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HIGHLIGHTS

•	 A flexible monolithic 3D-integrated tactile sensing system, inspired by the tactile perception mechanism of human skin, was developed 
based on a holey MXene paste.

•	 Large-scale device fabrication was achieved using blade-coating and imprinting methods, demonstrating excellent mechanical flex-
ibility, low-power consumption, fast response, and stable long-term performance.

•	 The sensor array was integrated into a smart access control system, leveraging deep learning to achieve precise identification based 
on the unique pressing behaviors of users.

ABSTRACT  Flexible electronics face critical 
challenges in achieving monolithic three-dimen-
sional (3D) integration, including material 
compatibility, structural stability, and scalable 
fabrication methods. Inspired by the tactile 
sensing mechanism of the human skin, we have 
developed a flexible monolithic 3D-integrated 
tactile sensing system based on a holey MXene 
paste, where each vertical one-body unit simul-
taneously functions as a microsupercapacitor 
and pressure sensor. The in-plane mesopores 
of MXene significantly improve ion accessibil-
ity, mitigate the self-stacking of nanosheets, and 
allow the holey MXene to multifunctionally act 
as a sensing material, an active electrode, and a 
conductive interconnect, thus drastically reducing the interface mismatch and enhancing the mechanical robustness. Furthermore, we fabricate 
a large-scale device using a blade-coating and stamping method, which demonstrates excellent mechanical flexibility, low-power consumption, 
rapid response, and stable long-term operation. As a proof-of-concept application, we integrate our sensing array into a smart access control sys-
tem, leveraging deep learning to accurately identify users based on their unique pressing behaviors. This study provides a promising approach for 
designing highly integrated, intelligent, and flexible electronic systems for advanced human–computer interactions and personalized electronics.
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1  Introduction

With the trend toward the miniaturization and portability of 
flexible electronic devices, the integration of energy storage/
supply units (e.g., microsupercapacitors and microbatteries) 
and energy-consuming units (e.g., pressure sensors) into a 
single 2D plane has gained widespread attention [1–4]. This 
integration offers numerous advantages such as simplic-
ity, compatibility, and reliability. To accommodate diverse 
application scenarios such as e-skin, high-precision monitor-
ing, and intelligent transportation, it is essential to further 
improve spatial resolution, detection accuracy, and sys-
tem reliability by arraying flexible electronic units [5–10]. 
Monolithic integrations containing multiple functional units 
have been reassembled into a 2D planar array, resulting in 
excessively large array areas, complicated connections, and 
limited space utilization [11–13]. These issues contradict 
the fundamental objectives of miniaturization and integra-
tion in flexible electronics and hinder the transition from 
lab-scale research to industrial-scale deployment. Therefore, 
there is an urgent need to develop new integration strategies 
for practical application.

The nanofabrication of integrated circuits has gradually 
approached its physical limits. To expand Moore’s law, 3D 
integration technologies that vertically stack multiple tran-
sistors can allow more functional units to be well-assembled 
in a smaller footprint, realizing a higher level of integra-
tion while preserving their excellent performance [14, 15]. 
By applying this concept to flexible electronic devices, 
monolithic 3D-integrated flexible electronic devices can 
be constructed through vertical integration of functional 
units combined with a planar array design. This approach 
not only significantly reduces the effective space but also 
reduces signal transmission delays. In contrast to conven-
tional rigid electronics, flexible integrated units must main-
tain structural integrity and functionality when subjected 
to mechanical deformation [16–19]. However, the poor 
compatibility between different materials and functional 
units directly leads to weak interconnections, mechanical 
mismatches, and structural instability. In particular, when 
different functional units are vertically integrated, the exces-
sive interface layers caused by the complex unit structures 
make it difficult to maintain good adhesion and structural 
integrity under external mechanical stimulation. Owing to 
the functional couplings of the layer–layer interfaces, it is 

challenging to match the microstructure, moduli, and prop-
erties of different material structures [20–22]. In addition, 
traditional micro/nanomanufacturing assembly techniques 
have relatively cumbersome drawbacks owing to the lack of 
effective and continuous connections with external circuits 
when simultaneously constructing different components, 
making it challenging to ensure optimal system compat-
ibility [23, 24]. Thus, the construction of multifunctional 
and highly monolithic 3D-integrated electronic devices is 
challenging in terms of material selection, device structure 
design, process engineering, and circuit connections [25]. 
Addressing these challenges requires the cooperation and 
development of many disciplines, such as physics, materials 
science, and electronics [26, 27].

Ti3C2Tx MXenes exhibit exceptional intrinsic conductiv-
ity, richly tunable surface chemistry, superior mechanical 
flexibility, and unique dual-functionality for energy storage 
and sensing [28, 29]. These properties collectively satisfy 
the stringent requirements for active materials in high-per-
formance flexible monolithic 3D-integrated tactile sensing 
arrays [30–33]. Compared to pristine MXene, the in-planar 
mesoporous structure of holey MXene overcomes the lim-
ited active sites and high tortuosity of the ionic transport 
paths caused by the self-stacking of nanosheets. Above all, 
holey MXene with multiple functions can simultaneously 
serve as a sensing material, an active electrode, a collec-
tor, and a conductive interconnect, effectively enhancing the 
matching degree of different functional units when vertically 
integrated into an all-in-one system. Thus, holey MXene 
is extremely suitable as an active material for constructing 
monolithic 3D-integrated sensing systems with high match-
ing, integration, and flexibility.

The tactile perception of human skin primarily relies on 
various types of receptors, such as Merkel cells, distrib-
uted in the dermis layer, which play a key role in activating 
the response behavior of mechanically gated ion channels. 
Drawing on the tactile mechanism of human skin, holey 
MXene was selected to construct a vertical one-body unit 
(VOU) that can be simultaneously used as a microsuperca-
pacitor and pressure sensor. The monolithic 3D integration 
of VOUs based on the same active material significantly 
reduces the number of vertically oriented interfaces, result-
ing in a higher density of functional units in the same foot-
print. When combined with highly consistent materials, it 
shortens the interconnect paths, reduces power consumption, 
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and improves integration and matching (Fig. S1). Specifi-
cally, we developed a holey MXene paste regulated by an 
interlayer force regulation mechanism to scrape or stamp 
it onto an arbitrary substrate for monolithic 3D integration. 
As a proof-of-concept, by combining a monolithic 3D-inte-
grated sensing system with deep learning algorithms, a smart 
access control user identification system was constructed to 
precisely recognize and verify user identity. The monolithic, 
3D vertically integrated, all-in-one strategy proposed in this 
study provides a new paradigm for the highly integrated and 
intelligent development of flexible electronic systems.

2 � Experimental Section

2.1 � Materials

High-purity Ti3AlC2 particles were purchased from Laizhou 
Kai Kai Ceramic Materials Co., Ltd. 30% H2O2 (A.R. grade), 
LiF (A.R. grade), KCl (A.R. grade), HCl (A.R. grade), and 
ZnSO4·7H2O (A.R. grade) were obtained from Sinopharm 
Group Co., Ltd. Cellulose nanofiber (CNF) solutions were 
purchased from Guilin Qihong Technology, and gelatin was 
purchased from Ourchem Ltd. All chemical reagents were 
used as received without further purification.

2.2 � Preparation of Holey MXene Paste

The detailed preparation process of holey MXene nanosheets 
is described in our previous work [34–36]. The final holey 
MXene nanosheets were evenly dispersed in a solution. Floc-
culation was observed when HCl was added to the solution. 
The holey MXene paste obtained from the above mixture was 
centrifuged at a high speed. The degree of slight flocculation 
was regulated by the HCl content. More HCl led to the severe 
flocculation of the holey MXene paste. Subsequently, we 
designed and fabricated various holey MXene-based patterns 
by scraping and stamping the paste onto paper, followed by 
drying at room temperature (25 °C).

2.3 � Preparation of Gel Electrolyte

Briefly, 3 g of gelatin was slowly added into 30 mL of a 
ZnSO4 solution (1 M) and stirred thoroughly at 75 °C. Once 
the mixture was fully dissolved, it was injected into a suitable 

container and cooled to room temperature (25 °C) to obtain 
a gel electrolyte. The thickness of the gel was adjusted by 
adjusting the injection volume.

2.4 � Assembly of the VOU

First, a holey MXene-based paper was engraved into inter-
digital electrodes using a laser engraving technique; then, zinc 
was electrodeposited on the surface of the holey MXene as an 
active electrode [37]. Subsequently, 100 μL of a CNF solution 
(5 mg mL−1) was sprayed on the surface of the interdigital 
electrodes as a barrier layer. Then, a gel electrolyte was care-
fully placed on the surface of the CNF fibers, and a copper 
tape was connected to both sides of the electrode to establish 
an external circuit. Finally, the VOU was assembled using 
polyethylene terephthalate (PET) as the encapsulation layer.

2.5 � Characterization

The holey MXene nanosheets were observed using a double 
spherical aberration electron microscope (FEI Titan Themis 
Z). The crystal structures of the samples were determined 
using X-ray diffraction (XRD; SmartLab). The chemical bond 
valences and compositions of the samples were determined 
using X-ray photoelectron spectroscopy (XPS; ESCALAB 
250Xi). Raman spectra were obtained using inVia-Reflex 
equipment. Fourier-transform infrared (FTIR) spectroscopy 
was performed using a Vertex 80 + Hyperion 2000 instrument.

2.6 � Performance Testing

The test system consisted of a motion control system 
(7SC306), single-axis displacement Table (7STA02100B), 
dynamometer (HANDPI), and multimeter (Keithley 
DMM7510). The entire system was connected to a com-
puter and controlled by it. Cyclic voltammetry (CV), gal-
vanostatic charge/discharge (GCD), and electrochemical 
impedance spectroscopy (EIS) curves of the devices were 
obtained using an electrochemical workstation (CHI 760E). 
Their anti-self-discharge performance was tested using 
open-circuit voltage (OCV) and GCD tests.
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2.7 � Finite Element Analysis (FEA)

The radial compression behavior and internal stress dis-
tribution of the VOU were obtained using COMSOL soft-
ware. A 2D planar model was used to simulate the barrier 
layer, which consisted of a hemispherical gel structure in 
the upper layer and a fibrous structure in the lower layer 
to form a continuum model. A solid-mechanics solution 
was obtained under reasonable boundary conditions and 
mesh delineation. The lower boundary of the model was 
used as a fixed boundary, and a vertical uniform stress 
was applied to the upper boundary, from which the inter-
nal stress distribution was obtained. The solid-mechanics 
problem was solved under appropriate boundary condi-
tions and mesh divisions. Specifically, the lower bound 
was fixed, and a uniform vertical stress was applied to 
the upper bound. The internal stress distribution was 
obtained after solving the equations under the aforemen-
tioned conditions.

2.8 � Design of the Access Control User Identification 
System

The access control user identification system consists of a 
wireless transmission module, host computer application, 
and a monolithic 3D-integrated sensing system. A host 
computer application was developed using the LabVIEW 
software. The measured data from the monolithic 3D-inte-
grated sensing system were transmitted to a computer via 
a wireless transmission module. When a user enters the 
password, dynamic pressing information is collected in real 
time using the host application. The features were extracted 
using MATLAB and fed into a backpropagation (BP) neural 
network model for recognition. The user’s name was dis-
played according to the correct feature feedback. For the 
deep learning algorithm, the accuracy of the neural network 
was set to 2.5, and the number of hidden layers was set to 40 
nodes; furthermore, the number of iterations was set to 5000. 
These parameters can be adjusted to achieve higher accuracy 
while simultaneously preventing the network from overfit-
ting. Instead of the traditional gradient descent algorithm, 
the Adam optimization algorithm was used for training data 
to achieve faster and easier convergence.

3 � Results and Discussion

3.1 � Monolithic 3D Integration of VOU 
toward the Flexible Tactile Sensing System

In Fig. 1a, the self-powered unit consists mainly of a micro-
supercapacitor (MSC) and a sensor. The common strategy 
was derived from direct wire connection of the two devices 
to planar integration on a single substrate. The next step in 
development is to construct 2D vertically integrated units to 
further enhance integration. The VOU proposed in this study 
can realize the functions of the two devices simultaneously, 
thereby significantly reducing the number of interfaces in 
the vertical direction compared with the direct 2D verti-
cal integration of the two devices. In particular, 2D planar 
integration can only be achieved by constructing the MSCs 
and sensors separately when building arrays. For 3D vertical 
designs, it is easy to obtain arrays of units that simultane-
ously function as MSCs and sensors. Consequently, more 
devices can be integrated into the same footprint, with sim-
pler wiring and lower power consumption.

The mechanism of the VOU is inspired by the tactile sens-
ing system of the skin (Fig. 1b). When an external stimulus is 
applied to the skin, mechanically gated ion channels in the sen-
sory cells open. This allows the ions to migrate or flow across the 
cell membrane, thereby creating a physiological electrical signal 
(membrane potential). When a mechanical stimulus is released, 
the membrane potential returns to its initial level by pumping 
specific ions back into the cell membrane. This efficient and low-
energy sensing system for the human skin provides a new strat-
egy for the design of flexible sensing units. In this study, a flex-
ible VOU consisting mainly of two different electrodes (holey 
MXene and electroplated zinc nanoparticles) and a gel electro-
lyte with a surface microstructure was constructed (Fig. S2). 
The holey MXene maintained the same excellent hydrophilicity 
as the pure MXene (Fig. S3). The Tyndall effect indicated the 
good dispersion of both the MXene and holey MXene solutions 
(Fig. S4). HAADF-STEM images clearly revealed the presence 
of abundant in-plane mesopores on the nanosheets (Fig. S5a, 
b). The XRD patterns showed that the (002) peak position of 
holey MXene remained nearly unchanged compared to that of 
MXene; the peak intensity decreased slightly, but the peak width 
increased slightly, suggesting that the introduction of in-plane 
defects reduced the stacking order of the nanosheets to some 
extent (Fig. S6). In the C 1s XPS spectrum, the C–C peak of 
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the holey MXene was significantly stronger, indicating that the 
introduction of mesopores exposes more carbon atoms on the 
surface. The C-Ti peak remained intact, confirming the preserva-
tion of the layered structure (Fig. S7). The Ti 2p XPS spectrum 
of the holey MXene showed a weak Ti–O peak, indicating the 
effective removal of TiO2 (Fig. S7). In the FTIR spectrum, the 
holey MXene exhibited three distinct characteristic peaks cor-
responding to -OH, -C = O, and -Ti–O (Fig. S8). The Raman 
spectra revealed more prominent D and G bands in the holey 
MXene, which were attributed to carbon formation during H2O2 
etching (Fig. S9). These characterization results confirmed the 

successful synthesis and structural features of the holey MXene 
material (Figs. S3–S9). When a VOU was mechanically stimu-
lated by an external force, the contact area between the gel elec-
trolyte and electrode increased, leading to the formation of more 
ion channels and enhanced ion migration. As a result, charge 
migration occurred in the external circuit to maintain the charge 
balance. Thus, the pressure signal was successfully converted 
and encoded into a change in the electrical signal of the exter-
nal circuit. When the mechanical stimulation was removed, the 
ion channel returned to its initial state under the action of the 
electrode/electrolyte interface. Consequently, the ion migration 

Fig. 1   Monolithic 3D integration of VOU toward the flexible tactile sensing system. a Development of the all-in-one integration and the advan-
tages of 3D vertically integrated systems. b Working process and principle of the skin responsive to the external stimuli. c Ion distributions and 
circuit diagram of the VOU responsive to force. d Comparisons of the equivalent circuit diagrams of common resistive sensors, 2D planar/verti-
cal integrated units, and VOUs when detecting the external pressure, where the detection circuit is colored in yellow and the sensor in blue
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diminished, and the electrical signal in the external circuit weak-
ened correspondingly (Fig. 1c). The VOU significantly reduces 
the number of vertical layer interfaces between materials and 
structures, providing high efficiency, low-energy consumption, 
and excellent sensing capabilities. In addition, the holey MXene 
provides abundant active sites and a short ion transport distance 
through the in-plane mesopores, effectively improving the ion 
mobility and specific capacity of the active electrode. Holey 
MXenes with multiple functions can be simultaneously used as 
flexible electrodes, sensing materials, collectors, and conductive 
interconnects, preventing the interfacial coupling of different 
materials. Thus, it effectively improves the degree of match-
ing of different functional units when vertically integrated into 
3D-integrated systems.

To further understand the operating principle and power 
consumption of the VOU, equivalent circuit diagrams 
of a common piezoresistive sensor, a 2D planar/vertical 
integrated unit, and the VOU are discussed and analyzed for 
detecting pressure signals (Fig. 1d). Piezoresistive sensors 
require an external power supply (E1) to detect the pressure 
signals, resulting in relatively high-power consumption 
due to the internal resistance of the ammeter (RA1) and low 
internal resistance of the sensitive material (RX1), which 
are unfavorable for the practical application of flexible 
microelectronics. Although development of the 2D planar/
vertical integrated unit eliminates the need for an external 
power supply, the circuit still contains a low-resistance 
ammeter (RA2) and highly conductive sensitive element 
(RX2). The low resistance of the overall circuit results in 
high-power consumption. For the VOU, the detected voltage 
(V) varied with the resistance of the sensing unit, as shown 
in the following equation:

Here, E3 is the potential difference between the two elec-
trodes of the device, RV is the internal resistance of the volt-
meter (10 MΩ), RX3 is the internal resistance of the device, 
and V is the test voltage of the VOU. The internal resist-
ance RX3 is relatively large without loading pressure and is 
close to infinity; therefore, the overall power consumption 
of the device is close to 0, and the device is in a silent state. 
As the external pressure increases, the number of migrated 
ions in the device increases, and RX3 decreases; furthermore, 
the output voltage gradually approaches E3. At this point, 
the instantaneous power consumption theoretically reaches 

V = E
3

R
V

R
V
+ R

X3

its peak value. However, because the total resistance in the 
entire circuit is mainly determined by RV, the generated 
current is extremely small. Thus, the overall power con-
sumption remains at an extremely low level, and the device 
maintains its excellent low-power performance even under 
more intense mechanical stimulation. Thus, the VOU has 
the unique advantages of low-power consumption and high 
integration, which have promoted the development of flex-
ible all-in-one integration electronics.

3.2 � Overall Study on the Holey MXene Paste

The rapid development of flexible sensing integration has 
put forward higher demands on fabrication and assembly 
efficiency. In this study, a holey MXene paste was prepared 
by utilizing the slight flocculation phenomenon regulated 
by the interlayer force regulation mechanism, which can be 
extended to various manufacturing techniques. Thus, flexible 
MXene-based units and arrays were constructed by paste 
blade scraping and stamping onto a substrate (Fig. 2a, b; 
see the Experimental section for the detailed preparation 
processes). To explore the feasibility of up-scaling, the holey 
MXene paste was uniformly scraped onto a full A4 sheet 
by blade scraping; the entire sheet showed good electrical 
conductivity (Figs. 2c and S10). Multiple patterns and arrays 
of specific sizes could be manufactured by laser engraving 
the MXene-based paper, as shown in Fig. 2d. Additionally, 
electrodes could be quickly stamped into customized shapes, 
such as fork-finger, tai chi, and spiral shapes (Fig. 2e). More-
over, 4 × 4 and 3 × 3 arrays based on the holey MXene paper 
were fabricated and assembled into monolithic 3D-inte-
grated sensing systems within a short duration (Figs. 2f and 
S11).

To prepare the holey MXene paste accurately, the regula-
tion mechanism of slight flocculation was further investi-
gated. This flocculation of the holey MXene originated from 
the addition of H+, and a paste was obtained after multiple 
centrifugations (Fig. 2g). The regulation mechanism of the 
interlayer force can be explained by the electric double-layer 
(EDL) theory, which accounts for the observed slight floc-
culation. An EDL is characterized by the finite thickness 
of the Stern and diffuse layers in a Gay–Chapman–Stern 
(GCS) model, as shown in Fig. 2h [38–40]. The thickness 
of the EDL represents the range of influence of the surface 
charge. The interlayer distance of the nanosheets depends on 
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the competition between the electrostatic repulsion potential 
energy and van der Waals potential energy. Holey MXene 
nanosheets have a negative charge in deionized water owing 
to the ionization of surface -OH groups (zeta potential of 
− 51 mV), resulting in the strong electrostatic repulsion 
between adjacent nanosheets and a uniformly dispersed solu-
tion (Fig. 2i, j, state 1). Upon introducing small amounts 

of H⁺, the zeta potential gradually reaches −28 mV (Fig. 
S12). This is attributed to the inhibition of -OH ionization 
on the MXene surface by H+, which reduces the surface 
charge density. This electrostatic shielding effect com-
presses the thickness of the EDL, significantly weakening 
long-range electrostatic repulsion. The van der Waals force 
becomes dominant, resulting in a significant reduction in 

Fig. 2   Overall study on the holey MXene paste. a, b Schematic depicts the fabrication process of holey MXene-based interdigital electrodes. 
c, d Holey MXene-based A4 paper is fabricated and then engraved into various electrodes and arrays as required. e Digital images of the holey 
MXene-based patterns fabricated by the stamping method. f Holey MXene-based paper array exhibits excellent flexibility. g Forming pro-
cess of the holey MXene paste. h Electric double-layer model of the holey MXene and the corresponding potential distribution after adding 
HCl. i Potential energy change of the holey MXene before and after adding HCl. j, k Change of interlayer spacing between the holey MXene 
nanosheets under the action of the microscopic force (Eelec represents the electrostatic repulsive potential energy, Evdw represents the van der 
Waals attractive potential energy, and Etotal represents the total potential energy). l Changes of total potential energy and layer spacing with HCl 
concentration from 5 to 50 mM
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the interlayer spacing between the nanosheets (Fig. 2i, j, 
State 2). When the electrostatic repulsion and van der Waals 
forces reach a balance, a slightly flocculated holey MXene 
paste is formed (Fig. 2k). Additionally, we calculated the 
total potential energy at different H+ concentrations, and 
the zero point of the total potential energy corresponded to 
the balanced state of the two forces (Fig. 2l). These results 
indicate that an increase in the H+ concentration reduces the 
distance D corresponding to the balance point, thereby exac-
erbating the degree of flocculation. Therefore, we strictly 
controlled the H+ concentration to avoid disrupting the sta-
bility of the paste.

3.3 � Cyclic Stability and Overall Component 
Degradability of the VOU

MSCs are commonly used to power flexible pressure 
sensors because of their facile integration and excellent 
electrochemical performance. However, the severe self-
discharge behavior of conventional symmetric microsu-
percapacitors (CSMSCs) can lead to an unstable voltage, 
hindering the long-term operation of wearable devices 
(Fig. 3a). In zinc-ion microsupercapacitors (ZIMSCs), the 
valence state transition of Zn2+ plays a key role in resist-
ance to self-discharge. Upon charging, Zn2+ ions migrate 
toward the anode, where they are reduced to Zn atoms and 
then immobilized on the Zn electrode. Once in an open-
circuit state, the electrically neutral Zn atoms are no longer 
able to migrate, thus suppressing the self-discharge behav-
ior of the ZIMSCs (Fig. 3b). To confirm this mechanism, 
we assembled VOUs based on the CSMSC and ZIMSC 
(VOU-CSMSC and VOU-ZIMSC, respectively) for self-
discharge testing. The VOU-CSMSCs exhibited obvi-
ous self-discharge behavior, whereas the VOU-ZIMSCs 
maintained good electrochemical performance after 240 h 
(Figs. 3c, d, and S13). The OCV only dropped from 1.40 
to 0.95 V with a low self-discharge rate of 1.875 mV h−1. 
Compared with previously reported works, the holey 
MXene-based VOU-ZIMSCs possess excellent anti-self-
discharge performance (Fig. 3g) [41–47]. In addition, 
the cycling stabilities of the VOU-CSMSCs and VOU-
ZIMSCs were also tested after charging. The responding 
voltage of the VOU-CSMSC decayed rapidly, in agree-
ment with the self-discharge curve shown in Fig. 3e. In 

contrast, the VOU-ZIMSC exhibited long-term stability 
over 80,000 cycles with no significant performance deg-
radation (Fig. 3f). Additionally, after every 200 cycles in 
five sets, the VOU-ZIMSC was subjected to charge–dis-
charge testing, which indicated a capacitance retention rate 
of 92% (Fig. S14). The use of CNF separators and PET 
encapsulation enhanced robustness by protecting the active 
layer from delamination and cracking. Furthermore, SEM 
images showed that the holey MXene-based VOU main-
tained the integrity of its surface microstructure under 
stress and bending conditions (Fig. S15). Considering that 
environmental protection is becoming increasingly impor-
tant for the development of human society, the degradation 
mechanism of the holey MXene-based VOUs was ana-
lyzed. The results showed that the holey MXene solution 
completely degraded after 18 days, and the holey MXene-
based paper completely degraded within 72 h of the addi-
tion of 5% H2O2. A residual yellow powder, consisting of 
TiO2 nanoparticles, was obtained. The gel layer rapidly 
disappeared within 3 h owing to its good water solubility 
(Fig. 3h, S16, and S17). This indicates that VOUs can be 
completely degraded, and that they have good biocompat-
ibility with the environment.

3.4 � Sensing Performance of the VOUs

Figure 4a shows a sensing performance test system for the 
VOUs. The test system consisted of a force sensor, stepping 
motor, transition stage, and voltmeter. To further improve 
the sensitivity of the VOU, a gel electrolyte with a surface 
microstructure fabricated by modeling sandpaper was used 
to lower the initial voltage. The introduction of in-plane 
mesopores in MXene effectively increased the number of 
active sites, enhanced ion accessibility, and improved the 
electrochemical and sensing performance. This holey design 
was suitable for constructing vertically stacked monolithic 
3D integrations, where each VOU simultaneously functioned 
as a microsupercapacitor and pressure sensor. This ingen-
ious structural design reduced interface mismatch, shortened 
interconnection paths, minimized energy loss, and enhanced 
mechanical strength. On adjusting the contact pressure of the 
VOU (from 20 to 200 g), the low-frequency region of the 
Nyquist plot shifted to the left, and the RΩ value correspond-
ingly decreased, indicating that the impedance of the device 
decreases significantly with increasing pressure (Fig. S18). 
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COMSOL stress distribution simulations confirmed that 
as the external pressure increased, the device compressed 
gradually, and the contact area between the electrolyte and 
holey MXene-based electrode continued to increase. The 
vertically stacked structure effectively converted mechanical 
stimulation into enhanced electrode/electrolyte interactions, 
resulting in an increase in the measured voltage (Fig. 4b) 
[48, 49]. In addition, introducing gel electrolytes of differ-
ent roughness values by modeling sandpaper with differ-
ent meshes can regulate the switching ratio, linearity, and 
detection range of the VOU, as shown in Figs. 4c and S19. 
As the number of sandpaper meshes increased, more com-
plex microstructures were introduced into the gel, which 
significantly delayed the saturation of the contact area and 
increased the pressure required to reach saturation. Con-
sequently, both the pressure detection and linear response 
range of the sensor simultaneously improved with increasing 
sandpaper mesh number. The VOU fabricated by modeling 

sandpaper with a 2,000 mesh was selected to study the other 
sensing performances. The V-T curves of the device were 
tested at different speeds and frequencies at 302.31 kPa, and 
both showed rapid responses and stability (Fig. 4d, e). The 
response and recovery times of the VOUs were also meas-
ured. Under low pressure, the response and recovery times 
were 49 and 58 ms, respectively, which were almost the 
same as those under high pressures (56 and 64 ms, respec-
tively) (Fig. 4f). A response time of less than 100 ms is far 
below that of various reported pressure sensors (Table S1). 
The linear I-V curves of the VOU were tested in the voltage 
range of − 1.5 to 1.5 V, and the results indicated good ohmic 
contact between the electrodes of the gel (Fig. 4g). A series 
of V-T curves of the VOU were systematically measured, as 
shown in Figs. 4h and S20, demonstrating that the device 
can effectively distinguish different pressures.

The excellent properties of the VOU can be attributed 
to its high material matching, microstructure design, and 

Fig. 3   Cyclic stability and overall component degradability of the VOU. a, b Comparisons of the discharging principle between the CSMSC 
and the ZIMSC. c, d Comparisons of the self-discharge performance of the VOU-CSMSC and the VOU-ZIMSC. The cycling stability of e 
VOU-CSMSC and f VOU-ZIMSC after charging. g Comparisons of the anti-self-discharge rates of our work with the previously reported 
devices. h Whole component degradability of the VOU
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efficient sensing mechanisms. To further explore the practi-
cal application of the VOU, it was used in series/parallel 
connections, human–computer interaction, human signal 
detection, and other fields, demonstrating good and reliable 
response signals (Figs. S21–S26). By joining the VOU and 
Bluetooth multimeters, the received pressure signal was 
transmitted synchronously to a mobile phone or computer, 
thus achieving remote real-time transmission in a variety of 
physical scenarios (Fig. 4i). The VOUs were connected in 
series to form a complete circuit with an LED lamp. As the 
pressure gradually increased, the LED lamp became brighter 
without the need for an external power supply unit. The 
brightness could be precisely modulated by applying pres-
sure, showing great potential for highly integrated electronic 
devices (Fig. 4j, Video S1). Finally, the holey MXene paste 
was used to prepare a flexible monolithic 3D-integrated 
sensing system based on 3 × 3 arrays, as shown in Fig. 4k. 
This accurately distinguished the pressure distributions at 
different locations.

3.5 � Application of the Access Control User 
Identification for the Monolithic 3D‑Integrated 
Tactile Sensing System

With the widespread application of human–computer inter-
actions, user identification systems have put forward higher 
requirements for internet security and privacy security. Typi-
cally, the fingerprint peaks and pressing behaviors of every-
one are completely different, and this can be used to iden-
tify biometric characteristics. A flexible wireless intelligent 
access control user identification system assembled using the 
monolithic 3D-integrated sensing system was used to verify 
a user’s identity, as shown in Fig. 5a. The collected data were 
transmitted by the system and uploaded to the cloud, and the 
user was identified through deep learning, thus improving 
the level of security and intelligence (Fig. 5b). The key infor-
mation of different users was obtained by touching the mon-
olithic 3D-integrated sensing system, and the output electri-
cal signals were collected continuously and simultaneously. 

Fig. 4   Sensing performance of the VOUs. a Schematic diagram of the highly precise electrical test system. b Stress distribution simulation of 
VOU obtained by COMSOL. c Sensitivity curves of the VOUs with different roughnesses of the gel electrolyte. The force-electrical response of 
the VOU under d different speeds and e different frequencies at 302.31 kPa. f Response/recovery time of the VOU at low and high pressures. g, 
h I-V and V-T curves of the VOU under a series of pressures. i Human–computer interactive application of the VOU. j Brightness of the LEDs is 
controlled by the VOU. k 3 × 3 monolithic 3D-integrated tactile sensing system for detecting constant pressure distribution
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The pressing amplitudes varied slightly among the different 
users, and the durations of holding and touching differed 
significantly. Personal dynamic behavior characteristics were 
extracted from digital signals through logical operations, 
such as peak extraction and filtering. Finally, the extracted 
features were transmitted to a BP neural network for classifi-
cation [50, 51]. In order to build the training data sets for the 
BP neural network model, a digital sequence cipher "25,867" 
was selected as an example to collect the dynamic behavior 

features by repeatedly pressing the system. Fourteen features 
were extracted, including five holding times (high electri-
cal levels), four intervals (low electrical levels), and five 
signal amplitudes. Among 500 random samples per user, 
400 were used as the training set, and the remaining 100 
were used as the validation set for user identification. The 
dynamic characteristics of these typing actions were input 
into the artificial neural network model to identify a user’s 
specific behavioral information. Successful verification 

Fig. 5   Application of the access control user identification for the monolithic 3D-integrated tactile sensing system. a Operational process of the 
access control user identification system. b Flowchart for user feature recognition and verification through the deep learning algorithm. c Three 
users enter the same password, “25,867,” through the sensing system, and the users’ characteristics can be accurately recognized
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occurred when the same password was entered through the 
access control system, prompting the display of the message, 
"Welcome to home, XXX!" (Fig. 5c, Video S2). To better 
verify the robustness and accuracy of the BP neural network 
model, a confusion matrix for the user access control system 
was obtained with an accuracy rate of 98.67%, as shown in 
Fig. S27. In summary, a monolithic 3D-integrated sensing 
system that combines an artificial neural network algorithm 
and access control user identification system can effectively 
learn, adapt, and recognize the behavioral characteristics of 
users.

4 � Conclusion

We successfully demonstrated a flexible monolithic 3D-inte-
grated tactile sensing system based on a multifunctional 
holey MXene material. The design of the VOU, benefit-
ing from a high degree of material consistency, effectively 
reduced the number of vertical interfaces, resulting in 
shorter interconnect paths, lower power consumption, and 
higher integration and matching. To extend the scalability 
for industrial production, we developed a holey MXene 
paste for mass fabrication based on the slight flocculation 
behavior regulated by the interlayer force regulation mecha-
nism. The integrated tactile sensing system prepared using 
an efficient, highly matched, and scalable strategy can be 
applied in various fields of augmented and virtual reality 
interactions, real-time health monitoring, and personal-
ized medicine, providing a new paradigm for the intelligent 
development of flexible electronic systems. The monolithic 
3D-integrated architecture based on the holey MXene modu-
lar design facilitates the integration of other sensors, such as 
temperature and humidity, in the same vertical stack to build 
more functional systems.
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