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A B S T R A C T   

Development of reversible wet or underwater adhesives remains a grand challenge, because weakened inter-
molecular interactions by water molecules or/and low effective contact area cause poor interface to the wet 
surfaces, which significantly decreases adhesive strength. Herein, a new photocured, bio-based shape memory 
polymer (SMP) that shows both chemical and structural wet adhesion to various types of surfaces is developed. 
The SMP is polymerized from three monomers to form linear polymer chains dangled with hydrophobic side 
chains. The hydrogen acceptor and donor groups in the chains form hydrogen bonding with the surfaces, which is 
protected by the hydrophobic chains in the interface. The SMP shows tunable phase transition temperature (Tg) 
of 17–38 ◦C. In a rubbery state above Tg, the adhesive forms conformable contact with the targeted surfaces. 
Below Tg, a transition to a glassy state locks the conformed shapes to largely increase the effective contact area. 
As a result, the adhesive exhibits long-term underwater adhesion of >15 days with the best adhesion strength of 
~0.9 MPa. Its applications in leak repair, underwater on-skin sensors were demonstrated. This new, general 
strategy would pave avenues to designing bio-based, long-lasting, and reversible adhesives from renewable 
feedstocks for widespread applications.   

1. Introduction 

Adhesives are widely used in our daily life [1,2]. They generally form 
permanent or reversible bonding with targeted surfaces, corresponding 
to glue- and tape-type adhesives, respectively [3,4]. The former is usu-
ally in a liquid state made of prepolymers [5] or monomers [6]. The 
adhesion to the surfaces is formed by a transformation from liquid to 
solid. This type of adhesion is usually irreversible and cannot be reused. 
On the contrary, the latter is usually in a solid state made of solid 
polymers [7] or hydrogels [8], whose adhesion is directly formed by 
reversible interactions of the substances with the surfaces. The in-
teractions include van der Waals force, electrostatic force, and hydrogen 
bonding, while they can be significantly reduced by the hydration layer 
in a wet environment, resulting in debonding [9,10]. For instance, 
adhesion strength of a gecko feet pad to the surfaces is significantly 
weakened when it is wet [11]. Additionally, water is easily trapped at 

interfaces of the substrates and adhesives, especially when the surfaces 
are rough. This not only reduces the effective contact area, but also in-
troduces crack defects, thus largely decreasing the adhesive strength [4]. 
As a result, the weakened adhesion greatly limits the applications of the 
adhesives in leakage repair, biosensors for underwater usage, organ 
repair, and others [12,13]. 

Recently, researchers have successfully constructed special non- 
covalent interactions that are not weakened by the hydration layer, 
such as hydrophobicity interactions [14], host–guest interactions [7], 
and cation-π interactions [3] to ensure strong underwater bonding. 
Meanwhile, it is worth noting that most adhesives are synthesize from 
the petroleum sources [15], development of renewable bio-based un-
derwater adhesives would afford an alternative green and sustainable 
pathway, which has been largely underexplored. Inspired by Liu’s work 
[16], he proposed a strategy to protect hydrogen bonds by effective 
entanglement with a hydrophobic layer. It is reasonable to hypothesize 
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that vegetable oils could offer a similar pathway to protect the hydrogen 
bonds as most of them consist of many long fatty acid hydrophobic 
chains. 

On the other hand, besides the ways of enhancing chemical in-
teractions, some physical interactions may be a promising method for 
creating the reversible wet adhesion, such as surface free energy, 
capillary force and biologically inspired structures [17–19]. Inspired by 
this, physical interaction may be designed to improve the contact area 
and prevents defect formation in the interfaces of the substrates and 
adhesives for creating strong wet adhesion. Shape memory polymers 
(SMPs), a class of stimulus responsive polymers [20], have shown 
promises in achieving this target [21]. They interconvert between the 
glassy and rubbery states with a dramatic change in modulus. They can 
be easily deformed above phase transition temperature (Tg) and 
memorize the deformed shape after cooled below Tg. For an adhesion 
application, they can conformably contact the topography of the tar-
geted surfaces in the rubbery state (low modulus, easy to be deformed). 
This temporary shape can be memorized in the glassy state (high 
modulus, hard to be deformed) below Tg, thus forming an effect of 
mechanical interlocking in the interfaces. This structurally enhanced 
adhesion has been named a strong rubbery-to-glass (R2G) adhesion 
[21]. 

Herein, we report a design strategy of manipulating both chemical 
and structure interactions in a bio-based SMP for strong wet adhesion, e. 
g., a new photocured, bio-based SMP that shows both chemical and 
topography wet adhesion with various types of surfaces is developed. 
The adhesion can be reversible and repeatable. The SMP with tunable Tg 
was synthesized by radical photopolymerization of three monomers of 
2-hydroxy-3-phenoxypropyl acrylate (HA), N-vinylpyrrolidone (NVP), 
and dodecyl acrylate (DA). These monomers were polymerized to a 
linear polymer chain, forming a thermoplastic. In the polymer chain, HA 
contains β-hydroxyl groups while NVP has oxocarbon anion groups. So, 
they can serve as hydrogen bond acceptors and donors, respectively, 
which contribute to the tough adhesion performance of the SMP. DA is 
derived from coconut oil. It contains a long fatty acid carbon chain, 
which is hydrophobic, thus can protect the hydrogen bonding (H- 

bonding) in the SMP network from being weakened by the hydration 
layer of the wet surfaces. In addition, the SMP with tunable Tg of 
17–38 ◦C offers a R2G adhesion capability to increase the adhesion 
strength by ~250 % compared to those without the R2G adhesion. 
Finally, the SMP is photocured, and the reversible, long-lasting adhesion 
performance was demonstrated in bonding different types of substrates, 
repairing a leak, and serving as an adhesive substrate for underwater on- 
skin bioelectronics, indicating a great promise of this material for 
widespread applications. 

2. Results and discussion 

2.1. Synthesis of the SMP adhesive 

The proposed SMP was synthesized by an ink mixed with a soft 
monomer, DA with Tg of ~0 ◦C, and two hard monomers, HA with Tg of 
~25 ◦C and NVP with Tg of ~100 ◦C. Upon UV irradiation, photo- 
initiator diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) will 
trigger the radical polymerization via the C = C bonds of these three 
monomers, forming linear thermoplastic polymer chains (Fig. 1a and 
Fig. S1). These chains contain abundant β-hydroxyl groups attributed 
from HA and the oxocarbon anion groups from NVP. These groups form 
hydrogen bonds among these polymer chains to toughen the polymer 
[22], meanwhile accelerating the polymerization rate owing to 
enhanced interactions of these two monomers in the liquid precursor 
[23]. In addition, these abundant β-hydroxyl groups can form H-bonds 
with polar or highly electronegative surfaces for adhesion. If these H- 
bonds are not protected, they tend to be weakened by the hydration 
layer in the wet interfaces. To mitigate this potential issue, DA, a 
monomer derived from the coconut oil, was deployed as part of the 
precursor. The hydrophobic fatty acid chains in DA are hypothesized to 
prevent water from direct contact with the H-bonds, thus can effectively 
protect the H-bonds from being weakened by the hydration layer 
(Fig. 1b). The photo-curability of the ink makes the synthesized SMP be 
patterned to different structures (Fig. 1c). Additionally, Tg of the ther-
moplastic polymer can be tuned to a range of 17–38 ◦C, which is much 

Fig. 1. Overview of the work. (a) Scheme showing photocuring of a SMP adhesive and its H-bond formation. (b) Scheme showing mechanism of using hydrophobic 
interactions for protecting H-bonds. (c) Photographs showing a shape memory cycle of a UV patterned SMP lattice. (d) Applications of the SMP adhesives in leakage 
repair and underwater sensors. 
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lower than those of thermosets [24], thus making the shape program-
ming easier and faster. As shown in Fig. 1c and Video S1, the high- 
precision lattice structure was fabricated utilizing UV lithography. The 
lattice structure was programmed above its phase transition tempera-
ture and rapidly cooled, enabling it to memorize the programmed shape. 
Upon heating above the phase transition temperature, the lattice 
structure rapidly recovered to its original state. This combined strategy 
of using both chemical and structure interactions with the targeted wet 
surfaces for developing renewable SMP adhesives could lead to wide-
spread applications. As demos, we applied it to repair a leaked bottle 
hole and used it as a substrate for underwater on-skin bioelectronics 
(Fig. 1d). 

2.2. Mechanical and shape memory properties of the SMP adhesive 

The adhesive is a thermoplastic polymer, and the mechanical prop-
erties and Tg can be tuned simply by weight ratios of the soft and hard 
monomers. To study the respective effects of the three monomers, we 
used a weight ratio of 2: 1: 1 for DA, HA, and NVP as a reference. To vary 
the mechanical properties and Tg of the SMPs, the ratios of the two 
monomers were fixed and the third one was tuned. For instance, the 
samples named DA-2.0, DA-2.4, DA-2.8, DA-3.2 refer to the ones poly-
merized with DA, HA, and NVP weight ratios of 2:1:1, 2.4:1:1, 2.8:1:1, 
and 3.2:1:1, respectively. See Methods for details. It is found that as the 
weight ratio was tuned, the viscosity of the ink varies in a range of 
0.007–0.041 Pa⋅s (Fig. S2). The low viscosity of <1.3 Pa⋅s would facil-
itate the photopolymerization [25]. Interestingly, the viscosity increases 
with increase of the weight ratios of the HA monomer (Fig. S2b). This 
could be caused by the hydroxyl groups existing in HA. As the HA ratio 
increases, the H-bonding interactions increase [26]. It is found that 
mechanical properties of the SMPs depend on the weight ratios of the 

soft and hard monomers. The stress–strain curves of Fig. 2a show a 
rubber like behavior due to the flexible chains and lower Tg. The other 
SMPs show a clear plastic-to-rubber transition behavior (Fig. 2b-c). The 
stress–strain curves show a plastic-like behavior in the beginning. After 
the yield, the plastic-like behavior is transitioned to a rubber-like one, 
showing a rapidly increased stress, and is finally followed by fracture, 
thus resulting in a high ductility [27]. DA’s chain is long and acts as a 
soft segment in the polymer network, making fractural strain of the 
synthesized material increase from 451 % to 614 % when the DA’s 
weight ratio to HA and NVP increases from 2.0 to 3.2 (Fig. 2d). HA has 
rich hydroxyl groups that make the synthesized polymer chains form H- 
bonds, thereby increasing the tensile strength of the SMPs from 1.14 to 
1.96 MPa when the weight ratios of HA increases from 1.0 to 2.2 
(Fig. 2e), while maintaining a fractural strain of 369 % (Fig. 2d). Due to 
its rigid molecule structure, NVP acts as a hard segment in the polymer 
network. As its weight ratio increases from 1 to 2.2, the tensile strength 
of the materials is significantly improved from 1.14 to 7.47 MPa 
(Fig. 2e). The Young’s module is increased from 0.49 to 14.61 MPa 
(Fig. 2f). 

To study the recovery performance, cyclic tensile testing was per-
formed on the DA-3.2 and NVP-2.2 samples (Fig. 2g-h). A hysteresis loop 
is seen in the cyclic curves, indicating great energy dissipation capa-
bility, which benefits energy absorption from external loading. The re-
sults also show that the adhesives have significant residual strain 
accompanied by a decrease in strength after a continuous circulation at a 
strain of ~80 % of the fractural strain. As shown in Fig. 2g, DA-3.2 shows 
more recoverable elastic deformation than NVP-2.2 does properly 
because of the flexibility of the long chains in DA. NVP-2.2 showing a 
larger residual strain. Nevertheless, the residual strains of both samples 
can be almost recovered after being heated up to ~70 ◦C. It could be 
because the flexibility of the thermoplastic network can easily relax the 

Fig. 2. Mechanical properties of the SMP adhesives. Stress–strain curves of the SMPs with different (a) DA; (b) HA; and (c) NVP ratios. Effect of monomer weight 
ratios on (d) strain; (e) tensile strength (σT); and (f) Young’s modulus (E) of the SMPs. Cyclic tensile curves of (g) DA-3.2 and (h) NVP-2.2 samples. (i) Stress–strain 
curves of NVP-1.4, NVP-1.8, and NVP-2.2 samples above Tg. 
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internal residual stress. To avoid a catastrophic loss of the strength 
above Tg caused by the hyperactive polymer segments, the NVP-2.2 
samples that exhibit high tensile strength was selected to evaluate the 
mechanical behavior (Fig. 2i). It shows that above Tg the NVP-2.2 
samples still retain a considerable tensile strength of 3.01 MPa and a 
fractural strain of 281 %, respectively. This comparison study illustrates 
that NVP as a hard segment imparts strength to the adhesives, making it 
more difficult to deform, while DA as a soft segment improves the 
stretchability of the adhesives. Thus, combination of these soft and hard 
monomers with different ratios in the ink imparts the synthesized SMP 
with high tunability in mechanical properties. 

Tg of the materials was measured by dynamic mechanical analysis 
(DMA). The DMA curves shown in Fig. 3a-c indicate that as the tem-
perature increases above Tg, the storage modulus of the materials de-
creases exponentially, indicating a transition from a glassy state to a 
rubbery state [28]. Dependence of Tg on the content of DA, HA, and NVP 
was derived from Fig. 3a-c and summarized in Fig. 3d. It shows that as 
the weight ratio of DA increases, Tg decreases from 22 to 17 ◦C. It can be 
attributed to the effect of the long, soft fatty acid chains. In contrast, as 
the weight ratios of HA, NVP increase, Tg increases from 22 to 29 ◦C and 
from 22 to 38 ◦C, respectively. That could be because the ring structures 
in HA and NVP as well as the formed H-bonds by HA increase the rigidity 
and lower the motion of the polymer chains [29]. To optimize the shape 
memory performance at different temperatures, the weight ratios of the 
monomers can be varied accordingly. For example, Fig. 3e shows a 
shape memory cycle of an NVP-2.2 strip. It was programmed to a tem-
porary shape at a maximum strain of ~200 % at 70 ◦C. This programmed 

shape was then fixed below Tg, and then recovered to its original shape 
when heated above Tg (Video S2). Moreover, we also studied the shape 
fixing and recovery ratios. In the test, the SMPs were first applied with a 
programmed strain (εp) of 100 % above Tg. Then, the temperature was 
gradually lowered below Tg while keeping the material isothermally at 
100 % strain for 2 min. The retained strain εu was obtained after 
removing the external load. Then temperature was raised above Tg, the 
shape was recovered. The residue strain εr was measured. The shape 
fixing ratio Rf = εu/εp and recovery ratio Rr = (εu − εr)/εu were calcu-
lated. Their dependences on the weight ratios of the three monomers 
were quantified and shown in Fig. 3f-h. Thanks to the flexible linear 
chains, the SMPs maintain >95 % of Rr. Although Rf values vary with the 
change of the weight ratios of the monomers, they still show >85 %. In 
contrary to HA and NVP, the long fatty acids chains in DA promote chain 
flexibility, which reduces the Rf values as the DA ratio increases. This is 
consistent with the phenomenon showing a smaller residual strain in the 
SMPs with high DA weight ratios (Fig. 2g-h). 

2.3. Adhesion performance and mechanism 

This developed SMP adhesive exhibits considerable adhesion 
strength to different types of substrates owing to its microstructure and 
the R2G adhesion mechanism. In its rubbery state, the polymer chains 
facilitate formation of H-bonds with the substrates (Fig. 4a) [16]. For 
example, a DA-3.2 sample with Tg of 17 ◦C remains a rubbery state at 
room temperature. Thus, in the room temperature water (~20 ◦C) it 
exhibits adhesion to surfaces of seashell, wood, plastics (polyethylene 

Fig. 3. Storage modulus (solid lines)-damping parameters (dash lines) of the SMP adhesives with different (a) DA, (b) HA, and (c) NVP ratios. (d) Tg of the SMPs vs. 
weight ratios of the three monomers in the ink. (e) Photographs showing a shape memory cycle of a SMP adhesive with a DA:HA:NVP ratio of 2:1:2.2. Shape fixing 
ratio Rf and shape recovery ratio Rr of the SMPs with different (f) DA, (g) HA, and (h) NVP ratios. 
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(PE), polyimide (PI)), glass, and aluminum (Al) (Fig. S3). Shear tests 
were then conducted to measure adhesion strength between the adhe-
sive and these substrates. Stress–strain curves in Fig. 4b show that the 
adhesion strength to all the substrates is >200 kPa, with the ones 
adhered to PE and PI being close to 400 kPa, while porous wood exhibits 
relatively lower adhesive strength as the water droplets are trapped at 
the interfaces of the substrates and adhesives. In addition, the contact 
angles increase from 68.2 to 78.4 ◦C with the increased weight content 
of DA (Fig. 4c). It is important to note that the primary role of DA is to 
protect the adhesion by reducing the direct contact of water with the H- 
bonds. The increased contact angle indicates an enhanced hydropho-
bicity of the adhesive, which helps to the prevent water penetration and 
maintain the adhesion strength. As shown in Fig. S4, the water uptake of 
the SMP adhesives is negligible after being soaked in water for 15 days. 
This great hydrophobicity can partially explain why the hydrophilic H- 
bonds can be protected from water infiltration to weaken the bonding in 

the interfaces. Thus, the underwater bonding remains stable for at least 
15 days (Fig. 4d). 

The instant adhesion can be reversible (Fig. 4e). Although it shows a 
little reduction in the adhesion strength after 10 times, it can be 
recovered after the adhesive surface is cleaned with alcohol to remove 
accumulated dust. Meanwhile alcohol would break H-bonds of adhesive 
and consequently reduces the adhesion strength, which makes the ad-
hesive be easily peeled off the substrates (Fig. S5 and Video S3). A shown 
in Fig. S6, the adhesion strength of DA-3.2 adhered to PE is reduced by 
~ 87 % after soaked in alcohol for 3 s. A significant reduction of 96 % 
and 97 % in the adhesion strength on the wood and seashell surfaces is 
observed. This could be because the high roughness surfaces allow the 
alcohol to better penetrate the interfaces, thus causing debonding. The 
exhibited adhesion properties make it be easily adhered to a plastic cup 
at room temperature in a few seconds for repairing water leak (Fig. 4f 
and Video S4). Additionally, after it is adhered to a weight with 0.97 kg 

Fig. 4. (a) Schematic showing adhesion mechanism enabled by H-bonding. (b) Shear stress-stain curves of DA-3.2 adhered to various substrates. (c) Photographs 
showing the contact angles of the SMP adhesives. (d) Adhesion strength of DA-3.2 adhered to PE after immersed in water for different durations. (e) Cyclability test to 
show reversible wet adhesion of DA-3.2 to PE. (f) Photographs showing DA-3.2 adhered to a plastic cup for leakage repairing. (g) Photographs showing DA-3.2 
adhered underwater to a weight which was easily lifted. 
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underwater, the adhesive with only 5 mm in radius can easily lift the 
weight (Fig. 4g and Video S5). 

The adhesive exhibits the R2G adhesion mechanism, or called 
structural bonding, enabled by its shape memory property to further 
increase the adhesion strength. The mechanism is illustrated in Fig. 5a. 
In its rubbery state above Tg, the adhesive can conform to rough and 
uneven surfaces under an external force. Below Tg, the adhesive retains 
its shape with an increasing modulus (glassy state), thus forming me-
chanically interlocked structural bonding. By this way, the adhesion 
strength is increased. To verify this hypothesis, we used NVP-2.2 as a 
demo sample. First, above Tg, NVP-2.2 was conformably contacted with 
the striated surface of a seashell. The mosaic pattern of the surface was 

transfer printed to the NVP-2.2 film, which was then fixed when the 
temperature was below Tg. This transferred pattern was recovered to the 
originally flat surface above Tg (Fig. 5b). To test if this shape memory 
property can be achieved at a micrometer scale, micro-patterns of grid, 
strip, and letter were programmed by transfer printing, fixed, and then 
recovered on the NVP-2.2 films by the same way (Fig. 5c, Fig. S7, and 
Video S6). This interlocked micro-pattern does have the effect of pre-
venting the separation of the substrate from the adhesive during the 
shear stretching (Fig. S8). 

These results motivate us to explore the effect of surface roughness 
on the adhesion strength. To do that, three brass samples with different 
surface roughness (R1 = 1.32 μm, R2 = 0.42 μm, R3 = 0.11 μm) were 

Fig. 5. (a) Schematic showing R2G adhesion mechanism enabled by shape memory. Shape programming, fixation, and recovery of an NVP-2.2 film transfer printed 
from: (b) a surface of a seashell; (c) a grid micro-pattern. (d) A SEM image of the NVP-2.2 surface programmed from the brass surface with roughness of R1. (e) 
Adhesion stress–strain curves of NVP-2.2 to three brass samples with different roughness levels. (f) Demonstration of an active SMP valve. SMP share stress–strain 
curves of (g) HA-2.2 and (h) NVP-2.2 adhered to PI and PE above and below Tg. (i) Comparison of adhesion strength of the different types of adhesives. Finite element 
simulation on (j) de-bonding process; (k) de-bonding shear force–displacement curves of the SMP adhesives adhered to surfaces with three different roughness levels. 
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prepared (Fig. S9). Fig. 5d and Fig. S10 show the SEM images of an NVP- 
2.2 adhesive with a programmed shape transfer printed from the brass 
sample with surface roughness of R1, from which a sub-micrometer 
feature can be observed. Fig. 5e shows the shear stress test of the ad-
hesives to these three types of brass samples with their statistic results 
summarized in Fig. S11. It shows that the average adhesive strength to 
the brass surfaces with R1, R2, and R3 roughness is 409 kPa, 330 kPa, 
and 250 kPa, respectively. This suggests that increased surface rough-
ness increases the adhesions strength. The strategy of combining the 
chemical and the structural adhesion can be applied as an active valve. 
As shown in Fig. 5f, an adhesive with a programmed cylindrical shape 
(Fig. S12) was inserted into an open tube in a funnel. Due to existence of 
a gap between the tube and the stretched shape of the adhesive, cold 
water flowed through the tube, while hot water (~60 ◦C) was blocked by 
the SMP valve. As its shape recovered above Tg induced by the hot water, 
the valve expanded and adhered to the tube surface (Video S7). Fig. S13 
shows that the adhesive was adhered to the surface of a glass container 
with hot water above Tg. When the temperature was below Tg, the 
adhesion strength was improved so that the container was easily lifted 
(Video S8). 

To quantify the R2G adhesion, the adhesives were bonded to PE and 
PI above Tg and then the comparison shear stress testing was done above 
and below Tg. The results show that below Tg the adhesion strength of 
HA-2.2 adhered to PI and PE increases by 108 % and 88 % from 387 and 
490 kPa tested above Tg, respectively (Fig. 5g), while below Tg, the 
adhesion strength of NVP-2.2 adhered to PI and PE increases by 249 % 
and 190 % from 228 and 314 kPa tested above Tg, respectively (Fig. 5h). 
As shown in Fig. 5i, when compared to the tape-type adhesives 
[1,8,30–44], the SMP adhesives demonstrated in this work achieved 
adhesion strength in a range of 238–924 kPa. Compared to adhesive 
hydrogels, which tend to have relatively low adhesion strength and can 
be easily damaged or ruptured under stress, the SMP adhesives show 
superior adhesion performance. It is worth mentioning that the adhesion 
of our SMPs can happen in <2 min. In summary, these properties are 
better than or comparable to the previously reported polymer or 
hydrogel adhesives. 

Above Tg, SMP is soft and forms conformable contact with the surface 
texture with an applied pressure. Below Tg, the shape can be locked with 
much improved mechanical strength, which is combined with the 
enhanced interfacial area to afford greatly improved shear strength. To 
validate the mechanism, the finite element analysis (FEA) was per-
formed to simulate how the shape transition can improve the adhesion 
using a single lap joint as a model (Fig. 5j and Video S9). The numerical 
(Fig. 5k) results show the shear strength becomes larger as the roughness 
(simulated by the amplitude of sinuous functions) is increased, which is 
consistent with experimental results (Fig. 5e). Fig. 5k also proves that 
the roughness imparts structure resistance to SMP to increase the shear 
stiffness and strength. Meanwhile, it is found that the polymerization 
degree also affects the adhesion strength. As shown in Fig. S14, the 
relationship between the molecular weight of the polymer and the 
tensile, adhesion strength was investigated. Adding more NVP and HA 
will promote the internal H-bond formation, thereby increasing the 
cohesion among the polymer chains. This observation is also intuitively 
reflected in the increased molecular weight of the polymer. Improving 
the shear resistance of the adhesive makes it easier to adhere to the 
substrate. 

2.4. Underwater adhesion for on-skin sensor application 

An application of an underwater adhesive is to be used for on-skin 
electronics. Before testing such durability, a biocompatibility test of 
the adhesive should be conducted. Thanks to its bio-based content, the 
cells can proliferate when co-cultured with the SMP adhesive surface for 
4 days (Fig. S15). It should be noted that the average counts of the co- 
cultured cells are high with a cell viability of >80 % (Fig. S16). When 
the average value was 50 % or higher, the percentage of cell viability 

was deemed optimal in other studies for evaluating the cytotoxicity of 
the materials [45]. Therefore, this adhesive is not cytotoxic to cells, 
which is consistent with the results shown in other studies about the 
cytotoxicity of similar materials for on-skin applications [46,47]. After 
testing the biocompatibility, we evaluated and compared the signal 
acquisition performance of a commercial hydrogel electrode and a 
commercial conductive electrode capsulated with the developed SMP 
adhesive for electromyography (EMG) recording. As shown in Fig. S17, 
after 1 min underwater test, the hydrogel electrode swelled a lot due to 
water absorption and was easily detached from the skin, while the one 
encapsulated with the SMP adhesive remained the same surface shape 
and was firmly adhered to the skin (Fig. S18). As a result, the EMG 
signals collected from the SMP electrode can be transmitted by a simple 
flexion motion, and the light bulb became brighter (Fig. 6a and Video 
S10). Due to the strong and conformable adhesion to the skin, the 
conductive electrode capsuled with the SMP adhesive can record the 
EMG signals with such a high fidelity, where the collected EMG spectra 
for various types of muscle motions can be distinguished. Fig. 6b-c show 
the EGM signals collected from the two different muscle motions. One is 
from flexion, a muscle motion that produces a high, sharp signal shape. 
The other is from twist, a small, slow muscle motion that produces a 
small, broad signal shape. Because of these high-fidelity EMG signals 
recorded underwater, we conceived a Morse coding system, a way to 
transmit various kinds of information through defined flexion and twist 
motions. They are defined as “dots” and “dashes”, respectively (Fig. 6d). 
With these Morse codes, various Latin alphabet can be transmitted 
through arm motions for a purpose of transmitting underwater immer-
gence information. For instance, letter “S” can be represented by three 
continuous flexion motions and letter “O” can be interpreted by three 
continuous twist arm motions. Accordingly, the message “SOS” and 
“HELP” can be effectively transmitted via the EMG signals by swinging 
arms underwater (Fig. 6e and f). 

3. Conclusion 

This study presents a novel strategy of combining chemical in-
teractions and structure bonding in a photocured, bio-based shape 
memory thermoplastics for reversible, repeatable underwater adhesion. 
Hydrophobic interactions empowered by the long fatty acid chains in 
the polymerized SMP can protect the non-covalent hydrogen in-
teractions from being destroyed by the water molecules in the interfaces. 
The SMP has reasonable Tg in a range of 17–38 ◦C, making the R2G 
adhesion enabled by the shape locking effect, or called structural 
bonding, be easily achieved. The protected hydrogen interactions and 
enhanced R2G adhesion by the shape memory effect make the fabricated 
SMP adhesive realize adhesion strength of up to 924 kPa. The adhesion 
is instant and reversible. It was demonstrated the applications in 
repairing water leaks, strong underwater adhesion for long-lasting, high- 
fidelity underwater EMG signal recording. This proposed strategy would 
pave a new, general way to designing and synthesizing high- 
performance bio-based underwater adhesives from renewable sources. 

4. Methods 

4.1. Materials 

2-Hydroxy-3-phenoxypropyl acrylate (HA), N-Vinylpyrrolidone 
(NVP, >99 %), and dodecyl acrylate (DA, >90 %) were purchased from 
Sigma Aldrich (St. Louis, MO, U.S.). Diphenyl(2,4,6-trimethylbenzoyl) 
phosphine oxide (TPO, >97 %) was purchased from Fisher Scientific 
(Pittsburgh, PA, U.S.). These materials were used without further 
purification. 

4.2. Ink preparation and photocuring of biopolymer 

DA, HA, and NVP were mixed at weight ratios of 2:1:1 as a control 
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sample. When we studied the effect of a monomer weight ratio on the 
material properties, two of these monomers were fixed while the third 
one was increased in an incremented weight of 10 % of the ink. For 
example, when studying the effect of the DA weight ratio, the weight 
ratio of HA and NVP was kept as 1:1, and the DA weight ratio versus HA 
or NVP was increased from 2.0 to 2.4, 2.8, and 3.2. The obtained sam-
ples were named as DA-2.0, DA-2.4, DA-2.8, DA-3.2, respectively. The 
samples of HA-1.0, HA-1.4, HA-1.8, and HA-2.2 refer to the ones with 
the DA-HA-NVP ratios of 2:1:1, 2:1.4:1, 2:1.8:1, and 2:2.2:1, respec-
tively. The samples of NVP-1.0, NVP-1.4, NVP-1.8, and NVP-2.2 refer to 
the ones with the DA-HA-NVP ratios of 2:1:1, 2:1:1.4, 2:1:1.8, and 
2:1:2.2, respectively. All the resins were added with a photoinitiator, 
diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) (2 wt %). The 
ink was photocured by UV-light with an irradiation wavelength of 405 
nm under a power density of ~ 5 mW/cm2. The exposure time was set to 
1 min. Then, the photocured objects were post-cured in a 405-nm UV 
light oven for 6 min. 

4.3. Materials characterization 

The viscosity of ink was evaluated by a modular rotation and inter-
face rheometer MCR302 equipped with a C60/2◦. The test was per-
formed at room temperature with shear rates changing from 0.1 to 100 
1/s. The glass transition temperature (Tg) of the polymer was obtained 
from differential scanning calorimetry (DSC) and dynamic mechanical 
analysis (DMA). DSC was monitored by using a DSC Q20 machine (TA 
Instruments, Newcastle, DE, USA). Samples with a weight of ~15 mg 
was placed in a standard aluminum crucible with a lid and were scanned 
in a dynamic mode from − 10 to 100 ◦C at a heating rate of 10 ◦C/min 
under N2 atmosphere (30 mL/min). DMA (testing sample: 50 mm length, 
5 mm width) test was performed on a DMA 7100 machine (Hitachi, 
Chiyoda, Tokyo, Japan). Measurement was conducted from − 10 to 
100 ◦C in a tensile mode. The heating rate was 3 ◦C/min and the fre-
quency was 1 Hz. Fourier transform infrared (FTIR) spectra were 
collected by a Thermo Nicolet 380 FTIR Spectrometer with DIAMOND 
ATR. Gel permeation chromatography (GPC) measurements were per-
formed by high performance liquid chromatograph (HPLC) (Agilent 
1200 series, Agilent Technologies, Palo Alto, CA) equipped with a 
refractive index (RI) detector and an Agilent PLgel 5 µm MIXED-D col-
umn. The measurements were performed at 35 ◦C with Tetrahydrofuran 

(1 mL/min) as the eluent. Polystyrene was used as standards for cali-
bration. SEM images were collected using a Thermoscientific Volume-
scope at an accelerating voltage of 5.0 kV. The samples were coated with 
a thin gold film (10 nm) before imaging. The optical images were ob-
tained by Amscope FMA050. The tensile testing was conducted on a 
Mark-10 universal testing machine at a moving rate of 50 mm/min. 
Cyclic tensile tests were conducted at a strain of ~80 % of elongation at 
break at a crosshead speed of 50 mm/min. There was no waiting time 
between consecutive cycles (1st to 5th cycle). After five cycles, the 
samples were allowed to relax with a heat gun at the 6th cycle. 

4.4. Roughness test 

Roughness Tester AMT211 was used to extract Ra, which is the 
average roughness of the surface. It offers a broad assessment of surface 
texture height. Specifically, Ra calculates the average deviation in 
height for every point on the surface from the mean height. Ra is defined 
in the annexes of JIS B 0031 and JIS B 0601 as follows: 

Ra =
1
l

∫ l

0
|y|dx 

The mean line is laid on a Cartesian coordinate system where the 
tester tip passes though x-axis and magnification is in y-axis. As Ra takes 
the average roughness through the entire surface, it compensates any 
local rough area that is not common throughout the surface. 

4.5. Adhesion test 

The adhesive was sandwiched between two pieces of selected sub-
strates with 80 N preload in water or stored in water for different du-
rations. Then, the adhered plates were clamped into a Mark-10 universal 
testing machine and pulled at a crosshead speed of 50 mm/min. The 
adhesion strength was calculated by dividing the measured maximum 
load by the bonded area. Four measurements were made for each type of 
the SMP samples. To test water absorption in the SMP samples were first 
dried in an oven at 50 ◦C for 3 h, then sealed in a plastic bag. After it was 
cooled to room temperature, they were weighed to obtain the dry weight 
of the sample (m0). The samples that were soaked in distilled water for 
various duration were then dried with a tissue paper, finally weighed to 
get average actual sample weight (m). The difference of m and m0 is the 

Fig. 6. (a) Flexion to control bulb brightness underwater by an EMG sensor protected by the SMP adhesive. The EMG signals caused by muscle motions of: (b) flexion 
and (c) twist. (d) Definition of Morse codes based on two types of the EMG signals from muscle motions of flexion and twist. Transmitted Morse codes of (e) SOS, and 
(f) HELP via the EMG signals by underwater muscle motions of the flexion and twist. 
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absorbed water weight for each sample. 

4.6. Biocompatibility test 

Co-culturing with pluripotent mesenchymal progenitor C3H10T1/2 
cells was used to test the cytocompatibility of the SMPs. Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 10 % fetal bovine 
serum was used to grow the cells. To see how the SMPs affected 
C3H10T1/2 cell growth, 5x104 cells were seeded in a 6-well plate 
containing sterile SMP circular discs. Before loading the SMP discs into 
the culture medium, they were post cured for 30 min, then soaked in PBS 
for 48 h to remove any unreacted monomers, followed by sterilization in 
ethanol. Images of cells in each group were captured using a Nikon 
microscope after each day of culturing continuously for 4 days. Cells 
were dissociated with trypsin and counted using a Bio-Rad TC10 Auto-
mated Cell Counter. 

4.7. FEA simulation of the R2G adhesion mechanism 

We used COMSOL Multiphysics to simulate the SMP when adhered to 
surfaces with three different roughness levels. To reduce the computa-
tional cost, 3D elasticity problem was reduced to a 2D plane strain 
elasticity problem with thickness of 1 cm. The 2D geometry of a single 
lap joint used as a model for simulation is shown in Fig. S19. The 
roughness was simulated by a sinuous function [48] with an amplitude 
of A and a wavelength of 0.6cm. The material of the laps is a steel with 
Young’s modulus being 210 GPa, Poisson’s ratio 0.3, and mass density 
7800kg/m3. The SMP adhered to the two laps was simulated as a 
Mooney-Rivlin model with C10 = 1.5MPa, C01 = 0.4MPa, and a bulk 
modulus κ = 100MPa. The left side was fixed while the right side was 
applied by a horizontal displacement. The interfaces between SMP and 
laps were modeled as the contact pairs, where adhesion was formulated 
by the penalty method with the penalty factor (adhesive stiffness) of 
20GN/m3. For the decohesion process, we used displacement-based 
damage model to simulate the split of the SMP and laps. In the simu-
lation, we selected tensile strength σt = 2MPa, shear strength σs =

3MPa, tensile energy release rate Gct = 1130J/m2, shear energy release 
rate Gcs = 1800J/m2. The power law (exponent equals to 1) used the 
fracture mode criterion to study the crack evolution. To solve the 
nonlinear equations, we used the double dogleg method with a 
maximum number of 250 iterations. 
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