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A B S T R A C T   

Hydrogel materials have biocompatibility, flexibility, transparency, self-healing ability, adhesion with various 
substrates, anti-freeze ability, and high-temperature resistance. However, the existing hydrogel devices cannot 
continue to operate in the case of damage, and they cannot work during the repair period, which brings great 
challenges and threats to life safety. Herein, we have designed a bio-inspired combinable low-power device by 
imitating the generation of nerve signals whose components can be disassembled and can continue to operate 
during the period of reconstruction. And the mechanism and determinants of the above phenomena are revealed. 
The results indicate that this device can establish some information interaction relationships with the body or its 
surroundings to reflect and identify certain changes, implying that it will possess promising potential in feedback 
systems, power transformers, intelligence systems, soft robotics, wearable devices, implanted electronics with 
flexible characteristics matching biological tissues, etc.   

1. Introduction 

Recently, with the development of artificial intelligence systems, soft 
robotics and wearable devices, implanted electronics with flexible 
characteristics matching biological tissues have increasingly attracted 
attention [1–8], especially in the low-power implanted electronics, such 
as retina implants, cochlear implants, deep-brain stimulators and 
spinal-cord stimulators [9–12], because they can receive and transmit 
the biological electrical signals from the brain, heart and muscle. 
However, the reported low-power implanted electronics mostly depend 
on the current amplifier, array sensor and control circuit to sense the 
external stimuli along with a power supply to provide power. Unfortu-
nately, they cannot continue to work once any of the electric compo-
nents is damaged. 

Since hydrogel materials are found exhibiting biocompatible, flex-
ible, transparent [13,14], self-healing [15,16], adhesive to various 
substrates [17–19], anti-freezing, resistant to high temperature [19–22]. 

Thus, self-healing hydrogel devices have been proposed to remedy the 
defects of electronic components [23–25]. Nevertheless, these reported 
hydrogel devices cannot continue to operate without self-repair in case 
of damage [13–25], and these hydrogel devices need a long time to 
complete reconstruction. These disadvantages make them unable to 
work during this period of reconstruction and bring great challenges and 
threats to life safety. 

As is well known, a gecko’s broken tail can jump for a while because 
it contains many nerves. Inspired by this action, we have designed a 
flexible and combinable low-power device by imitating the generation 
of nerve signals, and the device components can be disassembled and 
can continue to operate during the period of reconstruction. Also, the 
mechanism and determinants of the above phenomena are revealed. 
These results indicate that it will bring new inspirations to feedback 
systems, power transformers, intelligence systems, soft robotics, wear-
able devices, implanted electronics with flexible characteristics match-
ing biological tissues, etc. 
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2. Results and discussion 

A source of inspiration for design is revealed in Fig. 1. When the 
gecko encounters an enemy attack, its muscles contract violently, 
causing its tail to fall off. The tail, which has just broken off, keeps 
moving because the nerves are not dead. And the broken tail can 
continue to produce nerve impulses which can stimulate the synaptic 
vesicle to release neurotransmitters into the synaptic cleft after reaching 
the presynaptic membrane. Then, the combination of neurotransmitter 
and postsynaptic membrane receptor protein can stimulate the change 
of membrane potential, thus forming a current that will change the 
permeability of the adjacent nerve membrane to generate action po-
tentials. These behavior goes on repeatedly, which can make nerve 
impulses from one position to another and then produce neural electric 
signals to guide the broken tail to continue shaking. Inspired by this, we 
designed a flexible and combinable self-powered device composed of H- 
C-L-A-H (namely, high-salinity (H), cation-selective (C), low-salinity (L) 
and anion-selective (A) gels, prepared by free radical polymerization 
with mold method) array by imitating the generation of nerve signals 
(Fig. 1). 

As displayed in Fig. 2a–d, the morphologies of gels were observed by 
scanning electron microscope (SEM). It could be seen that the surface of 
L gel adding a small amount of ZnCl2 was smooth (Fig. 2a), while the 
surface of H gel containing a large amount of ZnCl2 was uneven 
(Fig. 2b). Besides, C gel with sodium isethionate showed a distinct 
layered structure (Fig. 2c), and A gel with the addition of (3-acryl-
amidopropyl) trimethylammonium chloride displayed a distinct gran-
ular shape (Fig. 2d). Additionally, the FT-IR spectra of the L, H, C and A 
gels were revealed that a series of characteristic bands at 3315 (N-H), 
1652 (C=O), 1454 (CH2), 1415 (C-N), and 1125 (NH2) cm− 1 correspond 
to the polyacrylamide hydrogel (Fig. 2e) [26–29]. Moreover, the peaks 
at 1030 cm− 1 in the C gel and 965 cm− 1 in the A gel were attributed to 
-SO3

− stretching vibration from sodium isethionate and -N+(CH3)3 
stretching vibration from (3-acrylamidopropyl) trimethylammonium 
chloride, respectively. These two characteristic peaks which were visible 
indicated the successful introduction of the exchangeable cationic and 
anionic group into the polymer chain. However, the bands at 3315 cm− 1 

corresponding to N-H stretching were shifted to 3293 cm− 1 in the H gel 
and the bands at 1125 cm− 1 corresponding to the NH2 in-plane rocking 
were shifted to 1105, 1093, and 1173 cm− 1, respectively, in the L, A and 
C gels [26–29]. Consequently, the shifts of the characteristic peaks fully 
implied that there were strong hydrogen-bonding interactions between 
the acylamino groups of polyacrylamide hydrogel chains and 
exchangeable cationic and anionic groups [26–29]. 

Furthermore, the flexible abilities of L, H, C and A gels were inves-
tigated (Supporting Information Part 1). The parameters of hardness were 
12 (L gel), 14 (H gel), 19 (C gel) and 17 (A gel) HA respectively and the 

parameters of young modulus were 0.21 (L gel), 0.32 (H gel), 0.20 (C 
gel) and 0.23 (A gel) MPa respectively (Fig. S1). The elastic stiffness 
coefficients were 5130.0 (L gel), 7877.5 (H gel), 5037.5 (C gel) and 
5542.5 (A gel) N⋅m − 1 (Fig. S1), which means that the outer H gel layer 
would only produce small deformation when subjected to external 
forces and the secondary outer C gel layer could be served as an external 
pressure buffer area in the H-C-L-A-H device. Therefore, this structure 
possessed a brilliant advantage to protect the stability of the internal 
structure. 

As illustrated in Fig. 3a, the current-time relationship implied that 
the initial current of the self-powered H-C-L-A-H device was approxi-
mately 19 μA. In 0–800 s, the output current dropped with time. 
Moreover, the initial voltage was about 141.27 mV, rapidly rising to the 
maximum value of 147.60 mV within 0–10.2 s, and then decreased. The 
maximum power was about 2.80 μW. As an exhaustive explanation, the 
mechanisms were revealed (Fig. 3b). Firstly, it is well known that ions 
diffuse from high concentration to low concentration in solution. Since 
the water contents of H, L, A and C gels were 176.05, 379.37, 147.46 and 
167.83% respectively, the water of the L gel spread towards A and C gels 
respectively (Fig. 3b), and the ionization of ZnCl2 near A and C gels was 
accelerated during this process. Due to a lot of (3-acrylamidopropyl) 
trimethylammonium chloride and sodium isethionate in A and C gels 
respectively, Zn2+ ions produced from ionization in L gel first spread to 
C gel, and Cl− ions initially spread to A gel, thus the output voltage 
rapidly rose within 0–10.2 s while the output current dropped with time. 
And Zn2+ ions in the H gel contacting C gel spread to C gel. Initial Cl−

ions generated from ionization in the H gel contacting A gel spread to A 
gel. Moreover, with ZnCl2 ionization in the H and L gels as well as the 
diffusion of Zn2+ and Cl− ions, a chemical reaction occurred to form Zn 
(OH)2 precipitation (Zn2+ +2OH− ⇔ Zn(OH)2↓) in the H, L, A and C gels. 
As the discharge time, Zn2+ and OH− freedom ions gradually reduced in 
the H, L, A and C gels. Thus, when the chemical reaction of Zn(OH)2 
precipitation reached equilibrium (c(Zn2+)=10− 5 mol/L), the free 
conductive ions were mainly H+ and Cl− ions in the H, L, A and C gels, 
namely, these ions maintaining the H-C-L-A-H device were mainly H+

and Cl− ions. Therefore, both the voltage and current of the H-C-L-A-H 
device gradually declined with discharge time. 

To profoundly understand the electrical ability of the H-C-L-A-H 
device, we regarded the migration of Zn2+, H+, Cl− and OH− ions as 
ideal interlayer diffusion based on the Donnan equilibrium theory, 
ignoring other factors such as water permeation, effects of functional 
groups, etc. And we introduced the ion diffusion equations to explain the 
mechanisms (detailed in Supporting Information Part 2). 

Additionally, the effects of the number of cation-selective groups 
(-SO3

− ) (Fig. 3c–h) and anion-selective groups (-N+(CH3)3) (detailed in 
Supporting Information Part 3) on the electrical properties were evaluated 
respectively. To evaluate the effect of the number of cation-selective 

Fig. 1. The cartoon and photo of the design principle and mate-
rials synthesis of the flexible and combinable self-powered device. 
Here, ZnCl2 electrolyte is used as a transport ion source, and Zn2+, 
Cl− , H+ and OH− ions are applied to simulate the neurotrans-
mitter transmission. Besides, C and A gels played the role of 
voltage-gated ion channels. In addition, C gels allowed only cat-
ions to pass more easily, and correspondingly, A gels only 
permitted anions to go through more easily. Therefore, the H-C-L- 
A-H array could control ion exchanges to produce currents and 
voltages to obtain the self-powered ability.   
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groups (-SO3
− ) in C gel on the electrical properties of H-C-L-A-H overall 

structure, we prepared C gels containing 0.005, 0.01, 0.015, 0.02, 0.025 
and 0.03 mol sodium isethionate (cation-selective groups: -SO3

− ), which 
were referred to as C0.5, C1, C1.5, C2, C2.5 and C3 gel, respectively. The 
electrical properties of these structures (H-C0.5-L-A-H, H-C1-L-A-H, H- 
C1.5-L-A-H, H-C2-L-A-H, H-C2.5-L-A-H and H-C3-L-A-H) were measured, 
respectively, as shown in Fig. 3c–h. The results indicated that the 
current-voltage-time relationships of H-C1.5-L-A-H hydrogel compo-
nents (Fig. 3e) were basically consistent with the H-C-L-A-H device 
(Fig. 3a). When the number of -SO3

− groups in C gel decreased, such as in 
C0.5 and C1 gels (Fig. 3c and d), the current and voltage decreased 
rapidly and then slowly. Besides, when the number of -SO3

− groups in C 
gel increased, such as in C2, C2.5 and C3 gels (Fig. 3f–h), the current and 
voltage presented multiple complex change stages. 

At first, the current-voltage-time relationships of the H-C1.5-L-A-H 
device (Fig. 3e) were basically similar to that of the H-C-L-A-H device 
(Fig. 3a). The current decreased rapidly at first, then increased at 122.7 
s, while the voltage increased slightly at the beginning and then 
decreased gradually at 18.3 s. Additionally, when the number of -SO3

−

groups in C gel decreased, such as in C0.5 and C1 gels, the currents and 
voltages of H-C0.5-L-A-H and H-C1-L-A-H devices showed a rapid and 
then slow decline (Fig. 3c and d). Ions diffused rapidly under the con-
centration difference at the beginning, thus the current and voltage 
dropped rapidly. However, due to the fewer cation-selective groups 
(-SO3

− ) of C0.5 and C1 gels and the lack of binding sites for some cations, 
which made it difficult for cations to pass through, free ions of Zn2+ and 
OH− gradually decreased with the formation and precipitation of Zn 
(OH)2. Therefore, when the chemical reaction of Zn(OH)2 precipitation 
reached equilibrium in H, L, A and C gels, the voltages and currents of H- 
C0.5-L-A-H and H-C1-L-A-H devices dwindled (Fig. 3c and d). However, 
when the number of -SO3

− groups in C gel increased, there were some 
differences. Generally speaking, the voltages and currents of H-C2-L-A- 
H, H-C2.5-L-A-H and H-C3-L-A-H devices appeared to the multi-stages 
process of rising and falling (Fig. 3f–h). When the cation-selective 
groups (-SO3

− ) of C gel providing binding sites for cations increased, 
the initial migration speed of cations increased, which also affected the 
ionization of H2O and ZnCl2 and ions diffusion, therefore the current and 
voltage dropped rapidly at the beginning. The H+ and Zn2+ ions near C2, 
C2.5 and C3 gels had more opportunities to spread owing to the more 
cation-selective groups (-SO3

− ), causing the current to rise, in which case 
the anions accumulated on the left side in the H gel contacting C gel, thus 
the voltage gradually increasing (Fig. 3f–h). However, the number of 
anion-selective groups (-N+(CH3)3) of A gel did not change, accordingly, 
some anions in L gel spread to H gel through A gel, resulting in a slight 
decrease in voltage. Then, with the formation and precipitation of Zn 
(OH)2, more H+ ions are generated in H gel contacting A gel, causing the 

voltage to climb. When the chemical reaction of Zn(OH)2 reached 
equilibrium, the free conductive ions were mainly H+ and Cl− ions in the 
H, L, A and C gels, and therefore the voltages and currents of H-C2-L-A-H, 
H-C2.5-L-A-H and H-C3-L-A-H devices gradually declined (Fig. 3f–h). 

Furthermore, the results revealed that the rate of the current decline 
is affected by the water content and the number of cation-selective 
groups (-SO3

− ) of C gel. As illustrated in Fig. 3e–h, the rate of the cur-
rent decline increased when the number of -SO3

− groups in C gel was 
below 0.015 mol (Fig. 3e) or reached 0.03 mol (Fig. 3h), while it entered 
a steady phase in the range of 0.015–0.025 mol (Fig. 3e–g). When the 
number of cation-selective groups (-SO3

− ) in C gel was small, the water 
content decreased with the increase of cation-selective groups (-SO3

− ), 
resulting in the decline of initial water diffusion to the ends of C gel. 
Accordingly, the initial formation and precipitation of Zn(OH)2 
declined, and therefore the rate of the current decline fell. However, the 
situation was a little different when the number of -SO3

− groups in C gel 
was 0.01 mol (Fig. 3d), where the current decline rate jumped due to 
more Zn2+ and H+ ions generated that could spread and combine with 
-SO3

− groups faster. Moreover, when the number of cation-selective 
groups (-SO3

− ) in C gel was large, the action of the current became 
more complex according to the previous analysis, and the rate of the 
current decline entered a steady phase because of the number of cation- 
selective groups (-SO3

− ) and the water content. However, there were 
some differences when the number of -SO3

− groups in C gel was 0.03 mol 
(Fig. 3h), where the rate of the current decline surged because Zn2+ and 
H+ ions both had the chance to combine with cation-selective groups 
(-SO3

− ) at this time due to the excessive number of -SO3
− groups in C gel 

compared with Zn2+ and H+ions. 
Similarly, the effect of the number of anion-selective groups 

(-N+(CH3)3) in the A gel on the electrical properties of H-C-L-A-H overall 
structure was thoroughly investigated (detailed in Supporting Information 
Part 3 and Fig. S2). In summary, all the results indicated that the A gel 
containing 0.012 mol (3-acrylamidopropyl) trimethylammonium chlo-
ride and the C gel containing 0.012 mol sodium isethionate became the 
ultimate selection due to the better electrical properties of the large 
initial current and voltage (19.389 μA and 141.27 mV) and the moderate 
current decline rate (3.31 μA/s). 

To explore the combinable ability of the H-C-L-A-H device, the sys-
temic combinable ability and the structural combinable ability were 
discussed respectively (Fig. 4). Firstly, the systemic combinable ability 
was revealed in Fig. 4a and Supporting Video. The H-C-L-A-H device was 
cut into two halves, as shown in the illustration of Fig. 4a, and a half 
could discharge in 11–53 s. After the two halves were reassembled into a 
whole, these could discharge in 90–139 s. Then, the upper half was 
removed, the rest worked in 161–204 s. After the two halves were 
reassembled into a whole, these still worked well in 265–321 s (Fig. 4a). 

Fig. 2. The morphologies and structures of L, H, C and A gels. SEM images of dried L gel (a), H gel (b), C gel (c) and A gel (d). (e) FT-IR spectra of dried C, A, L and 
H gels. 
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Thus, these results suggest that the H-C-L-A-H device has a superior 
systemic combinable ability that could discharge whether it is divided 
into two parts or reassembled into a whole. 

Most importantly, the structural combinable ability was displayed in 
Fig. 4b–j. This characteristic can ensure that the H-C-L-A-H device can 
continue to operate in case of damage without self-repair, and the un-
damaged part can work during the reconstruction. Firstly, the outermost 
gel was removed, then the current-voltage-time relationships and ion 
transport of the remaining components (H-C-L-A and H-A-L-C) were 
explored in Fig. 4b and c. The currents of the H-C-L-A and H-A-L-C 
components first dropped rapidly and then stayed at a relatively weak 
value, while the voltages rose rapidly and then dropped. That was due to 
a chemical reaction forming Zn(OH)2 precipitation (Zn2+ +

2OH− ⇔ Zn(OH)2↓), where Zn2+ ions from ZnCl2 ionization. In addi-
tion, C gels allowed only cations to pass more easily, and correspond-
ingly, A gels only allowed anions to go through more easily. It is well 
known that ions diffuse from high concentration to low concentration in 
solution. Therefore, with the chemical reaction of Zn(OH)2 precipitation 

and the free diffusion of ions in the H-C-L-A and H-A-L-C components, it 
would lead to the occurrence of these phenomena in currents and 
voltages. 

Additionally, two gels of the H-C-L-A-H device were removed, then 
the current-voltage-time relationships and ion transport of the remain-
ing structures (C-L-A, H-C-L and H-A-L) were investigated (Fig. 4d–f). 
The currents of the C-L-A, H-C-L and H-A-L components gradually 
decreased with the discharge time. The voltage of the H-C-L component 
rapidly decreased and then rose, while the voltages of the C-L-A and H- 
A-L components gradually declined. As previously analyzed, because the 
water contents of L, A and C gels were 379.37%, 147.46% and 167.83% 
respectively, the water of the L gel spread towards A and C gels 
respectively in the C-L-A component, and the ionization of ZnCl2 near A 
and C gels was accelerated during this process. Therefore, with the free 
diffusion of ions, the current and voltage of the C-L-A component 
gradually decreased with the discharge time. The performances in 
voltage were different between the H-C-L and H-A-L components, it may 
be due to the higher water content of C gel (167.83%) than that of A gel 

Fig. 3. Current-voltage-time relationships and ion transport mechanism. (a) Current-voltage-time relationships of H-C-L-A-H device. (b) Ion transport mechanism of 
-H-C-L-A-H device. The current-voltage-time relationships and the rates of the current decline of (c) -H-C0.5-L-A-H, (d) -H-C1-L-A-H, (e) -H-C1.5-L-A-H, (f) -H-C2-L-A-H, 
(g) -H-C2.5-L-A-H and (h) -H-C3-L-A-H devices. The C gels containing 0.005, 0.01, 0.015, 0.02, 0.025 and 0.03 mol sodium isethionate (cation-selective groups: -SO3

− ) 
were referred to as C0.5, C1, C1.5, C2, C2.5 and C3 gel, respectively. The minus (-) in front of the voltages in the ordinate titles represented the direction. 
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(147.46%), which may accelerate the ionization near C gel during this 
process. 

Furthermore, three gels of the H-C-L-A-H device were removed, then 
the current-voltage-time relationships and ion transport of the remain-
ing parts (H-C, H-A, L-C and L-A) were revealed (Fig. 4g–j). The H-C, H- 
A, L-C and L-A components were all made by a gel containing ZnCl2 
electrolyte and an ion-selective gel, therefore it took on similarity in the 
behaviors of the currents and voltages. Generally, the currents of the 
four components declined with discharge time due to the free diffusion 
of ions in gels. The voltage of the H-C and H-A components increased 
and then decreased, while the voltage of the L-C and L-A components 
gradually declined. The reason was that the more Zn2+ ions from ZnCl2 
ionization in the H gel were involved in a chemical reaction forming the 
Zn(OH)2 precipitation (Zn2+ +2OH− ⇔ Zn(OH)2↓) due to the much 
higher concentration of ZnCl2 in H gel (1.15 M) than that in L gel 
(0.0075 M). 

The above results indicate that the systemic combinable ability and 
the structural combinable ability of the H-C-L-A-H device can ensure 
that the H-C-L-A-H device can continue to operate in case of damage 
without self-repair, and the undamaged part can work during the 
reconstruction. 

Besides, the H-C-L-A-H device has excellent capabilities of respond-
ing to the twisting, bending and folding, and recognizing the external 

environment either in a rapid or slow collision by the electrical signals, 
consequently realizing the programmable intelligent identification 
under the condition of general collision. As shown in Fig. 5a, when the 
H-C-L-A-H device was attached to the hand, the current showed obvious 
regular peaks and troughs with the bending and straightening of the 
hand. This result implied that the H-C-L-A-H device can establish a 
better information interaction relationship with the body. As illustrated 
in Fig. 5b, the H-C-L-A-H devices were folded to 30◦, 60◦ and 90◦

respectively and then restored to 60◦, 30◦ and 0◦, where each folding 
angle was kept for 30 s. The results suggested that there is a corre-
sponding relationship between the change of current and the folding 
angle. And the currents showed regular changes for continuous twisting 
whose angle was less than 20◦, as revealed in Fig. 5c. The results indi-
cated that the H-C-L-A-H device could establish some information 
interaction relationships with the body or their surroundings to reflect 
and identify certain changes. Additionally, the results of Fig. 5d and e 
indicated that the H-C-L-A-H device can identify the external environ-
ment either in a rapid or slow collision by the electrical signals, conse-
quently realizing the programmable intelligent identification under the 
condition of general collision, which was investigated in the Supporting 
Information (Fig. S3). Also, the results of Fig. 5f suggested that the H-C-L- 
A-H device could work under high temperatures hardly affected by heat, 
and this thermal stability was further conducive to the application in 

Fig. 4. The combinable abilities of the -H-C-L-A-H device. (a) The current-time relationships of -H-C-L-A-H devices when they were cut in half and reassembled. The 
current-voltage-time relationships of (b) -H-C-L-A and (c) -H-A-L-C components. The current-voltage-time relationships of (d) C-L-A, (e) -H-C-L and (f) H-A-L 
components. The current-voltage-time relationships of (g) -H-C, (h) H-A, (i) L-C and (j) L-A components. The instrument collected data every 0.15 s. The minus (-) in 
front of the currents and voltages in the ordinate titles represented the direction. 
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high-temperature conditions (detailed in Fig. S3). The above results 
prove that the H-C-L-A-H device has application potentials in feedback 
systems, power transformers, artificial intelligence systems, soft ro-
botics, wearable devices, implanted electronics with flexible character-
istics matching biological tissues, etc. 

As an application to monitor practical activities in real time, the H-C- 
L-A-H device was connected to a Bluetooth audio and human throat, 
responding to various music rhythms and human speaking. Fig. 6 
recorded the corresponding resistance response when the H-C-L-A-H 
device was integrated into a Bluetooth audio and human throat. When 
the H-C-L-A-H device was connected to the Bluetooth audio, it can be 
observed that the output signals showed different waveforms with the 

vibrations of different music rhythms including strong music, slow 
music and moderate music, as revealed in Fig. 6a and c. There was 
difference upon different music rhythms and the intensity of strong 
music was larger than that of slow music and moderate music, while the 
frequency of slow music will decrease, thus causing different resistance 
changes during the music vibrations. Strong music had the most sig-
nificant change in resistance, slow music the least, and moderate music 
had something in between. Therefore, the results showed that the H-C-L- 
A-H device was capable of recognizing music information. 

In addition, through monitoring the relative change of the resistance 
of the H-C-L-A-H device, human speaking movements of the throat were 
further tracked with good repeatability and stability (Fig. 6b and d). 

Fig. 5. Responses to bending (a), folding (b), twisting (c), rapid collision (d), slow collision (e) and heat producer (f) of the -H-C-L-A-H device. The folding angles are 
0◦, 30◦, 60◦, 90◦, 60◦, 30◦ and 0◦ respectively. And the illustration is the sample used in the actual test. The thickness of each gel round piece was 2 mm (a-c). During 
the rapid collision, pressures were applied at points a, b and c respectively, and the right-angled triangle models are used to represent relationships between pressure 
and current variation (d). During the slow collision, pressures were applied at points A, B and C respectively, and the isosceles triangle models are used to describe 
relationships between pressure and current variation (e). A heat producer is a hot-water bag and the illustration is the current-oscillation relationship (f). 

Fig. 6. Responses of the -H-C-L-A-H device to various music rhythms and human speaking. The photo of the actual test in responses to various music rhythms (a) and 
human speaking (b). The relative change of the resistance with the vibrations of different music rhythms (c) and human speaking movements of the throat (d). Each 
gel round piece was 2 mm thickness and 10 cm diameter (a-d). 
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When the H-C-L-A-H device was attached to the throat, it showed stable 
and unique waveforms with a volunteer speaking the sentences “Hello”, 
“How do you do” and “Tomorrow is Sunday”. The waveforms of the 
resistance changes upon speaking long sentences were more complex 
than those upon speaking short sentences. This was attributed to the fact 
that when human was speaking, the vocal cord was vibrating, and the 
vibrations of vocal cord were more complex with speaking long sen-
tences, outputting the more complex resistance change waveform due to 
the sensitivity of the H-C-L-A-H device to vibrations. The above results 
indicate that the H-C-L-A-H device can detect human movements and 
recognize complex external stimuli, and has further application poten-
tials in feedback systems, artificial intelligence systems, soft robotics, 
wearable devices, next-generation artificial electric organs, etc. 

3. Conclusions 

In summary, we designed a flexible and combinable low-power de-
vice by imitating the generation of nerve signals whose components can 
be disassembled. The morphologies, structures and flexible abilities of 
the H-C-L-A-H device were investigated. Also, the current-voltage-time 
relationships and ion transport mechanism were revealed, and the ef-
fects of the number of cation-selective groups and anion-selective groups 
on the electrical properties were evaluated respectively. Moreover, the 
systemic combinable ability and the structural combinable ability of the 
H-C-L-A-H device were discussed respectively. The results indicate that 
the H-C-L-A-H device can continue to operate in case of damage without 
self-repair, and the undamaged part can work during the reconstruction. 
Additionally, the H-C-L-A-H device exhibits excellent capabilities of 
responding to twisting, bending and folding, and recognizing the 
external environment either in a rapid or slow collision by the electrical 
signals, consequently realizing the programmable intelligent identifi-
cation under the condition of general collision. Furthermore, the H-C-L- 
A-H device can be employed to recognize music information and 
monitor human speaking movements. These advantages make the H-C- 
L-A-H device provide a meaningful approach for feedback systems, 
power transformers, artificial intelligence systems, soft robotics, wear-
able devices, implanted electronics with flexible characteristics match-
ing biological tissues, etc. 

4. Methods 

4.1. Synthesis of materials 

Raw materials comprise acrylamide (Am), N, N’-methylenebisa 
crylamide (Bis), ammonium persulfate (APS), N, N, N’, N’-tetraethyle-
thylenediamine (TEMED), (3-acrylamidopropyl) trimethylammonium 
chloride solution (75 wt% in H2O), sodium isethionate, zinc chloride 
and deionized water. All reagents were purchased from Aladdin 
Chemical Co., Ltd. The compositions of each gel prepared by the free 
polymerization method were as follows: L gel: 2.8 M Am, 0.0025 M Bis, 
0.0008 M APS, 0.0094 M TEMED, 0.0075 M zinc chloride. H gel: 2.8 M 
Am, 0.0025 M Bis, 0.0008 M APS, 0.0094 M TEMED, 1.15 M zinc 
chloride. C gel: 2.8 M Am, 0.0025 M Bis, 0.0008 M APS, 0.0094 M 
TEMED, 1.2 M sodium isethionate. A gel: 2.8 M Am, 0.0025 M Bis, 
0.0008 M APS, 0.0094 M TEMED, 1.2 M (3-acrylamidopropyl) trime-
thylammonium chloride solution. The raw materials were dispersed in 
deionized water, and then the mixture was injected into a mold with 
many holes with 10 mm inner diameter and 5 mm depth. The H, C, L and 
A gel round pieces with 2 mm thickness and 10 cm diameter were pre-
pared via a mold with 2 mm depth and 10 cm inner diameter to inves-
tigate the abilities of twisting, bending and folding. The gels can be 
obtained by the free radical polymerization. Additionally, the water 
contents of H, L, A and C gels were 176.05%, 379.37%, 147.46% and 
167.83%, respectively. 

4.2. Components and morphology characterization 

The morphologies of the samples were obtained by scanning electron 
microscopy (SEM) at 5.0 kV. Fourier transform-infrared spectroscopy 
(FT-IR) was recorded by a Nicolet 6700 (Thermo Fisher, USA) in the 
frequency ranges of 400–4000 cm− 1. 

4.3. Electrical signals, elasticities and hardness characterization 

The current-voltage-time relationships of H-C-L-A-H hydrogel com-
ponents were measured by the Keithley 2400 SourceMeter. The elas-
ticities of C gel, A gel, H gel and L gel were characterized by the Suce SH- 
III digital push-60 pull meter. The hardness of C gel, A gel, H gel and L 
gel were investigated by the Nscing LX-A Shore durometer. 

The electrochemical impedance spectroscopy (EIS) was obtained by 
an electrochemical workstation (CHI660E) at room temperature. The 
ionic conductivity was calculated as following: σ = L

Rb⋅S, where σ was 
the ionic conductivity of the sample and L, Rb, and S represented the 
thickness of the sample, bulk resistance of the sample, and electrode 
contacting area, respectively. In the L, H, C and A gels with 0.5 cm 
thickness and 1 cm diameter, the thickness (L) of each gel is 0.5 cm, and 
the bulk resistance (Rb) values of the L, H, C and A gels are 19,119.9, 
5463.8, 39,090.0, 3551.9 Ω, respectively (Fig. S4, Supporting information 
Part 5), and the electrode contacting area (S) of each gel is 0.785 cm− 2. 
Thus, the ionic conductivity (σ) values of the L, H, C and A gels at room 
temperature are 3.33 × 10− 5, 1.17 × 10− 4, 1.63 × 10− 5, 1.79 × 10− 4 S/ 
cm, respectively. 
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