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A B S T R A C T   

Self-powered electromechanical sensing has gained considerable attention for its potential to transform diverse 
applications, such as wearable electronics, robotics, artificial intelligence, and environmental monitoring. One 
promising technology emerging in this field is additive manufacturing of conductive hydrogels as elementary 
component for energy harvesting/storage, enabling robust, flexible, and biocompatible sensor devices. In this 
study, we demonstrate a continuous 3D printed conductive hydrogel-based energy harvesting device with triply 
periodic minimal surface (TPMS) architecture. Leveraging the feature of direct-current (DC) energy generation 
upon mechanical stimulation, the device is capable of self-powered sensing operations. The DC energy generation 
mechanisms are discussed with the consideration of multiple physiochemical factors. Notably, the printed 3D 
architected conductive hydrogel (3D-ACH) exhibits robust mechanical properties, providing high flexibility with 
over 50% compressive strain. Additionally, we explore its performance as a pressure/strain sensor to achieve self- 
powered sensing capabilities. The combination of 3D-printed conductive hydrogels and energy generation ca
pabilities represents a promising approach towards achieving self-powered sensing capabilities.   

1. Introduction 

Self-powered wearable and implantable applications have emerged 
as a promising field in recent years, offering innovative solutions for 
powering electronic devices without the need for external energy sour
ces [1,2]. The concept of self-powered wearables and implants allows for 
the efficient conversion of ambient energy, such as body heat, motion, or 
light, into electrical energy to power the associated electronics [3–5]. By 
eliminating the need for traditional power sources, self-powered devices 
offer enhanced convenience, prolonged usage, and increased mobility 

for users [6,7]. Additionally, the integration of electromechanical 
sensing capabilities enhances the functionality of these systems, 
enabling the detection and measurement of various physical parameters 
[8,9]. These devices have the ability to monitor vital signs, track phys
ical activities, measure environmental parameters, and even enable 
advanced functionalities like gesture recognition or voice control [10, 
11]. Through the seamless integration of power generation and sensing 
capabilities, self-powered devices are poised to revolutionize personal 
healthcare, enhance user experiences, and redefine the boundaries of 
human-machine interaction [12]. Ongoing research and development 
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efforts primarily focus on mechanisms such as piezoresistance [13,14], 
capacitance [15,16], and the triboelectric/tribovoltaic effect [17–19] 
for sensing electronic devices in wearable and implantable form factors. 
Although concentrated efforts have been devoted in electromechanical 
sensing field, each approach still has its own advantages and limitations. 
Piezoresistive sensors, for example, offer benefits such as high sensi
tivity, simple fabrication, and compatibility with existing semiconductor 
processes [20]. However, they may be susceptible to issues such as 
hysteresis, temperature dependence, and limited dynamic range. 
Sensing based on capacitive effect, on the other hand, provide advan
tages such as high sensitivity, low power consumption, and 
non-intrusiveness [21]. Nevertheless, they suffer from environmental 
factors like humidity and require careful calibration. Tribovoltaic or 
triboelectric sensing devices offer advantages such as self-powering 
capability, simplicity, and potential miniaturization [22]. However, 
they may encounter challenges in achieving high sensitivity and sta
bility. Moreover, conventional triboelectric sensors often struggle with 
low current density generation and reliance on alternating current (AC) 
power. 

Recently, to address the prevailing challenges, a novel solution has 
surfaced in the form of integrating conducting polymers with hydrogels 
[23]. Conducting polymers, such as poly(3,4-ethylenedioxythiophene): 
poly(styrenesulfonate) (PEDOT:PSS), have gained significant attention 
in various applications such as organic light-emitting diodes [24], en
ergy harvesting [11,25], energy storage devices [26], bio
sensor/bioelectrodes [27], and wearable electronics [28] due to their 
exceptional properties, such as high electrical conductivity, flexibility, 
and biocompatibility. On the other hand, hydrogels possess remarkable 
characteristics, including high transparency, flexibility, stretchability, 
self-adhesion, excellent biocompatibility, and structural similarity to 
natural soft tissues [29]. These advantageous properties make hydrogels 
promising substrates for developing flexible strain sensors, particularly 
in the field of stretchable, transparent, and wearable pressure/strain 
sensors [30]. Consequently, the integration of conducting polymers and 
hydrogels offers the potential for direct utilization as sensing materials 
in wearable and implantable applications, owing to their excellent 
electrical performance, biocompatibility, and stretchability [31,32]. 
Exploiting the unique advantages of combining high electronic and 
mechanical performance, recent studies have reported the development 
of soft conductive hydrogel-based flexible sensors capable of converting 
external stimuli into electrical signals [33,34]. Moreover, the emergence 
of additive manufacturing techniques, such as 3D printing, has provided 
a powerful tool for working with hydrogels [35,36]. This integration 
enables rapid and customizable fabrication of intricate geometries, 
facilitating the production of complex structures with integrated func
tionalities [37,38]. However, current research endeavors are mainly 
focus on inkjet printing and fused deposition modeling, resulting in 
either simple layers or rough bulky bricks. Consequently, the complexity 
and quality of the printed objects are severely constrained, thus 
imposing limitations on its functionalities. 

Vat photopolymerization process is a light projection-based 3D 
printing technique that utilizes photocurable liquid material, such as 
hydrogel, to fabricate 3D models. By incorporating a gas-permeable 
PDMS (Polydimethylsiloxane) vat substrate, a gas-inhibition zone is 
formed, allowing for the continuous printing of low-viscosity hydrogel 
materials [39]. The continuous vat photopolymerization approach 
shortens the fabrication time from hours to minutes, preventing 
hydrogel degradation in the conventional layer-by-layer printing pro
cess, thus ensuring the high-shape fidelity of the 3D-printed samples. On 
top of a fast 3D fabrication process, the development of conductive 
hydrogels necessitates softness and high durability [30,40]. However, 
hydrogel networks inherently suffer from brittleness, which poses a 
challenge for long-term usage in sensing applications [41]. To mitigate 
this challenge, the TPMS structures are designed for the 3D-printed 
conductive hydrogels. The TPMS structures feature zero-mean curva
ture, minimizing stress concentration when subjected to external loads. 

By 3D printing conductive hydrogels in TPMS structures, it exhibits 
enhanced mechanical durability and large recoverable strain. With an 
increased surface area of the TPMS structures, it also enhances the ef
ficiency of energy harvesting, facilitating reliable and long-lasting use in 
self-powered sensing applications. 

In this study, we design a bottom-up additive manufacturing 
approach by which conductive hydrogel can be printed to 3D complex 
architectures (as shown in Fig. 1a) with high electrical conductivity 
while serving as a building block of electric generators used in self- 
powered electromechanical sensing applications. The employment of 
stereolithography printing enables ultrafine printing resolution even for 
highly curved structures, which further enhances the flexibility of the as- 
printed 3D-ACH. The approach employed in this study incorporates 
essential characteristics necessary for wearable and implantable elec
tronics, including self-powering capability, flexibility/stretchability, 
mechanical robustness, bio-compatibility, and more (Fig. 1a). These 
integrated features would broaden the applications of hydrogel-based 
materials that feature self-powered capabilities and intricate structure 
such as structural sensing, wearable/implantable electronics and 
multifunctional medical support. 

2. Materials and methods 

2.1. Printable ink preparation 

To prepare the printable ink, poly(3,4-ethylenedioxythiophene) 
polystyrene sulfonate (PEDOT:PSS) solution was first made by dissolv
ing pellets of PEDOT:PSS (Sigma-Aldrich, dry re-dispersible pellets, 
sheet resistance < 200 Ω/sq) in deionized (DI) water at varying con
centrations (0.1 wt%, 0.5 wt%, 1 wt%, 1.5 wt%, and 2 wt%), which was 
then supplemented with 5 wt% of ethylene glycol (EG, anhydrous, 
99.8%, Sigma-Aldrich) to enhance the electrical conductivity. DI water 
was produced by a Barnstead™ Smart2Pure™ Water Purification Sys
tem from Thermo Fisher Scientific and the resistivity of the DI water 
used here was measured to be 18.2 MΩ⋅cm. Next, Polyethylene glycol 
diacrylate (PEGDA, Mn=700, Sigma-Aldrich) was added to the solution 
at a weight ratio of 1:7 and subjected to ultrasonic mixing for an hour. 
To initiate photopolymerization, Lithium phenyl-2,4,6- 
trimethylbenzoylphosphinate (LAP, purity ≥ 95%, Sigma-Aldrich) was 
added to the mixture at 0.5 wt%. Finally, a light absorber, Quinoline 
yellow (C18H11NO2, purity≥ 95%, Sigma-Aldrich), was added at 0.05 wt 
%. All chemicals were used as purchased without further processing. 

2.2. Stereolithography printing process 

A custom-built mask image-based stereolithography printer was used 
to 3D print the conductive hydrogels. A DLP (Digital Light Processing) 
projector with ultraviolet (UV) wavelength illumination (385 nm) was 
used as the light source. The diamond lattice 3D model was sliced into 
2D mask images using a custom-programmed slicing software with a 
layer thickness of 50 µm. The diamond type lattice structures, as shown 
in Fig. 1b, were modeled by using nTopology software (nTopology Inc., 
US). A cuboid geometry with dimensions of 15 mm by 15 mm by 15 mm 
was filled with diamond-type unit cell to create the 3D lattice structure. 

2.3. Electromechanical DC power characterization apparatus 

The electromechanical DC power characterization was conducted 
using a F105-IM IntelliMESUR® advanced motorized mechanical test 
frame manufactured by Mark-10, along with a FS05–05 force sensor. A 
metal probe/plate as the top moving electrode was securely attached to 
the force sensor, while the sample under investigation was affixed to a 
platform connected to a steel plate functioning as the bottom electrode. 
Data acquisition during the experiments was accomplished utilizing a 
Keithley DM6500 Digital Multimeter. 
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2.4. Mechanical testing and finite element analysis (FEA) 

The measurements of mechanical properties were performed utiliz
ing an F105-IM IntelliMESUR® advanced motorized mechanical test 
frame from Mark-10 with FS05–10 and FS05–05 force sensors. 

The mechanical behavior, especially the distribution of strain and 
stress in both bulk and structured hydrogels, was investigated by FEA 
implemented in ABAQUS (ABAQUS 2022, ABAQUS Inc.). To simulate 
the compression and release process, a cube bulk and a diamond 
structure were selected. The diamond structure was generated using the 

CAE tools developed by Flatt Pack [42]. For the analysis, the Ogden and 
Mullins effects model was employed to capture the nonlinear large 
deformation and molecular damage. The values of parameters μ, α, r and 
m were set as 110.725 kPa, − 3.186, 3.0 and 4.5 kJ m− 3, respectively. 

3. Results and discussion 

3.1. Fast stereolithography printing 

The printable ink used in the vat photopolymerization process 

Fig. 1. (a) Schematic figure of 3D printing process and its potential wearable electronic applications; (b) lattice model, (c) schematic polymer chain structure and (d, 
e) SEM images of the printed hydrogel skeleton samples without PEDOT:PSS; (f) lattice model, (g) schematic polymer chain structure and (h, i) SEM images of the 
printed architected conductive hydrogel samples with PEDOT:PSS (j) The compressive recoverable printed architected conductive hydrogel lattice with 1.5 wt% 
PEDOT:PSS concentration. Scale bar is 10 mm. 

R. Yang et al.                                                                                                                                                                                                                                    



Nano Energy 117 (2023) 108857

4

contains PEGDA (Polyethylene glycol diacrylate), a photocurable 
component that undergoes crosslinking when exposed to UV light. This 
light-induced polymerization process is initiated by phonons, which 
carry energy to originate free-radical chain polymerization to solidify 
the hydrogel ink. Shown in Fig. 1d-e are the SEM images of the PEGDA 
network, revealing the porous polymer network. When adding PEDOT: 
PSS to the ink, it can be assembled within the PEGDA network to form 
the 3D TPMS structures as shown in Fig. 1h-i. PEDOT:PSS occupies the 
void space of the PEGDA network and carries positive and negative 
charges attached to the polymer network (Fig. 1g). As demonstrated in 
Fig. 1j, a finger compression/release of the as-printed conductive 
hydrogel with the TPMS structure (the Schwarz primitive model) ex
hibits zero mean curvature and seamless transitions between smooth 
minimal surfaces. This highlights the remarkable flexibility of the con
ducting hydrogel in its as-printed form when subjected to finger 
compression and release. 

3.2. Energy harvesting characterization 

The compression flexibility of the system is a result of the synergistic 
effect between a highly continuous curved architecture and a cross
linked polymeric network. This excellent flexibility enables enhanced 

tribovoltaic DC generation. Fig. 2a inset figure schematically demon
strates the DC power generation measurements, where an aluminum 
(Al) plate is used to tap the top surface of the printed conducting 
hydrogel with the assistance of a mechanical testing frame. As will be 
shown later, the purpose of using Al is to form Schottky contact with the 
conducting polymer hydrogel, which is one of the main features of dy
namic DC generator [11]. The printed conductive hydrogel is positioned 
on an iron (Fe) thin film substrate (thickness, d ≈ 1 mm), serving as the 
bottom electrode to complete the circuit. To verify the interfacial con
tact characteristics between Al top electrode and the printed conductive 
hydrogel, force-dependent current-voltage (I-V) characterization was 
performed on the Al/3D-ACH system. The obtained results, illustrated in 
Fig. 2b, exhibit a non-linear Schottky/ionic diode-like feature and 
demonstrate a positive correlation with respect to the applied force [43]. 
Moreover, the resistance of the Al/3D-ACH system was examined 
employing a two-wire configuration, as illustrated in Fig. 2c. As the 
concentration of PEDOT:PSS in the system increased from 0.1 to 2 wt%, 
a noticeable decrease in resistance was observed, with the resistance 
dropping dramatically from around 240 kΩ to 280 Ω. Furthermore, 
Fig. S3a illustrates the force value evolution during a typical 5-cycles 
tapping measurement with a presetting of 1.0 N. The corresponding 
open-circuit voltage (VOC), short-circuit current (ISC) and the 

Fig. 2. (a) schematic figure of the power generation measurements; (b) Force-dependent I-V characterization of Al/3D-ACH system; (c) PEDOT:PSS concentration- 
dependent static two-wire resistance of Al/3D-ACH system; The (d) VOC outputs and (e) and ISC & JSC outputs of typical 5-cycle tapping measurements under 0.25, 
0.5, 0.75 and 1.0 N; (f) VOC and ISC outputs; (g) Tapping force-dependent VOC and ISC outputs. Inset: schematic figure of the power generation measurements; The 
continuous (h) VOC and JSC outputs and (i) Zoom-in detail of the Al and printed conducting hydrogel for over 200 cycles under tapping motion (tapping force: 1.0 N);. 
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corresponding current density (JSC) are shown in Figs. 2d and 2e, 
respectively, with a VOC of increased from 0.66 to 1.06 V and an ISC 
boosted from 1.61 to 6.51 µA as the tapping force raised from 0.25 to 
1.0 N. (testing sample: cubic length, l≈16 mm; contact area, A ≈
256 mm2). The modest rise in VOC can be attributed to its generation 
mechanism (Fig. 2 g), which is commonly associated with the relative 
surface potential (work function) difference between the two contact 
materials involved, which in this case are Al and PEDOT:PSS. On the 
other hand, the generation of ISC is influenced by multiple factors, 
including internal resistance (R), contacting area (A), etc, which implies 
those factors could be effectively employed as tuning parameters to 
enhance the compatibility of the conducting hydrogel (will discuss more 
in the later section). Therefore, the current enhancement is driven by the 
expansion of the microscopic contact area when subjected to external 
pressure. 

To further examine the role of PEDOT:PSS in the power generation 
process, pure hydrogel samples have been prepared and examined under 
identical cyclic tapping experiments to assess their performance. The 
results, depicted in Fig. S4a-b, indicate that the VOC and ISC outputs are 
measured to be 0.28 V and 0.17 µA, respectively, during a standard 20- 
cycle tapping measurement (1.0 N). Comparative analysis between the 
VOC and ISC outputs of the pure hydrogel and 3D-ACH under identical 
experimental configurations (Fig. 2f) reveals that the pure hydrogel 
contributed to approximately 31% and 5% of the corresponding values, 
respectively. The observed voltage generation in the pure hydrogel can 
be attributed to the electrochemical interaction between the metal 
electrode and the structural water confined within the hydrogel matrix. 
On the other hand, the comparatively lower ISC in the pure hydrogel 
sample is primarily ascribed to its significantly higher electrical resis
tance when compared to 3D-ACH. It is worth noting that the augmented 
ISC performance of 3D-ACH is not solely ascribed to the intrinsic low 

electrical resistance of the conductive hydrogel but also facilitated by 
the enhanced charge mobility resulting from the electron hopping effect 
between the metallic domains of PEDOT:PSS. Moreover, Fig. 2h-i shows 
the VOC and JSC output under long-term cyclic testing (tapping force: 
1.0 N; contact area: 100 mm2), where both VOC and JSC output remains 
consistent over hundreds of cycles. This observation not only validates 
the durability and reliability of the printed conducting hydrogel for 
prolonged use but also indicates that the material retains its electrical 
properties and current generation capabilities even after extended pe
riods of operation. 

To gain insight into the underlying mechanism, we posit that the 
generation of DC power involves a combination of various driving 
forces, including 1) interfacial mechano-electronic excitation, 2) elec
trochemistry, and 3) ionic-electronic conduction (Fig. 3a). With regards 
to mechano-electronic excitation, our proposition suggests that the 
exertion of frictional energy at tapping interfaces induces the formation 
of energetic carriers, commonly referred to as the "tribovoltaic" effect 
[44]. Furthermore, as shown and discussed in Fig. 2,f, the electro
chemistry effect also plays a significant role in DC power generation by 
facilitating the transfer of electrons between structural water, metal 
electrodes and PEDOT:PSS. This electron transfer occurs either at the 
interfaces or within the active materials of electrochemical systems. For 
example, in batteries and fuel cells, electrochemical reactions convert 
chemical energy into electrical energy. The flow of electrons between 
the anode and cathode, through redox reactions, generates a potential 
difference and subsequently a direct current. It is worth to point out that, 
as per our prior study, the electrochemical contribution to DC energy 
generation is heavily determined by the water content of the sample 
[12]. In our study, our attention was directed towards samples with low 
water content. These specimens were naturally dried and only contained 
water amount equivalent to the atmospheric moisture level. This choice 

Fig. 3. (a) Schematic illustration of proposed DC power generation mechanism of 3D-ACH, 1) dynamic Schottky DC generation; 2) electrochemical effect; 3) ionic- 
electronic conduction; (b) PEDOT:PSS concentration-dependent VOC and ISC outputs (0.1, 1.0, 1.5 and 2.0 wt%); (c) PEDOT:PSS concentration-dependent VOC and ISC 
outputs under tapping motion (tapping force: 1.0 N), inset picture shows the precursor with different PEDOT:PSS concentrations: 0.1, 1.0, 1.5 and 2.0 wt%; (d) 
Optical photo of 3D-ACH samples with various cubic length; (e) Contact area-dependent VOC and ISC outputs (25, 100, 196 and 256 mm2); (f) Contact area-dependent 
VOC and ISC outputs (tapping force: 1.0 N)), inset schematic picture demonstrates the contact area difference. 
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was driven by their remarkable mechanical properties and strong 
compatibility. Therefore, the electrochemical contribution should pri
marily arise from the presence of structural water encapsulated within 
the 3D-ACH sample. Last but not least, ionic-electronic conduction is a 
crucial phenomenon contributing to the generation of DC power. It in
volves the movement of both ions and electrons within a material or an 
electrolyte. In systems such as solid-state batteries or certain types of 
solar cells, ionic species like lithium ions migrate through solid-state 
electrolytes or across interfaces, while electronic carriers such as elec
trons or holes transport through the material to establish an electric 
current. In this case, it is proposed that the localized non-equilibrium ion 
gradient distribution under external stimuli induces ionic-electronic 
conduction, further contributing to the overall DC power generation of 
3D-ACH. By considering these multiple driving forces, we can obtain a 
holistic understanding of the intricate processes underpinning DC power 
generation. 

To better understand the influence of R and A on 3D-ACH samples, 
different printable precursors with varying concentrations of PEDOT: 
PSS have been prepared and utilized for printing the conducting 
hydrogel samples. This approach is taken because the conducting 
polymer, PEDOT:PSS, plays a dominant role in determining the con
ductivity of the printed conducting hydrogel. As shown in Fig. 3b-c, by 
adjusting the concentration of PEDOT:PSS in the printable precursors, 
the ISC improved from 1.52 µA to 4.11 µA as the PEDOT:PSS concen
tration increased from 0.1 to 2.0 wt%, while the VOC increased from 0.61 
to 1.10 V (tapping force: ~ 1.0 N). Moreover, contact area-dependent 
DC generation measurement has also been designed and conducted by 
printing different conducting hydrogel with varying cubic sizes 
(Fig. 3d). As depicted in Fig. 3e-f, the ISC demonstrates a notable in
crease, jumping from 1.51 to 6.61 µA as the contact area increases from 
25 to 256 mm2, when subjected to a tapping force of approximately 
1.0 N. On the other hand, the VOC experiences a rise from 0.63 to 1.15 V 
under the same testing parameters. These findings indicate that a higher 
concentration of PEDOT:PSS and a larger contact area contribute to 
improved conductivity, thereby enhancing the current generation 

capabilities of the printed conducting hydrogel. These approaches offer 
the flexibility to tailor the material’s electrical properties and device 
configurations to meet specific requirements. 

3.3. Mechanical behaviors of the printed hydrogel under cyclic 
compressive loads 

To demonstrate the mechanical robustness of as-printed conductive 
hydrogel, cyclic compressive tests on bulk hydrogels and 3D-ACH 
samples were performed to examine their stress-strain behaviors and 
energy dissipation mechanisms under varying loads. The bulk hydrogel 
demonstrated a typical hyperelastic response as depicted in Fig. 4a. In 
contrast, the structured hydrogel exhibited a unique two-stage stress- 
strain behavior as shown in Fig. 4b, likely due to its diamond lattice 
architecture, which resulted in a bending-dominant behavior that led to 
a relatively flat stress-strain curve at small deformations and a signifi
cant stiffening at large deformation. To further characterize the me
chanical dissipation at different strain levels, we calculate the hysteresis 
ratio h, which is defined as h =

∮ εmax
0 Sdε/

∫ εmax
0 Sdε with S being the 

nominal stress and ε being the corresponding strain. As shown in Fig. 4d, 
the structured hydrogel shows a larger mechanical dissipation compared 
with the bulk hydrogel, which suggests the crucial role of lattice ar
chitecture in promoting mechanical dissipation. We further assess the 
long-term durability of the 3D-printed structured hydrogel through cy
clic compressive tests. As shown in Fig. 4e-f, the sample maintained 
consistent stress-loading distance curves and hysteresis ratios even after 
undergoing over 100 cycles of compressive loading. These findings 
suggest that the structured hydrogel is capable of enduring repeated 
mechanical loading for sustained energy harvesting performance. 

To better understand the nonlinear large deformation, we utilized 
the Ogden-Mullins model in Abaqus to predict the stress-strain curve of 
the bulk and structured hydrogels respectively. The free energy function 
considering Mullins effect can be derived as [45]. 

W(F, η) = ηW̃(F)+ϕ(η) (1) 

Fig. 4. Mechanical behaviors of bulk and structured hydrogels under cyclic compressive loads; (a) Cyclic stress-strain curves of a structured hydrogel at various 
strains; (b) Cyclic stress-strain curves of a bulk hydrogel at various strains; (c) Comparison of experimental and theoretical stress-strain curves between bulk and 
structured hydrogels; (d) Comparison of hysteresis ratios at various strains between bulk and structured hydrogels; (e) Long-term robustness analysis of a structured 
hydrogel (3D printed hydrogel lattice). N represents cycle number; (e) Stress-loading distance curves and (f) hysteresis ratios over 100 cycles of compressive loading. 
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where F denotes the deformation gradient tensor, the damage variable η 
indicates the extent of material damage and ϕ(η) is the damage function. 
W̃(F) represents the free energy function of a purely elastic material 
without the Mullins effect, which can be expressed by the first-order 
Ogden model and written as [46]. 

W̃ =
2μ
α2

(
λα + 2λ−

α
2 − 3

)
(2)  

where μ and α are fitting parameters, and stretch λ can be calculated by λ 
= 1 − ε, where ε represents the compressive strain. By fitting Eq. (2) to 
the measured stress-strain curve of the bulk hydrogel, μ and α are 
identified as 110.725 kPa and − 3.186, respectively (Fig. 3a). 

In addition, mechanical dissipation is an undeniable phenomenon in 
this process manifested by the hysteresis loop in the stress-strain curve. 
The toughening due to the presence of the hysteretic mechanical dissi
pation can be phenomenologically characterized using the Mullins ef
fect, and the damage function ϕ(η) and damage variable η can be derived 
as [47]. 

ϕ(η) =
∫ η

1

[
(m+ βWm)erf− 1(r(1 − η) − Wm)

]
dη (3)  

η = 1 − erf[(Wm − W̃)
/
(m+ βWm)] (4)  

where Wm represents the maximum strain energy density of the material 
before unloading, and erf denotes the error function. β is a positive 
number used to prevent an overly stiff response during unloading from 
relatively large stretch levels. Besides, the parameters r and m denote the 
damage properties of the material, representing the maximum extent of 
material damage and the critical energy scale required for significant 
dissipation. 

In our analysis, we employed the modified Ogden-Mullins model in 
Abaqus to determine the values of r and m as 3.0 and 4.5 kJ m− 3, 
respectively. The parameter of β is set as 0.1 for numerical stabilization. 
The fitted results agree well with the experimental data, as demon
strated in Fig. 5a and 5b. For the stimulation of structured hydrogel 
(Fig. 5c), we generated the diamond structure following the CAE tools 
developed by Flatt Pack [42]. Fig. 5d and Supplementary Video-1 
display the stress fields of the structured hydrogel under compressive 
loading. Results indicate that there is indeed a region of significant 
dissipation at the central bulge due to stress concentration. The corre
sponding stress-strain curve and hysteresis ratio upon various strains are 

Fig. 5. Simulations on the mechanical behavior of bulk and structured hydrogels. (a) Comparison of experimental and theoretical stress-strain curves of bulk 
hydrogels; (b) Comparison of experimental and theoretical hysteresis ratios at various strains of bulk hydrogels; (c) 3D printing model of structured hydrogels; (d) 
The strain field in structured hydrogel under compressive loading test to various strains; (e) Theoretical stress-strain curve of a structured hydrogel with volume 
fraction of 0.5; (f) Theoretical hysteresis ratios of a structured hydrogel with volume fraction of 0.5 at various strains; (g) Theoretical stress-strain curves of structured 
hydrogels with different volume fractions. 
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presented in Fig. 5e and 5f. Consistent with the experimental trend, the 
structured model demonstrates a relatively flat stress-strain curve dur
ing small deformation and a notable stiffening during large deformation, 
leading to a lager hysteresis ratio. Furthermore, we explored the effect of 
the volume fraction of diamond structure on the mechanical behavior of 
the hydrogel. As illustrated in Fig. 5g, increasing the volume fraction 
resulted in a significant increase in stress, leading to a larger hysteresis 
ratio and a more pronounced strain stiffening. By utilizing the modified 
Ogden-Mullins model and conducting detailed investigations on struc
tured hydrogels, the simulation enables visualization of the energy 
dissipation distribution within the hydrogel, which provides a better 
approach and framework for the design of anti-fatigue hydrogels for 
long-term energy harvesting. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2023.108857. 

3.4. Demonstration towards practical application 

Furthermore, in order to showcase the sensing potential of the 
developed 3D-ACH based samples, an extensive series of power gener
ation characterizations were conducted, specifically utilizing practical 
finger-tapping actions. Fig. 6a illustrates the experimental setup, where 
finger-tapping motions were executed on the 3D-ACH sample, where the 
finger was enveloped with Al foil, applying various forces ranging from 
0.02 to over 35 N (Fig. 6d and 6e). These forces were randomly applied 

during the experiments. The corresponding VOC and ISC outputs are 
shown in Fig. 6b and 6c, respectively. Upon thorough analysis of the 
acquired data, as shown in Fig. 6f and 6g, a notable linear relationship 
was observed between the applied force and both the current and 
voltage outputs, albeit with a logarithmic dependence. This discovery 
reinforces the significant potential of 3D-ACH for sensing applications. 
The concept of electrically stimulating tissues for regenerative purposes 
is an area of increasing interest within the scientific and medical com
munities. The application of electrical currents or fields to biological 
systems has shown potential in promoting cellular growth, guiding tis
sue development, and enhancing the regeneration process. However, 
despite these encouraging findings, the full extent of the benefits and 
underlying mechanisms are yet to be fully explored. Here, in order to 
simulate this scenario, Fig. 6h presents photographs of the coupling of a 
3D-ACH sample with an artificial arthrosis. Benefits from its exceptional 
printing resolution and remarkable flexibility, the as-printed 3D-ACH 
sample exhibits excellent alignment and adhesion, even when faced 
with the intricate surface of artificial arthrosis. By altering the bending 
angles of the artificial arthrosis, different pressures are generated and 
applied mechanical input onto the printed sample (as shown in the 
supplementary video-2). Consequently, Fig. 6i and j exhibit a positive 
linear correlation between the bending angles of 5, 10, 15, and 20 de
grees, and the corresponding VOC and ISC outputs (coefficient of deter
mination, R2 >0.99), which is consist with the VOC result in Section 3.2. 
These findings highlight the ability of the 3D-ACH sample to effectively 

Fig. 6. (a) schematic illustration shows the hand tapping motion; The (b) VOC and (c) ISC outputs under random (d-e) hand tapping forces; Force-dependent log
arithmic (f) VOC and (g) ISC outputs under random hand tapping; (h) Photographs showcasing the as-printed 3D-ACH coupled with an artificial arthrosis. By altering 
the bending angles of the artificial arthrosis, different pressures are generated; Consequently, the corresponding (i) VOC and (j) ISC outputs are shown for bending 
angles of 5, 10, 15, and 20 degrees. A strong linear correlation has been identified for both VOC and ISC, characterized by a fitting coefficient of determina
tion, R2> 0.99. 
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sense and respond to external forces, with the current and voltage out
puts accurately reflecting the magnitude of the applied force. The linear 
relationship established between the force and the outputs further 
strengthens the viability of 3D-ACH for a wide range of sensing appli
cations, confirming its promising future in the field. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2023.108857. 

4. Conclusion 

In summary, this study highlights the potential of integrating addi
tive manufacturing with conductive hydrogels to create self-powered 
sensing devices. Through fast and high-resolution stereolithography 
printing, coupled with DC energy generation, the device enables self- 
powered sensing operations. The 3D-ACH exhibited impressive elec
trical performance, generating an open-circuit voltage of 1.15 V and a 
short-circuit current of up to 6.61 μA. These results indicate the device’s 
potential for efficient energy generation. The energy generation mech
anisms of the 3D-ACH encompass a multifaceted approach, incorpo
rating tribovoltaic phenomena, ionic-electronic conduction, and 
electrochemistry. Furthermore, the printed architected conductive 
hydrogel exhibits an impressive combination of flexibility and me
chanical strength, enabling it to withstand compressive strain of over 
50% without sustaining any structural damage. These characteristics 
enable the device to function as a pressure/strain sensor, broadening its 
range of potential applications in self-powered sensing. The results 
demonstrate the potential for the development of robust, flexible, and 
biocompatible sensors that can operate autonomously, paving the way 
for innovative applications in the field of self-powered sensing. 
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