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A B S T R A C T   

Inspired by the microstructure of gecko toes, a drivable bionic gecko toe adhesion surface with double-layer 
structure was designed and fabricated. The driving ability is derived from the volume shrinkage of the dehy
drated hydrogel after the driving hydrogel layer is irradiated by near-infrared light (808 nm) (the temperature of 
the single-layer hydrogel can be increased from 17.9 ◦C to 107 ◦C within 30s, and the curling angle can be curled 
by 0◦–180◦, similar to the folded state.), and another layer with a microstructure similar to gecko toes can 
withstand a maximum shear force of 22.4N/cm−2. The different properties of the two layers are combined 
together to achieve a reversible transition of adhesion/desorption similar to the gecko walking process. The 
double-layer structure of the drivable bionic gecko toe adhesion surface was structurally optimized to prepare a 
four-arm gripper that could grasp/release only by unilateral irradiation. This bilayer-structured bionic gecko toe 
adhesion surface has great design potential, and in the future, it is hoped that it can provide insights into the 
preparation of large-actuated remote-controlled robots and fast-actuated soft robots.   

1. Introduction 

Mother nature keep stimulating new innovations in science and en
gineering at an accelerated pace [1–5]. Among them, geckos have 
received continuous attention for decades by virtue of their special 
toepads with strong adhesion, easy detachemnt, and self-cleaning 
properties [6–13]. It is well known that the geckos can run quickly in 
almost all surfaces, and the evidences have shown that the adhesion 
performance of gecko toe is attributed to the accumulation of ‘second
ary’ intermolecular forces (e.g., van der Waals forces) [14,15]. Using the 
above properties can create products with strong adhesion, such as 
tapes, wall climbing tires, etc. It is worth noting that the research on the 
reversible transformation that can achieve automatic grasp-release in 
response to an external field and preserve the adhesion and detachment 
properties of gecko toes is not yet mature. Therefore, we consider trying 

to connect the optimized adhesion layer with the actuation layer cor
responding to the external environment to prepare a double-layered 
biomimetic surface with both adhesion and environmental response 
characteristics. 

About the optimization of the traditional gecko toe adhesive layer to 
achieve better performance, Dong et al. found that the proteins in a 
single gecko seta exhibit gradient distribution characteristics and the 
Young’s modulus of each individual seta gradually decreases from the 
proximal to distal direction along the setal stalk. It’s worth mentioning 
that the distribution of protein and Young’s modulus in the seta are all in 
a gradient distribution state. It is proven that the gradient distribution is 
beneficial to improve the robustness and service life of the seta verified 
by both experiments and simulations [16]. Wang incorporated 15 wt% 
Fe3O4 nanoparticle coated with SiO2 core-shell structure (Fe3O4@SiO2) 
into poly(urethane acrylate) (PUA), and prepared gecko-inspired 
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slanted functional gradient pillars (s-FGPs). The gradient distribution of 
Fe3O4@SiO2 in PUA is achieved by combining template assisted UV 
curing method. The s-FGPs surface showed decent firmness, durability, 
anisotropy and roughness adaptability [17]. Inspired by the strong ad
hesive properties of geckos and tree frogs, Liu et al. prepared a T-shape 
gradient micropillars (TG) biomimetic surface with stiff tip and soft root. 
CaCO3 nanoparticles were dispersed in poly(dimethylsiloxane) (PDMS) 
the micropillars in a gradient form by a centrifugation method. It is 
demonstrated that the TG surface is beneficial to the contact formation 
and removal, so that the adhesion and friction force are increased by 4.6 
and 2.4 times, respectively, compared with pure PDMS pillars without 
gradient change in modulus [18]. 

About the ability to reversibly transform the adhesion and desorption 
of the imitation gecko toe adhesive layer, such as factors that respond to 
light, electricity, and magnetic fields. In the previous work research, Xu 
and co-workers added 2,2,6,6-Tetramethylpiperidinooxy (TEMPO)- 
doped PDA, modified MoO3, and carbon dots, respectively, to the PDMS 
based gecko-like toe-adhesion surfaces to achieve response to NIR/UV. 
These material systems achieve temperature control by light irradiation 
of specific wavelengths, thereby affecting the adhesion properties of the 
biomimetic surfaces [19,20]. In addition, Zhou et al. grafted polymers 
on silicon nanowires. The attachment and detachment are chemically 
triggered (e.g., PH, electrolyte solution), and by humidity [21]. More 
recently, Zhou et al. have successfully developed a self-peeling switch
able dry/wet adhesive (SPSA), combining the gecko-inspired micro
structure and the mussel-inspired surface chemistry. The prepared SPSA 
realize a self-peeling process by incorporating Fe3O4 nanoparticles into 

the pillars for thermal-responsive control, which is effective in air 
and/or underwater [22]. 

Herein, we step further and combine a hydrogel system with Fe3O4 
nanoparticle gradient doping PDMS-based surface to prepare a new 
generation type of gecko-like toe surface. We utilized a hydrogel system 
(poly(acrylamide-co-N-isopropyl acrylamide-co-tannic acid)-Fe [named 
as p(AAm-co-NIPAAm-co-TA)-Fe]) combined with an optimized gecko- 
like paw layer (gradient Fe3O4/poly(dimethylsiloxane) [named as 
GFe/PDMS]). And a fast and flexible near-infrared light-controlled 
gripper with grasping and releasing is prepared. The proposed design 
principles and structures can be easily applied to the fabrication of 
similar bionic gecko surfaces, and the new generation of bionic surfaces 
is expected to be used in some extreme conditions, such as aerospace 
satellite waste, biochips et al. 

2. Results and discussion 

The schematic of the reversible adhesion in gecko toe pad is shown in 
Fig. 1a. The biomimetic surface of gradient Fe3O4 magnetic nano
particles doped in PDMS matrix was prepared by template assisted 
method (in Fig. 1b), here we refer to this bionic surface as GFe/PDMS for 
short [16]. The diameter and height of each individual pillars are about 
10 μm and 15 μm, respectively. The distance between the centers of each 
pillar is roughly 15 μm. Scanning electron microscope (SEM) micro
structure images and element distribution of GFe/PDMS are shown in 
Fig. 1c. It can be seen that the micropillar arrays are evenly distributed 
(Fig. 1c–i). The energy dispersive X-Ray spectroscopy (EDX mapping) 

Fig. 1. (a) The reversible adhesion proper
ties schematic diagram of the gecko toe pad, 
(b) schematics the GFe/PDMS processing, 
(c) images of cured pattern and elemental 
mapping: (i) SEM image of the part of the 
GFe/PDMS surface; (ii) SEM image of a sin
gle pillar; (iii) EDX images of the pillar, 
showing a gradient distribution of the mag
netic particles, (d) Schematic of the AFM 
mechanical properties (adhesion tests) of 
various samples, (e) The adhesion data of 
pillar on different biomimetic surfaces, (f) 
Setup for measuring the macroscopic level 
shear adhesion of the biomimetic surfaces 
(pillar arrays: 4 cm by 4 cm in size), (g) 
Shear force testing of biomimetic surfaces of 
different sizes and types (The diameter of 
the micropillars of all samples is 10 μm, the 
center spacing and length of the micropillars 
of samples A, B, C, D are 25 μm, 15 μm; 25 
μm, 20 μm; 15 μm, 15 μm; 15 μm, 20 μm 
respectively).   
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images of one row of pillars are shown in shown in Fig. 1c–ii and c-iii. 
The element mapping of the pillars shows a uniform distribution of the 
silicon, while the iron element (corresponding to the Fe3O4 magnetic 
particles) displays a gradient distribution along the pillar longitudinal 
axis. We compared PDMS micropillar adhesive layer doped with 1 wt%, 
2 wt%, 3 wt%, 5 wt%, 7 wt% and 10 wt% Fe3O4 magnetic particles. With 
small amount of doping all magnetic particle may be redistributed to 
completely concentrate to the bottom or base the micropillars under the 
applied magnetic field, resulting in no magnetic particles in the man part 
of the micropillars. Excessive doping of magnetic particles will deteri
orate the mechanical properties of PDMS by affecting the crosslinking 
density of the PDMS (Fig. S1). It was also observed in the experiments 
that excessive magnetic particles would considerably affect the gelation 
of PDMS. The optimized doping concentration was identified as 3 wt% 
of Fe3O4 magnetic particles to prepare biomimetic micropillar surfaces. 
The adhesion of the pillar was measured with an Atomic Force Micro
scope (AFM), as shown in Fig. 1d. We conducted AFM micromechanical 
tests on the surface of pure PDMS, PDMS with uniform distribution of 3 
wt% Fe3O4 nanoparticles, and GFe/PDMS with gradient distribution of 
3 wt% Fe3O4 nanoparticles. The results show that the GFe/PDMS has the 
strongest adhesion, 44% higher than that of pure PDMS biomimetic 
micropillar arrays (in Fig. 1e). We tested various samples on a smooth 
class surface using a conventional method, where a moderate preloading 
of 0.2 N/cm2 was applied in the normal direction [16]. The shear 
loading was then applied to the various samples and gradually increased 
until sliding occurred (in Fig. 1f). The shear force test results show that 
the pure PDMS biomimetic surface can withstand a shear force of 66.06 
N, and the GFe/PDMS with a gradient distribution of 3 wt% Fe3O4 can 
withstand a shear force of 83.4 N. We compared the effect of the center 
distance and length between different pillars on the shear force of bio
mimetic microarrays surface with the fixed pillar diameter of 10 μm. 
Regarding the pillar spacing, we find that the shear force of the 
micro-pillars with a distance of 15 μm is generally higher than that of 25 
μm, where the difference between the pure PDMS and PFG surfaces are 
close to 70% and 76%, respectively. Comparing the shear force of 
micropillars with lengths of 15 μm and 20 μm, it is found that the bio
mimetic surface of the pillar with a longer length will generate a 
stronger shear force, which is more obvious in the pure PDMS surface, 
with a difference of about 29%, while the difference in GFe/PDMS is 
about 14%. In addition, the shear force generated on the surface of 
GFe/PDMS is generally about 12% stronger than that of pure PDMS (in 
Fig. 1g). Previous studies indicate the gradient distribution of Fe3O4 
nanoparticles enhances adhesion properties and service life [16]. 

Strong adhesion and friction forces have been reported for conven
tional biomimetic gecko micropillar arrays. However, it mostly passive 
and lack of an active driving mechanism or control. To this end, we have 
designed a hydrogel p(AAm-co-NIPAAm-co-TA)-Fe with robust and 
infrared responsive properties, which is intended to be combined with 
GFe/PDMS as a driving layer to prepare a new generation of bilayers 
biomimetic surface. SEM characterization showed that poly(acrylamide- 
co-N-isopropyl acrylamide) [named p(AAm-co-NIPAAm)], poly(acryl
amide-co-N-isopropyl acrylamide-co-tannic acid) [named p(AAm-co- 
NIPAAm-co-TA)] and p(AAm-co-NIPAAm-co-TA)-Fe were homogeneous 
with uniform porous structures (in Fig. S2). In order to investigate the 
effect of introducing the Fe on light responsive ness, p(AAm-co- 
NIPAAm), p(AAm-co-NIPAAm-co- TA) and p(AAm-co-NIPAAm-co-TA)- 
Fe are studied and compared. The preparation method and ratio are 
shown in the experimental section Table 1. To demonstrate the suc
cessful preparation of NIR-responsive hydrogels, we performed various 
characterizations of p(AAm-co-NIPAAm-co-TA)-Fe. Fourior transform 
infrared spectroscopy (FTIR) characterization shows that the hydroxyl 
functional group peak appears at 3300 cm−1, and the hydroxyl peak 
assumes a blue-shift before and after iron ion treatment (in Fig. 2a), 
which may be due to the reduction tendency of the oxygen in the 
phenolic hydroxyl group in tannic acid (TA). The chelation of Fe3+ and 
TA is the key to p(AAm-co-NIPAAm-co-TA)-Fe response to infrared. To 

prove that p(AAm-co-NIPAAm-co-TA)-Fe can achieve chelation after 
soaking in FeCl3 solution, Raman spectroscopy was perfomed, which 
shows that two obvious vibration peaks of phenolic hydroxyl Fe3+

appeared at 600 cm−1 and 670 cm−1 [23–25] indicating that Fe3+ were 
successfully chelated in p(AAm-co-NIPAAm-co-TA) to form p(AAm-co-
NIPAAm-co-TA)-Fe (in Fig. 2b). X-ray photoelectron spectroscopy 
characterization (XPS) shows that the peaks at 711.5 and 724.8 eV can 
be attributed to Fe3+, suggesting Fe3+ exist in the form of trivalent state 
(in Fig. S3) [26–28]. The hydrogel changed from transparent to black 
when it was immersed in FeCl3 solution. (in Fig. S4). Therefore, we 
tested the UV–Vis diffuse reflection spectroscopy (UV–Vis DRS) and 
found that the absorption intensity of p(AAm-co-NIPAAm-co-TA)-Fe was 
higher than that of p(AAm-co-NIPAAm-co-TA) and p(AAm-co-NIPAAm) 
in the range of 350 nm–900nm. In particular, the absorbance at 700 
nm–800nm increases nearly 5 folds, which indicates p(AAm-co-NI
PAAm-co-TA)-Fe has excellent absorption of 700 nm–800nm wave
length of light (in Fig. 2c). 

Next, we performed photothermal tests on the hydrogel, and the 
schematic is shown in Fig. 2d. The surface temperature of p(AAm-co- 
NIPAAm-co-TA)-Fe increases when irradiated by NIR (808 nm, 4 W/ 
cm2), which causes the hydrogel to effectively heat up and water 
removal from the matrix. The effects of various NIPAAm contents (5 wt 
%, 15 wt% and 25 wt%) on the photothermal effect of p(AAm-co- 
NIPAAm-co-TA)-Fe were explored (The crosslinker BIS(N,N-Methyl
enebisacrylamide) and the initiator Irga2959(2-(Hydroxymethyl)-N- 
Methylbenzamide) were 0.25 wt% and 0.5 wt% respectively. The results 
show that the drive performance is the best when the NIPAAm content is 
5 wt%, and the p(AAm-co-NIPAAm-co-TA)-Fe can curl up from flat to 
almost 180◦ folded state within 30s (in Fig. 2e). In addition, hydrogels 
not soaked in Fe3+ have no NIR driving effect. Through the thermal 
imaging camera, the data and 5 wt% NIPAAm p(AAm-co-NIPAAm-co- 
TA)-Fe surface temperature change with time are shown in Fig. 2e–g. 
The surface temperature of 5 wt% p(AAm-co-NIPAAm-co-TA)-Fe can be 
increased from 17.2 ◦C to 107 ◦C in 30 s, while p(AAm-co-NIPAAm-co- 
TA) is not affected by the same irradiation. A comparison group was also 
tested, most notably PAN, which is almost transparent and absorbs little 
infrared light (in Fig S5 a-i-a-iv and Fig S5 b-i-b-iv). We also conduct 
experiments on the effect of different N,N-Methylenebisacrylamide and 

Table 1 
Various experimental materials to prepare prescursor solution.  

Name Dosage/wt% 

AAm NIPAAm BIS Irga2959 TA Fe3+

mol/L 

PAN 5 5 0.25 0.25 2 0.5 
p(AAm-co-NIPAAm-co- 

TA) 
5 5 0.25 0.25 2 0.5 

5 wt% p(AAm-co- 
NIPAAm-co-TA)-Fe 

5 5 0.25 0.25 2 0.5 

15 wt% p(AAm-co- 
NIPAAm-co-TA)-Fe 

5 15 0.25 0.25 2 0.5 

25 wt% p(AAm-co- 
NIPAAm-co-TA)-Fe 

5 25 0.25 0.25 2 0.5 

0.5 wt%BIS p(AAm-co- 
NIPAAm-co-TA)-Fe 

5 5 0.5 0.25 2 0.5 

0.75 wt%BIS p(AAm- 
co-NIPAAm-co-TA)- 
Fe 

5 5 0.75 0.25 2 0.5 

1 wt%BIS p(AAm-co- 
NIPAAm-co-TA)-Fe 

5 5 1 0.25 2 0.5 

0.05 mol/L Fe p(AAm- 
co-NIPAAm-co-TA)- 
Fe 

5 5 0.25 0.25 2 0.05 

0.25 mol/L Fe p(AAm- 
co-NIPAAm-co-TA)- 
Fe 

5 5 0.25 0.25 2 0.25 

The wt% represents the content of AAm, NIPAAm, TA, BIS, Irga2959 in 10 g 
water. 
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iron ion content on the p(AAm-co-NIPAAm-co-TA)-Fe infrared driving 
effect. When other variables are set the same, the driving effect is the 
best when BIS and iron ion content are 0.025 and 0.5 mol/L, respectively 
(in Fig. S6 and S7). In addition, we also explored the effects of different 
wattages of the laser and immersion in aqueous solutions of different pH 
on the bending angle of the gel. The driving ability of p(AAm-co- 
NIPAAm-co-TA)-Fe increases with the laser wattage (in Fig. S8). When 
the solution is alkaline, Fe3+ will dissociate from the phenolic hydroxyl 
group in the tannic acid, combine with OH−, and Fe3+ will permeate the 
gel; when the solution is acidic, the tannic acid in the phenolic hydroxyl 
group will first combine with the excess H+ in the solution, and as a 
result, Fe3+ will also dissociate from the phenolic hydroxyl group of the 
tannic acid. Therefore, the gel is not suitable for soaking in high acid or 
high alkaline solutions (in Fig. S9). The demo of the NIR driving of 5 wt 
% NIPAAm p(AAm-co-NIPAAm-co-TA)-Fe is shown in Fig. 2h and Video. 
1. It can be seen that p(AAm-co-NIPAAm-co-TA)-Fe has excellent pho
tothermal performance, which is the basis to prepare the double-layer 
biomimetic actuation surface of flexible grippers. 

Supplementary data related to this article can be found online at 
https://doi.org/10.1016/j.mtphys.2022.100919 

The above-mentioned p(AAm-co-NIPAAm-co-TA)-Fe is combined 
with the PDMS biomimetic micropillar arrays, and the preparation 
procedure is shown in Fig. 3a. By applying an external magnetic field, 
the Fe3O4 in the uncured PDMS matrix can assume a gradient 

distribution. The as-prepared [p(AAm-co-NIPAAm-co-TA)-Fe]-co-PDMS 
with gradient distribution was then immersed in benzophenone (BP) 
solution, to decorate initiator molecular chains on the PDMS surface. 
There are hydrophilic initiators (Irga2959) in the hydrogel precursors. 
The hydrophobic initiator (BP) acts as a grafting agent for crosslinking 
the hydrogel with PDMS, as well as an oxygen scavenger to alleviate 
oxygen inhibition. The BP acts as a grafting agent for crosslinking the 
hydrogel with PDMS, as well as an oxygen scavenger to alleviate oxygen 
inhibition. Meanwhile, the Irga 2959 provide polymerization of hydro
gel monomers into hydrogel polymers within and above the surface- 
bound diffusion layer of the polymer substrates. Furthermore, the 
insolubility of the BP in water prevents the surface-adsorbed BP from 
diffusing into the hydrogel pre-gel aqueous solution, effectively limiting 
the reactions within the surface-bound diffusion layer. This unique 
combination of selective and defined diffusion of hydrophobic initiators 
enables the immobilization of hydrogels on PDMS through an interfacial 
permeation process [29]. Finally, encapsulate the underlying substrate 
with the imitation gecko toe PDMS layer that has just been soaked, add 
the p(AAm-co-NIPAAm-co-TA) precursor solution into the encapsulated 
mold, cure it under UV light, then open the mold, and soak the cured 
sample in FeCl3 solution to obtain The double-layer biomimetic surface 
[p(AAm-co-NIPAAm-co-TA)-Fe]-PDMS with infrared driving character
istics (Fig. 3b), the specific process refers to the experimental method. 
We combined pure PDMS and p(AAm-co-NIPAAm-co-TA)-Fe so that 

Fig. 2. Characterization tests of p(AAm-co-NIPAAm), p(AAm-co-NIPAAm-co-TA), and p(AAm-co-NIPAAm-co-TA)-Fe, (a) FTIR, (b) Raman, (c) UV–Vis DRS, (d) 
Schematic diagram of the infrared driving mechanism of p(AAm-co-NIPAAm-co-TA)-Fe, (e) The effect of p(AAm-co-NIPAAm-co-TA)-Fe content on the driving angle, 
5 wt% NIPAAm p(AAm-co-NIPAAm-co-TA)-Fe surface temperature change with infrared irradiation time (f) data graph, (g) pictures, (h) NIR driver diagram of p 
(AAm-co-NIPAAm-co-TA)-Fe. 
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there is a clear layer difference when taking pictures. SEM image and 
EDX mapping illustrate the successful bonding between p(AAm-co-NI
PAAm-co-TA)-Fe and PDMS. The C and Si elements come from p 
(AAm-co-NIPAAm-co-TA)-Fe and PDMS, respectively. The Fe element is 
mainly the FeCl3 solution in p(AAm-co-NIPAAm-co-TA)-Fe, the reason 
why there is Fe element in the lower layer may be caused by the scraping 
of the upper p(AAm-co-NIPAAm-co-TA)-Fe layer to the surface of the 
lower layer during cutting. 

To understand the swelling effect of p(AAm-co-NIPAAm-co-TA)-Fe, 
we explored different amounts of NIPAAm and BIS (when the thickness 
of PDMS and p(AAm-co-NIPAAm-co-TA)-Fe were kept the same), and 
different thicknesses of PDMS with p(AAm-co-NIPAAm-co-TA)-Fe on the 
natural curling degree of [p(AAm-co-NIPAAm-co-TA)-Fe]-PDMS 
(Fig. 3c–e). As expected, the curling angle of [p(AAm-co-NIPAAm-co- 
TA)-Fe]-PDMS decreased gradually with the increase of PDMS layer 
thickness, and finally approached a near-flat state, and the driving effect 
also suppressed. With the increase of the amount of BIS, the curling 
angle of [p(AAm-co-NIPAAm-co-TA)-Fe]-PDMS firstly increased and 
then gradually decreased, since BIS would increase the cross-linking 
sites, thus limiting the swelling effect of p(AAm-co-NIPAAm-co-TA)-Fe. 
With the increase of the amount of NIPAAm, the curling angle of [p 

(AAm-co-NIPAAm-co-TA)-Fe]-PDMS generally showed an upward 
trend. We can choose different material ratios according to different 
actuation requirements. Macroscopically, [p(AAm-co-NIPAAm-co-TA)- 
Fe]-PDMS exhibits an arched shape. By irradiating the upper surface of 
[p(AAm-co-NIPAAm-co-TA)-Fe]-PDMS with NIR light, the [p(AAm-co- 
NIPAAm-co-TA)-Fe]-PDMS gradually flattened and finally assumed a 
substantially flat state around 110 s (Fig. 3f–i, 3f-ii). This provides the 
basis for us to design a new type of flexible arm gripper. We used the 
unbalanced expansion states on both sides of [p(AAm-co-NIPAAm-co- 
TA)-Fe]-PDMS to perform object grasping and releasing effect experi
ments. We designed a dual-arm gripper in Fig. S10a and Video. 2 when 
the [p(AAm-co-NIPAAm-co-TA)-Fe]-PDMS on both sides of the dual-arm 
gripper was in an expanded state, the object can be gripped by the ad
hesive properties of the PDMS layer. When NIR light hits the outside of 
the dual-arm gripper, the p(AAm-co-NIPAAm-co-TA)-Fe layer is driven 
in response to the infrared light, causing the two arms to extend outward 
to release the object. To achieve better grasping and releasing effects, we 
designed a four-arm gripper, which works in the same mechanism as 
dual-arm gripper (Fig. S10b, Video. 3). 

Supplementary data related to this article can be found online at 
https://doi.org/10.1016/j.mtphys.2022.100919 

Fig. 3. (a) Schematic diagram of the preparation process of [p(AAm-co-NIPAAm-co-TA)-Fe]-PDMS, (b) SEM and EDX mapping of the [p(AAm-co-NIPAAm-co-TA)- 
Fe]-PDMS, (c–e), Effects of different conditions on the curling angle of [p(AAm-co-NIPAAm-co-TA)-Fe]-PDMS, (f-i, ii) The infrared drive effect of [p(AAm-co- 
NIPAAm-co-TA)-Fe]-PDMS. 
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The flexible arm is bent in the heating direction under the NIR 
irradiation. The design of the above four-arm gripper has a drawback - 
the inside of the arm needs to be irradiated with prominent efficiency, 
and the flexible arm can only grasp objects (as shown in Fig. S10c and 
Video. 4). However, in actual operation, a specific angle is required to 
illuminate the inner side, which is difficult to operate. Therefore, we 
adjusted the four-arm gripper structure (Fig. 4a). The adjusted four-arm 
gripper divided into three parts: grasping part, releasing part and 
sticking part. The upper surface of the gripping part is pure PDMS, and 
the lower surface is p(AAm-co-NIPAAm-co-TA)-Fe. In the gripping part, 
the swelling effect of p(AAm-co-NIPAAm-co-TA)-Fe was suppressed to 
some extent by PDMS, resulting in a relatively flat surface. When the 
gripping part is triggered by NIR irradiation, the whole gripper tends to 
shrink. The adhesive portion utilizes the adhesive properties of the GFe/ 
PDMS surface to improve the grip of the object. There are two routes to 
release an object. One was placing adjusted four-arm gripper in a humid 
environment made the p(AAm-co-NIPAAm-co-TA)-Fe hydrogel absorb 
water and swell to restore its original shape, thereby releasing the object 
[30], another was to irradiate the release part of adjusted four-arm 
gripper, p(AAm-co-NIPAAm-co-TA)-Fe is affected by infrared rays and 
will bend outward to release the object. Since the swelling of p(AAm-
co-NIPAAm-co-TA)-Fe with different thicknesses will affect the shape of 
the gripper (Fig. 3c–e). Moreover, PDMS with different thicknesses also 
inhibited the driving ability of p(AAm-co-NIPAAm-co-TA)-Fe to different 
degrees. Therefore, on the basis of the above two constraints, we 
designed the PDMS and p(AAm-co-NIPAAm-co-TA)-Fe layer thicknesses 
in the grasping part of the adjusted four-arm gripper to be 0.8 mm, 1.2 
mm, the sticking part (GFe/PDMS) and the released part thicknesses 
were 0.8 mm, 1.2 mm, respectively. The process of inward contraction 
and lateral expansion of adjusted four-arm gripper is shown in Fig. S11 
and Video. 5. We tried to use NIR light to remotely control the adjusted 
four-arm gripper for work, the grasp part of the adjusted four-arm 
gripper can shrink and grasp the object after about 120s of infrared 
irrdiation, and the shear force and adhesive force of the adhesion part 

can keep the object from falling (Fig. 4b-i-4b-v). When infrared con
tinues to irradiate the release part of adjusted four-arm gripper about 
60s, p(AAm-co-NIPAAm-co-TA)-Fe will lose water and bend due to 
heating, which realizes the release of object (in Fig. 4c-i-4c-v, Video. 6). 
In contrast, when the adhesive part was replaced by p 
(AAm-co-NIPAAm-co-TA)-Fe, the flexible arm completely lost its abil
ity to grasp objects. (Fig. S12). 

Supplementary data related to this article can be found online at 
https://doi.org/10.1016/j.mtphys.2022.100919 

3. Conclusions 

A novel gecko inspired reversible dry adhesive double-layered sys
tem which combined the infrared-responsive hydrogel and GFe/PDMS 
biomimetic surface was successfully proposed to construct. The tem
perature of optimized hydrogel layer [p(AAm-co-NIPAAm-co-TA)-Fe] 
can increase from 17.9 ◦C to 107 ◦C under 30 s infrared radiation, and 
the hydrogel layer folds from 0◦ to 180◦. The GFe/PDMS layer refers to 
previous research and has excellent adhesion performance and service 
life. The double-layered biomimetic surface has both infrared- 
responsive and dynamic attachment-detachment characteristics. By 
adjusting the dosage of different NIPAM and BIS, the prepared hydrogel 
layer has the best driving effect. Optimize the thickness and distribution 
location of [p(AAm-co-NIPAAm-co-TA)-Fe], GFe/PDMS and pure PDMS, 
we designed a single-side irradiation adjusted four-arm gripper, which 
can grasp an object in about 120s and release it in about 60s. The pro
posed double-layered biomimetic surfaces in this work have broad ap
plications in the field of intelligent adhesion system and flexible arm 
grippers to response to infrared environment, perhaps in terms of 
structure, it provided new insights for designing bionic soft machines 
[31–38], flexible arms [39]. 

Fig. 4. (a) Adjusted four-arm gripper structure schematic (b) i-v grasp object, (c) i-v release object.  
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4. Materials, experimental methods and characterization 

4.1. Materials 

AAm(Acrylamide, AR, 99%), NIPAAm(N-Isopropylacrylamide, con
tains stabilizer MEHQ, 98%), BIS(N,N-Methylenebisacrylamide, 99%), 
Irga2959(2-(Hydroxymethyl)-N-Methylbenzamide, ≥98%(HPLC)), TA 
(Tannic Acid, ACS), BP(Benzophenone, 99%), Fe3O4 (Iron Oxide, 99%), 
FeCl3⋅6H2O (AR, 99%),1,4-Dioxane(ACS, ≥99%), were purchased by 
Aladdin(Shanghai, China). PDMS(Polydimethylsiloxane) was purchased 
by Dow Corning(U.S.A). Glass plates and tape can be purchased at any 
market. 

4.2. Experimental method  

1. Preparation of p(AAm-co-NIPAAm-co-TA)-Fe monolayer driving 
layer hydrogel: The preparation method refers to the previous re
ports and has been improved25. In Short, AAm, NIPAAm and TA were 
used as main body to prepare precursor solution (Table 1 for specific 
parameters). The main body were fully mixed and transferred to a 
container composed of two glass plates (1 mm apart). After UV light 
curing for 5 min, the container was removed to form p(AAm-co- 
NIPAAm-co-TA). p(AAm-co-NIPAAm-co-TA) was immersed in 
different concentrations of iron ion solution for 30min-1h to ensure 
the full combination of Fe3+ and the driving layer hydrogel to form p 
(AAm-co-NIPAAm-co-TA)-Fe. Then p(AAm-co-NIPAAm-co-TA)-Fe 
was immersed in distilled water for 1 h to replace iron ion solution.  

2. Preparation of p(AAm-co-NIPAAm) -based hydrogels: The specific 
operation of precursor solution based on AAm, NIPAAm are shown in 
the preparation method of p(AAm-co-NIPAAm-co-TA)-Fe.  

3. Preparation of PDMS biomimetic gecko surface: Preparation method 
of PDMS biomimetic gecko surface is shown in priorpaper [16]. 
Simply put, PDMS precursor solution and cross-linking agent were 
mixed in a mass ratio of 10: 1, and different proportions of Fe3O4 
magnetic nanoparticles were added to the mixture, and the bubbles 
in the liquid were removed by vacuum pumping. Then poured into 
silicon template with micro-array structure activated by trimethyl
chlorosilane. After drying at 70 ◦C for 30 min, a stable PDMS 
membrane was formed, which was carefully ripped off from one side 
until the PDMS membrane was completely detached from the 
template.  

4. Preparation of dual-arm gripper and four-arm gripper: Firstly, the 
silicon template (4 cm * 4 cm) was fixed on the glass (5 cm * 5 cm), 
and the VHB double-sided adhesive with 1 mm thickness was 
adhered around the glass. The PDMS-Fe3O4 precursor was slowly 
dropped to make it fully spread, and a uniform magnetic field was 
applied above it for 5 min. Then transferred to 70 ◦C oven curing 30 
min. Cooling to room temperature, the prepared samples were 
transferred to benzophenone solution and soak for 10min. Then the 
upper surface was encapsulated by glass slide and added into p(AAm- 
co-NIPAAm-co-TA) precursor solution. The p(AAm-co-NIPAAm-co- 
TA) was cured under UV light for 5–10 min to make p(AAm-co- 
NIPAAm-co-TA) glue. Then the cured [p(AAm-co-NIPAAm-co-TA)]- 
GFe/PDMS was removed from the glass and soaked in a certain 
concentration of ferric chloride solution for 1 h, and then removed 
and soaked in distilled water for 1 h. Then the surgical knife was used 
to cut into the desired shape such as two arms and four arms 
grabbers.  

5. Preparation of adjusted four-arm gripper: Firstly, 0.8 mm thick VHB 
tape was bonded around the first 8 cm * 8 cm glass plate, and some 
PDMS precursor was poured. Curing in 70 ◦C oven for 30 min, after 
curing, the prepared samples were cut into width of 4 mm, length of 
17 mm cross shape; the second 8 cm * 8 cm glass plate was bonded 
with 1.3 mm thickness VHB tape, and fixed part of the silicon tem
plate (silicon template thickness 0.5 mm), pouring part of the PDMS- 
Fe3O4 precursor, and uniform magnetic field was added above the 

samples for 5min, transferred to 70 ◦C oven to cure for 30min. The 
PDMS and GFe/PDMS with multiple arrays of microstructure were 
cut off and soaked in 15% mass ratio of BP solution for 10 min. Then, 
it was taken out and washed twice with anhydrous ethanol, and the 
multiple arrays of xylene on the surface were removed. The VHB tape 
with 2.5 mm thickness was adhered around a glass plate again, and 
the other treated glass plate was carefully aligned on the VHB tape. 
The p(AAm-co-NIPAAm-co-TA) precursor was added into the 
encapsulated glass and cured for 5 min. The p(AAm-co-NIPAAm-co- 
TA) precursor was peeled off from the packaging container and 
soaked in 0.5 mol/L ferric chloride solution for 1 h, and then the p 
(AAm-co-NIPAAm-co-TA)-Fe was soaked in distilled water for 1 h to 
replace the iron ion solution. Cutting multiple positions with a 
scalpel. Then adjusted four-arm gripper were formed. 

4.3. Characterization  

1. Hydrogel test of p(AAm-co-NIPAAm-co-TA)-Fe driving layer: 
UV–visible spectrophotometer (SHIMAZU UV-2600) was used to 
measure the absorbance between 200 and 900 nm. Fourier transform 
infrared spectrometer (Thermo Scientific Nicolet iS10FTIR Spec
trometer, U.S.A, Wavenumber range 400-4000 cm−1, SNR50000: 1, 
32 scan times) and Raman spectrometer (Thermo Scientific DXR2 
Raman Imaging Microscope, U.S.A, Continuous laser beam λ = 785 
nm, test range 400–3100 cm−1, cumulative scan 5 times, object 
environment 50 times, power 5 mW, integration time 50s) were used 
to test the functional groups. XPS (Thermo Scientific ESCALAB 
250Xi, U. S. A, Monochromatic AlKa (hv = 1486.6 eV)) was used.  

2. Surface adhesion test of gecko-like toe PDMS surface: Scanning probe 
microscope (AFM Dimension Icon, U.S.A) was used to test the 
adhesion of the gecko-like toe PDMS surface to ensure that the sur
face of the sample was not destroyed. A polystyrene ball with a 
diameter of about 10 μm was modified on the tipless probe as the 
probe tip, the cantilever is made of silicon; and the type is NANO
SENSORS, TL-FM-50; S/N: 85815F13L1419.  

3. Shear force test on the gecko-like toe PDMS surface: platform with a 
fixed pulley was assembled to prepare a glass plate. The plastic 
beaker and lead were fixed on one side of the glass, and the other side 
adhered to the bionic gecko surface, and 20 g preload pressure was 
added above the gecko-like toe PDMS surface. 
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