.5 MPa at
265% strain), fatigue resistance (degraded by only 8.57% after
1,000,000 compression cycles), and surface hardness similar to native
cartilage. Through in-situ testing techniques, we visually demonstrated
the BPP hydrogel’s notable surface hydrophilicity, as well as its effec-
tive resilience against impacts and cutting. In the liquid environment,
the BPP hydrogel exhibited low COF and minimal wear. This verifies its
wear resistance for use in protective sensors. The sensor demonstrated
high sensitivity (GF: 337), high linearity (R%: 0.9868), and fast response

time (100 ms). Based on these properties, an intelligent protective
sensing system has been developed, enabling wireless detection of
impacts, energy dissipation, and automatic warning emails sending.
Notably, compared to traditional PVA/PEG hydrogel preparation
methods, our approach achieves performance enhancement without
introducing any additional processing steps or materials. This work
provided a straightforward yet competent bioinspired strategy for the
development of hydrogel materials intended for use in protective
sensing equipment.
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Methods

Materials

PVA (alcoholysis degree 99%, polymerization degree 1799) was pro-
vided by Aladdin Biochemical Technology Co., Ltd. PEG (chemically
pure, M=2 x 10* g/mol) was provided by National Medicines Chemical
Reagent Co., Ltd. Deionized water was used throughout the entire
experiment.

Preparation of hydrogels
To prepare the BPP hydrogel, 4.0 g of PEG and 4.0 g of PVA were added
to 12 g of deionized water, and the mixture was heated and stirred at
80 °C for approximately 1 h to form a solid-liquid mixture with a mass
fraction of 25%. At this stage, some of the PVA did not fully dissolve,
resulting in millimeter- and micrometer-sized particles. The resultant
solid-liquid mixture was then poured into molds and frozen for 12 h.
Due to the high viscosity of the hydrogel precursor, external force
(such as squeezing or stretching) was applied to ensure the mixture
completely adhered to the rectangular or circular mold. After remov-
ing the samples from the freezer, the required solutions (deionized
water, normal saline, PBS, HA/plasma mixed solution) were added to
the molds. The immersed samples were then placed in the refrig-
erator’s chilling compartment for either 12 h or 30 days of soaking and
thawing processes. The extended soaking period was intended for
subsequent stability testing. After completing the soaking process, the
samples were removed from the molds and subjected to repetitive
tensile treatments using a fatigue tester or universal testing machine
until oriented fibrous textures appeared on the surface, thus obtaining
BPP hydrogel with a bio-inspired concrete-like structure.

For the preparation of NPP hydrogels, 4.0 g of PEG and 4.0 g of
PVA were dissolved in 12 g of deionized water under heating at 80 °C
and stirring until a uniform, transparent solution formed. This solution
was poured into molds and frozen for 12 h, followed by thawing for
another 12 h, ultimately yielding NPP hydrogels. According to the
outlined preparation method, NPP hydrogels with different composi-
tions were systematically prepared by incrementally increasing the
mass of PVA according to predetermined ratios. During the entire
heating and stirring process, both hydrogel solutions were kept sealed.

Preparation of AC samples

The porcine cartilage samples used in this study were sourced from a
commercial slaughterhouse. The sample collection process in the
laboratory did not involve any additional handling or sacrifice of live
animals, and therefore, this study does not directly manipulate
experimental animals and is not classified as a life sciences study
involving living subjects. Within 12 h post slaughter, the distal femur
including the articular cartilage was completely sectioned using a
precision medical oscillating saw (model YTZJ-B). Subsequently, punch
molds were utilized to cut the cartilage into circular samples with a
diameter of 1.5 cm for impact and friction testing. Cartilage from the
knee joints of three freshly slaughtered adult pigs was selected as the
experimental material, and friction experiments were conducted with
three independent replicates.

Tension, compression, and fatigue tests

Mechanical tests, including tension tests, compression tests, and
compressive fatigue measurements, were conducted on samples using
both a universal testing machine (QT-1166, Quatest, China) and a fati-
gue testing machine (FTM7110, Suzhou cnstar equipment Co., LTD,
China), each equipped with a 10,000 N load cell. Use a vernier caliper
to test the length, area, and other dimensions of samples.

FTIR and XRD measurements

FTIR spectroscopy analysis of hydrogel materials was carried out using
an FTIR spectrometer (Nicolet iS50, Thermo Fisher Scientific, USA)
within a wavenumber range of 500-4000 cm™. XRD measurements

were executed using an X'Pert PRO instrument (Panalytical, Nether-
lands) over a 26 range of 5-70°.

SEM Measurement

SEM images of hydrogel materials were acquired using a JSM-7900F
Thermal Field Emission Scanning Electron Microscope (JEOL, Japan).
Briefly, pre-prepared BPP composite hydrogel and NPP composite
hydrogel underwent freeze-drying for 36 h. Subsequently, prior to the
experiment, a thin gold film was sputter-coated onto the cross-section
of the BPP hydrogel and the NPP hydrogel.

Contact angle measurement

The contact angle measurement was conducted through a high-speed
camera (X213, Hefei Zhongke Junda Vision Technology Co., Ltd, China)
at ambient temperature. The volume of tested droplets was constant at
5uL. Each reported contact angle was an average of at least three
replicate measurements of the same sample.

Tribological test

The lubrication performance of the BPP hydrogel samples was eval-
uated using a conventional tribometer (MS-M-9000, Lanzhou Huahui
Instrument Technology Co., Ltd, China), which operated under a ball-
on-disc contact mode at ambient temperature. The COF was calculated
as the ratio of the tangential force opposing motion (Fy) to the normal
force (Fn) between the two contacting surfaces.

A stainless steel ball (316#) with a diameter of 6 millimeters served
as the counterface. BPP hydrogel specimens were affixed to the base of
the testing platform using a Hot-melt adhesive. Prior to testing, the
hydrogel samples were fully immersed in sufficient water-based
lubricant at room temperature. Friction assessments on each hydro-
gel surface were conducted at a frequency of 1Hz and 5Hz, with a
sliding distance of 5 millimeters per cycle. The applied normal load
ranged from 1N, 5N, to 10N. Each tribological test comprised a
minimum sliding duration of 600 s. The aqueous lubricants employed
encompassed physiological saline, PBS at pH 7.4, and a mixture of
plasma and hyaluronic acid simulating synovial fluid.

SHPB impact test

The SHPB (ZDSHTB-20/15, Zongde Electromechanical Company,
China) was employed to conduct impact tests on the AC, NPP hydro-
gel, and BPP hydrogel samples. The impact bar, incident bar, and
transmission bar all featured a diameter of 20 millimeters. Com-
pressed air from the air pump was further compressed at the position
of the air gun. Upon reaching a pressure of 0.6 MPa, the impact bar was
instantaneously propelled by the compressed gas within the air gun,
striking the incident bar at an approximate speed of 4.5 meters
per second. Samples of AC and hydrogels, each with a diameter of 15
millimeters, were secured between the incident and transmission bars.
A high-speed digital camera (X213, capable of capturing 5000 frames
per second at a resolution of 1000 x 1000 pixels) was positioned at a
50 mm distance to record the thickness of the samples both before
and after the impact by SHPB.

Pendulum impact test

For pendulum impact testing, an apparatus (HNB-5.5], Xiamen Yutesi
Instrument Co., Ltd, China) was utilized, imparting an energy of 5.5)
onto the AC and BPP hydrogel samples. Subsequently, the post-test
morphologies of damage on the sample surfaces were observed and
analyzed through depth scanning using an Olympus microscope (LEXT
OLS5100, Olympus Corporation, Japan).

Wide-angle X-ray Scattering (WAXS) and small-angle X-ray
scattering (SAXS) Measurements

Two-dimensional WAXS and SAXS profiles of the hydrogel samples
were collected with an X-ray detector of Pilatus 3R 300K in a small-
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angle X-ray scattering instrument (Xeuss 2.0, Xenocs) with Cu micro-
focal spot X-ray source. The pixel size was 172 pm. The sample to
detector distance was 84.6 mm for WAXS measurements.

Electrical measurement

Resistance signals from the flexible BPP hydrogel sensor were mea-
sured using a digital multimeter (DM858, RIGOL Technologies, Co.
Ltd, China).

The measuring method of Poisson ratio of BPP hydrogel
According to a classic formula in mechanics of materials, the relation
between Poisson ratio and elastic modulus is:

E

k=312,

@

Where v is the Poisson ratio, £ is the elastic modulus, while K'is the bulk
modulus.

Bulk modulus (K) is defined as the opposite value of the stress
change (Ap) divided by the volume change (AV), written as:

__Ap
=iy ©)

Because the volume of a material is bound to reduce when
deforming, AV is bound to be a negative value when Ap is greater than
zero. Therefore, K is a positive value.

Elastic modulus (£) is defined as the ratio of the change in stress
(Ap) to the change in strain (A¢), written as:

E=-"% 3)

After combining the three equations above, the Ap value could be
eliminated and the following formula was derived, which applies to
soft materials whose moduli are not fixed:

AV
- av 4
v=05+ 6AE “4)

For cylindrical hydrogel samples, the precise strain values can be
obtained using a stretching machine with a compression testing cell.
When compressed to a fixed shape by the machine, the precise dia-
meter values of the samples can be manually measured using a caliper.
According to the strain and diameter values, the precise AV values can
be manually calculated, and the v value can then be determined using
Eq. 4. The Poisson’s ratios of the BPP hydrogel measured at com-
pressive strains of 7.7%, 23.1%, and 38.5% were 0.3898, 0.3713, and
0.3975, respectively. The average value of 0.3861 was used for the
calculation of contact stress.

The calculation of ball-on-disk contact stress

For the characterization of lubricity, ball-on-disk friction tests are
commonly used to measure the friction coefficients of samples. In
these tests, ‘ball’ refers to the sliding probe is spherical, while “disk”
means that the sample for test is fixed on a flat surface. Due to the
curved contact surface, calculating the contact stress can be challen-
ging. The classical Hertzian contact mechanics requires knowledge of
the Poisson ratio and the elastic modulus of the two contacting
materials, however, the Poisson ratio of hydrogels is hard to mea-
sure, and their elastic modulus often changes with stress. Therefore,
this paper summarizes a calculation method proposed in previous
literature to more accurately determine the maximum contact stress
of hydrogels in spherical-disk friction tests.

Following the classic elastic contact theory of Hertz, the rela-
tionship between the maximum contact stress p of two spheres and
the normal load F given as follow:

_, 6 Ri+R, F
P=m RR, 14,1 ®

Where R; and R, are the radii of the two spheres, v; and v, are their
Poisson ratios, F; and E; are their elastic moduli. Let the probe ball be
material 1 while the flat hydrogel be material 2, since R, value (the
radius of hydrogel) approaches infinity, and the term (R;+R,)/RiR,
simplifies to 1/R;. In ball-on-disk friction tests, when the spherical probe
is rigid, the values of Ry, F5, v; and v, are all fixed. Therefore, the p value
could be calculated directly by a given F value as long as the £, value is
known. However, E, (elastic modulus of hydrogel) is not constant and
changes with the contact stress p. Whereas, E, can be fitted as a
function in terms of p. The function can be derived from compression
test data. Thus, the equation was further transformed into:

SN

F=p

3 MR, . {1—1}%

. +1—1/%} ©)

£ E;(p)

In this formula, E;(p) is an expression for £, in terms of p. The
measuring units of F, p, R, E are respectively N, MPa, mm, MPa. Aside
from the variable of F and p, the other parameters are all constant.

Example for contact stress calculation of BPP hydrogel
Figure 2h illustrates the relationship between the elastic modulus and
stress of the hydrogel. According to the aforementioned Eq. (4), the
average value of the Poisson’s ratio for the BPP hydrogel was measured
to be 0.3861. For the probe balls, the stainless steel 316# used in this
work unless specified. The radius of the ball is 3 mm. According to the
internationally accepted standard, elastic modulus and Poisson ratio of
the 316# stainless steel are 193 GPa and 0.3, respectively.

After substituting all of the parameters, when the measuring unit
of p is MPa, the relation between F and p can be expressed as:

NacCl : o
_m3 m3 1-0.32 1-0.465>
F=(p)y %= {193x1000 + 6.50425p—0.54188]
PBS : 8
(3.3 [ 1-032 1-0.465 (8)
F=(py - %5 [193x1ooo + 7.23051p—2.006643]
HA/Plasma :
—(p)3.m3 1-0.32 1-0.465> 9
F=(p)y "= {193x1ooo + 7,43644p—0.54271]

According to Egs. (7), (8), (9), the contact stress p could be directly
calculated from a given normal load F. The typical F values and cor-
responding p values are listed in Table 1 in the main text.

The calculation of water content

The BPP hydrogel samples, immediately after tensile testing, were
placed on a balance, and the fresh weight W¢ was recorded. Subse-
quently, the samples were left to dry in air at room temperature (25 °C)
for 2 days, after which the dried weight W4 was re-recorded. The water
content was calculated based on Eq. (10).

M x100

Water content(%) = W
f

10)

Based on the weights recorded in Supplementary Fig. S13, the
water content of the BPP hydrogel was calculated to be -54%.
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All data generated or analyzed during this study are included in the
published article and its Supplementary Information. Source data are
provided in this paper. All data are available from the corresponding
author upon request. Source data are provided with this paper.
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