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Abstract: Integrating liquid functional materials into multi-material four-dimensional (4D) printing can broaden the range 
of multi-functional applications and represents a key direction in the development of additive manufacturing. However, 
achieving integrated printing of liquid functional materials remains a major challenge. This study presents a strategy for 
the integrated printing of solid and liquid materials through the incorporation of a liquid syringe nozzle into the printing 
system. Accordingly, a biomimetic semicircular canal-inspired tilt sensor was designed and fabricated via integrated 
printing to validate the feasibility of the proposed strategy. After optimization, the tilt sensing sensitivity of the prepared 
biomimetic sensor could reach 6.54203 kΩ⋅(°)−1. Moreover, the biomimetic sensor was integrally printed inside 
cockroach-like and petal-shaped intelligent devices, endowing them with tilt self-sensing functionality to realize real-time 
monitoring of their own postures. This study is expected to greatly expand the applicable range of functional materials for 
multi-material 4D printing and provide technical solutions for multi-functional smart devices.

Keywords: Tilt sensor; Self-sensing; Ear semicircular canal; Bioinspired; 4D printing

1. Introduction

Multi-material four-dimensional (4D) printing technology, with its core advantages of "material diversity" and "dynamic 
responsiveness", has become a key force in breaking through the constraints of traditional manufacturing [1–6]. This 
technology provides technical innovation and can drive transformative advancements in fields such as humanoid robots, 
medical devices, and aerospace equipment [2,7–11]. Expanding the range of printable functional materials has remained a 
key focus in 4D printing research [12–14]. Moreover, the incorporation of additional functional materials can enhance 
device performance and broaden application potential. In this context, multi-material additive manufacturing has been 
increasingly explored for monolithic integration of sensing and actuating systems. For example, one-shot multi-material 
fused deposition modeling (FDM) has been used to integrate resistive force and bending sensors into soft pneumatic 
actuators, where the resistance variation correlates directly with the applied mechanical stimuli, enabling simultaneous 
sensing and actuation within a single system [15–17]. Additionally, recent studies in sustainable 4D printing have focused 
on multifunctional composites such as magneto‑electroactive shape-memory polymer composites. These composites can 
be remotely programmed into multistable configurations and repeatedly switch between temporary and permanent shapes 
under coupled electrical (Joule heating) and magnetic stimuli. This capability provides a potential pathway for reducing 
material waste through the encoding of multiple designs within a single printed structure [18]. Current 4D printing research 
mainly focuses on post-printed solid-state materials, including shape memory materials, electro-actuating materials, liquid 
crystal elastomers, or magnetostrictive materials [1,19–23]. However, few studies have focused on post-printed liquid 
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materials, such as liquid metals, ionic liquids, and salt solutions [24–27]. Moreover, retaining liquid materials within 
printed structures can enable additional functionalities widely observed in biological systems.

Liquid materials are key components of biological systems and perform vital functions such as material transport, 
temperature regulation, joint lubrication, and information transmission [26–29]. Similarly, liquid materials play crucial 
roles in intelligent robots and have shown increasing potential in recent years [29–30]. Owing to their unique physical and 
chemical properties, liquid materials can enhance the flexibility and adaptability of robot manipulation. Additionally, liquid 
materials serve as functional materials for intelligent heat dissipation, self-repair, and flexible robotic structures, thereby 
promoting the development of more efficient, intelligent, and versatile robotic systems [33,34]. For example, Shu et al. 
[35] developed a liquid metal artificial muscle based on the electrochemical regulation of liquid metal surface tension. The 
system mimics the contraction and relaxation behavior of natural muscles. In addition to liquid metals, other liquid 
materials (such as ionic liquids, oils, and water) have also been used to fabricate sensors and actuators [36–38]. Wang et 
al. [39] developed and systematically investigated a robust self-powered tilt sensor based on a ring-shaped liquid–solid 
interfacial triboelectric nanogenerator.

Liquid materials are typically encapsulated in solid materials owing to their high fluidity, volatility, and instability. 
However, the effective encapsulation of liquid materials within solid structures remains a key challenge for their 
widespread application. Currently, the encapsulation of liquid materials mainly relies on methods such as post-injection 
sealing, solid–liquid transition, and direct encapsulation. Among these, the most common approach involves injecting 
liquid materials into solid structures followed by sealing. The solid–liquid transition method involves the reversible 
solidification of certain liquid materials at specific temperatures. In this process, the liquid material is first shaped in its 
solidified state, and liquid encapsulation is then achieved through temperature regulation. For example, Maurin et al. [40] 
reported a liquid crystal elastomer (LCE)–liquid metal (LCE–LM) composite. This composite enabled ultrafast and 
programmable actuation through eddy-current induction heating of the liquid metal. The composite consisted of LM 
sandwiched between two layers of LCE fabricated via direct ink writing. Upon exposure to a high-frequency alternating 
magnetic field, the composite achieved actuation within milliseconds. Another encapsulation strategy involves integrating 
pre-fabricated capsules containing liquid materials into solid matrices during processing. This method is widely used in 
self-healing materials [41,42]. For example, Lee Hia et al. [43] fabricated self-healing multicore microcapsules by 
encapsulating epoxy resin (bisphenol A glycidyl ether) and a curing agent (thiol/tertiary amine) in an alginate biopolymer. 
Under external impact damage, the material achieved 2–3 healing cycles with healing efficiencies of 66%–89%. Although 
these methods enable liquid material encapsulation, achieving the ordered and programmable arrangement of liquid 
materials within complex structures remains challenging. Therefore, developing a versatile liquid encapsulation strategy 
for fabricating complex structures with enhanced functionalities is crucial.

Additive manufacturing provides high design freedom for fabricating complex hollow and embedded structures beyond 
the capability of conventional methods [4,7]. This capability significantly expands design flexibility, particularly through 
the incorporation of liquid materials into printed structures [44–47]. The integration of liquid materials into additive 
manufacturing can enable advanced functionalities, particularly in biomimetic self-sensing devices. Self-sensing devices 
have become a key research focus in 4D printing. These devices integrate sensing and actuation functions within a single 
structure, thereby improving both sensing performance and structural efficiency [48–51]. Many biological organs utilize 
liquid materials for self-sensing functions. For example, the semicircular canals are vital postural sensory organs 
responsible for motion sensing and balance maintenance in the human body. These structures mainly consist of lymph 
fluid, solid semicircular canal walls, and sensory cilia, combining both liquid and solid material properties [52–54]. The 
biomimetic fabrication of semicircular canals could provide efficient, highly reliable, and cost-effective postural sensing 
devices and technologies for humanoid robots, intelligent driving, and unmanned aerial vehicles [55,56]. However, owing 
to their multiphase materials and complex structures, most biomimetic semicircular canals are still fabricated using 
assembly-based manufacturing methods. Direct integrated fabrication via additive manufacturing remains challenging.

Herein, we report a multi-material 4D printing strategy for additive manufacturing of liquid materials, which could be 
widely applied to the printing and fabrication of integrated functional devices combining liquid and multifunctional 
materials (Fig. 1). Taking the human ear semicircular canal as an example, we conducted the integrated printing and 
fabrication of a biomimetic tilt sensor using solid–liquid multifunctional materials, followed by a mechanistic explanation 
and performance testing. First, the biomimetic structure and suitable materials were designed according to the structural 
and material characteristics of the human ear semicircular canal. Subsequently, a conventional multi-nozzle FDM system 
was modified through the incorporation of a liquid material injection nozzle to fabricate a biomimetic semicircular canal-
inspired tilt sensor. Further analysis of the sensing mechanism enabled the structural optimization of the sensor and 
improved sensing performance. Finally, biomimetic insects, flowers, and other structures capable of self-sensing tilt-angle 



changes were fabricated using the modified printing system. Here, “self-sensing” describes the intrinsically integrated 
ability of the printed device to monitor changes in tilt angle or posture through embedded sensing structures. The integrated 
additive manufacturing strategy, combining liquid and solid materials, could be widely applied in smart sensing, 
biomedical, and unmanned intelligent equipment technologies.

Fig. 1. Schematic diagram of 4D printing strategy for tilt angle self-sensing device inspired by ear semicircular canal. 
Inspired by the semicircular canals in human ears utilize the combination of liquid and solid materials to achieve tilt sensing 
functions, additive manufacturing equipment was utilized to integrate the printing of liquid and solid materials to fabricate 
the tilt sensor. Here, the liquid material was used to simulate the lymph fluid flowing inside the semicircular canals, while 
the solid material represented the external pipes. Then, the entire bionic sensor was integrated and 4D-printed inside the 
intelligent device, enabling the intelligent device to have the function of self-sensing its tilt angle. This strategy was also 
applicable to the integrated printing of other devices involving liquids. θ: tilt angle.

2. Experimental section

2.1. 3D printer and printing method

A commercial dual-nozzle FDM 3D printer (Creator Pro, FlashForge, China) was used in the experiment. The printing 
materials included commercially purchased PLA filaments and self-made conductive polylactic acid (PLA) composite 
filaments. Additionally, an extra syringe nozzle was added (Fig. S1 in Appendix A). This nozzle, connected to an air pump, 
could extrude a fixed amount of liquid under the control of a pressure controller. During the printing process, the following 
steps were carried out. First, the solid structure was printed using PLA filaments and conductive composite filaments. 
When 60% to 80% of the solid structure had been printed, the printing of the solid part was stopped. At this point, the solid 
part formed an unsealed container. Then, a certain amount of liquid was injected into the container formed by the solid 
part through the syringe nozzle, completing the filling of the liquid material. Finally, the printing of the solid part was 
resumed to seal the solid structure, thereby enclosing the liquid material inside the solid part. 

2.2. Material preparation and selection

The materials used in the experiment mainly included PLA, conductive PLA composite material, tap water, saturated 
saline solution and liquid metal. Among them, PLA (Nature Works Co. LLC, USA) and liquid metal (Suzhou Chuanmao 
Metal Materials Co., Ltd., China) were purchased from commercial sources. The tap water was ordinary water from the 
laboratory, and the saturated saline solution was prepared using pure deionized water and sodium chloride. The conductive 
PLA composite material was self-prepared, with the specific method as follows: First, 8% by mass of carbon black 
nanoparticles (BLACK PEARLS 2000, particle size 18 nm, Cabot Co., American) and 92% by mass of PLA material were 
mechanically mixed. Then, the mixture was repeatedly extruded through a twin-screw extruder (KTE20, Nanjing Kerke 
Extrusion Equipment Co., Ltd., China) until the composite material was well mixed and exhibited good electrical 
conductivity. Finally, the mixture was processed into printable conductive filaments for later use. The micro-nano 
structural characterization of conductive PLA composites, as well as the printing interfaces between PLA and PLA 
composites, was performed using a scanning electron microscope (TESCAN CLARA, TESCAN, Czech Republic).



2.3. Sensing performance test

The sample to be tested was fixed on an electric rotating platform (Y200RA200, Beijing Jiangyun Optoelectronic 
Technology Co., Ltd., China), whose rotation speed could be adjusted. The rotation axis of the electric rotating platform 
was parallel to the horizontal plane, and the side of the sample was attached to the rotating platform, enabling it to rotate 
with the platform. The rotation angle of the platform could be measured using a protractor. After electrodes were connected 
to both ends of the sample, the sample was linked to a multimeter (34465A 612 digit, Agilent, USA). The multimeter 
software could record the changes in the sample's resistance in real time.

2.4. Tilt angle self-sensing test for sample deformation

The printed sample material was mainly composed of PLA with shape memory properties, which could revert to its 
original shape under the action of external heat. The testing process was as follows: The printed sample was placed in hot 
water at a temperature exceeding 80 °C. Once the sample softened, it was shaped. After shaping, the sample was taken out 
of the hot water and cooled to fix its shape. Electrodes were connected to the shaped sample, and the electrodes were linked 
to a multimeter. A computer software was used to monitor changes in resistance in real time. The deformation of the 
shaped sample was achieved through heating: the cockroach-like device with a single leg was heated using a heat gun. 
Flower with four petals was deformed by placing it on a heating stage.

3. Results and discussions

3.1. Tilt sensor design and preparation 

The semicircular canals of the human ear detect changes in body posture through the inertial flow of internal fluid. 
During this process, both rotational motion and tilt-angle changes can be detected. Therefore, the semicircular canals of 
the human ear have long served as a key model for biomimetic research [55,56]. Inspired by the semicircular canal, self-
sensing tilt-angle devices were fabricated via a 4D printing strategy. A bio-inspired tilt sensor was designed based on the 
structural and material characteristics of the semicircular canal. The sensor consisted of conductive solid materials, 
insulating materials, and conductive liquid materials arranged in a circular arc structure (Fig. 2(a)). The conductive solid 
material served as the static electrode and mainly formed the inner wall of the ring. The insulating material formed the 
outer wall. The conductive liquid material was filled within the ring and functioned as the movable electrode. Because the 
printing process involved both liquid and solid materials, a customized printing system was required. Therefore, a self-
developed printing device was constructed (Fig. 2(b)). The device was modified from a commercial FDM printer equipped 
with two independent nozzles (Fig. S1 in Appendix A). Additionally, a syringe-based injection module was integrated into 
the printing system for liquid material filling. During fabrication, a predetermined amount of liquid was injected into the 
cavity after its formation and before complete sealing of the structure (Fig. 2(c)). Detailed information on the printing 
equipment is provided in Section 2. 

To fabricate a biomimetic tilt sensor via 3D printing, material selection and preparation were first carried out. The 
printed biomimetic tilt sensor (PBTS), inspired by the semicircular canal structure of the inner ear, consisted of a 
conductive liquid material, a conductive polymeric solid material, and an insulating polymeric solid material. The 
insulating polymeric solid material used in this study was a PLA/thermochromic pigment composite, which has been 
widely used in 4D printing because of its good printability, shape-memory capability, and nontoxicity. Its preparation 
method and formulation have been described in detail in our previously published studies [57,58]. The conductive solid 
material consisted of a PLA/carbon black (PLA/CB) composite prepared from PLA, carbon nanotubes, and carbon black 
nanoparticles (CBPs). Detailed formulations are provided in Section 2. Resistance measurements revealed that the printed 
PLA/CB composite exhibited a resistivity of 7.2–7.4 kΩ∙cm (Fig. 2(d)). Further scanning electron microscopy analysis 
revealed that CBPs were uniformly dispersed within the PLA matrix (Fig. 2(e)). The liquid conductive material used here 
mainly included tap water. After material preparation, the PBTS was then printed using the self-made printing equipment 
(Fig. S2 in Appendix A). In addition to the printing of the PBTS structure, various other structures could also be integrated 
and printed. For instance, liquid materials could be encapsulated within structures with a honeycomb-like pattern (Fig. S3 
in Appendix A). These liquid materials could serve functions such as buffering, vibration suppression, cooling, and self-
repairing. 



Fig. 2. Bioinspired tilt sensor design and multi materials 4D printing. (a) Based on the semi-ear canal tilt sensor design, it 
mainly consists of a circular structure and different parts using different materials. (b) Based on the commercial dual-head 
printer, we had added an injection needle which could be used to inject liquid materials. (c) During the printing process, 
the solid physical structure was printed first. When the printing completion degree reached about 80%, the solid object 
formed a cavity, liquid material was injected into the cavity. And then the remaining 20% of the printing was carried out 
until the cavity of the solid object was sealed. (d) The conductivity test of the prepared conductive PLA composite material 
and (e) the electron microscope images showing the dispersion of the conductive particles within it.

3.2. Self-sensing performances and mechanisms analysis

The tilt-sensing performance of the PBTS was evaluated through quasi-static and dynamic tilt-sensing tests. The PBTS 
was fixed on the electric rotary table, which drove the PBTS to rotate (Fig. 3(a) and Fig. S4 in Appendix A). According to 
the design of the PBTS, the printed PBTS sensor had three electrodes, including two conductive composite electrodes and 
one liquid electrode (Fig. 3(b)). The resistance formed by the liquid electrode and the PLA/CB composite electrode on the 
left was denoted as R1, and the resistance formed by the liquid electrode and the PLA/CB composite electrode on the right 
was denoted as R2 (Fig. 3(c)).

Then, the static resistance of the sensor under different tilt angles was measured, when the rotation reached the set degree, 
the rotation was stopped, and the resistance values of R1 and R2 were recorded after the resistance value reached equilibrium. 
The measurement range was from 0° to 40°, and one data was determined for each 5°, and the results are shown in Fig. 
3(d). It could be obtained that when rotating clockwise, the resistance R1 gradually decreases, and the resistance value 
decreases from 5.23 to 4.56 kΩ. The resistance R2 gradually increased, and the resistance value of the resistance increased 
from 5.27 to 6.11 kΩ. These results indicate that the sensing sensitivity of PBTS was calculated to be 0.012–0.021 kΩ⋅(° )−1.



Next, we rotated the sensor to a certain angle and held it still for five seconds. Then, changes in resistance were recorded, 
resulting in the curve shown in Fig. 3(e). From this graph, it could be seen that the curve was highly disordered, but it 
could basically reflect the relationship between tilt and resistance. Furthermore, tests were conducted on the dynamic 
rotation angle of the sensor. Here, the rotation maximum speed was set to 20°⋅s−1, the frequency was 0.33 Hz, the maximum 
rotation angle was 30°, and the rotation was carried out in a sinusoidal manner. At the same time, the changes in resistance 
were recorded (Fig. 3(f)). The results revealed that the sensor could respond to real-time tilt changes and generate a 
corresponding resistance response curve. However, compared with the standard sinusoidal curve, the resistance response 
curve exhibited deviations in both period and amplitude. Consequently, the sensor could not accurately reflect periodic 
tilt-angle changes during dynamic rotation.

Moreover, an analysis of the resistance components was conducted for the sensor (Fig. 3(g)). In fact, both parts of the 
resistance were composed of the resistance of the liquid electrode and the resistance of the composite electrode. The 
resistance of the composite electrode (R) is related to the conductor length (L), cross-sectional area (S), and material 
resistivity (ρ) (R = ρL/S). Here, because the cross-sectional area and the resistivity were the same, the length of the 
composite material was mainly considered. The influence factors of the resistance of liquid electrode were more complex. 
Because the main change was the length of the liquid material connecting to the circuit, the arc length change was also 
mainly considered. When the PBTS was in the horizontal state, R1 and R2 could be expressed as R1 = Rc1+ Rl1, R2 = Rc2+ 
Rl2, where Rc1 was the resistance of the composite electrode in the right half, Rl1 was the resistance of the liquid electrode 
in the right half, Rc2 was the resistance of the composite electrode in the left half, Rl2 was the resistance of the liquid 
electrode in the left half. When the tilt angle of the PBTS was ∆𝜃, from the arc length formula L = 𝑟 ∙ 𝜃, the changing of 
R1 and R2 could be obtained as:

𝑅1 =  𝜌𝑙𝑟(𝛼 ∆𝜃)
𝑆 + 𝜌𝑐𝑟(𝛽 ∆𝜃)

𝑆 =  𝜌𝑙𝑟𝛼 𝜌𝑐𝑟𝛽
𝑆 +   (𝜌𝑙 𝜌𝑐)𝑟∆𝜃

𝑆                          (1)

𝑅2 =  𝜌𝑙𝑟(𝛼 ∆𝜃)
𝑆 + 𝜌𝑐𝑟(𝛽 ∆𝜃)

𝑆 = 𝜌𝑙𝑟𝛼 𝜌𝑐𝑟𝛽
𝑆 +   (𝜌𝑐 𝜌𝑙)𝑟∆𝜃

𝑆                            (2)

where 𝜌𝑙 is the resistivity of the liquid material, 𝜌𝑐 is the resistivity of the composite material, r is the radius of the sensor, 
𝛼 is the central angle corresponding to the liquid material, and 𝛽 is the central angle corresponding to the composite 
material. 



Fig. 3. The PBTS sensing performance test and mechanism analysis. (a) Based on the semi-ear canal tilt sensor design, it 
mainly consists of a circular structure and different parts using different materials. (b) Internal structure diagram of the 
sensor. (c) The sensor was divided into the left part and the right part. The right part was set as R1, and the left part was set 
as R2. (d) The curve between resistance and tilt angle under static measurement. (e) The curve of resistance versus tilt angle 
of the sensor under quasi-static conditions. (f) The curve of the tilt angle versus the resistance of the sensor under sinusoidal 
motion. (g) Analysis of resistance changes under different tilt angles of the sensor.

Because the selected liquid material exhibited lower resistivity than the composite conductive material (𝜌𝑐 > 𝜌𝑙), the 
resistance variation was dominated by the composite conductive material. According to Eqs. (1) and (2), R1 and R2 linearly 
increased or decreased, consistent with the static sensing test results. In the dynamic tests, the resistance curves became 
increasingly distorted with increasing rotational speed and could not accurately reflect the actual angle variation (Figs. S5 
and S6 in Appendix A). This behavior mainly resulted from the complex motion of the liquid within the channel, which 
was influenced by gravity, surface adhesion, and capillary forces. Particularly, the adhesive interaction between the liquid 
and the channel wall delayed liquid movement. Consequently, the liquid could not respond rapidly at high rotational speeds, 
leading to distorted and overlapping resistance curves that could not reflect dynamic tilt-angle changes. This phenomenon 
was closely related to material wettability, which was beyond the scope of this study and will be further explored in future 
research (Fig. S7 in Appendix A). Additionally, the multi-material printing interface and liquid leakage after printing 
affected sensor performance. The wettability between the multi-material interface and the liquid material influenced the 
electrical connectivity between the liquid and conductive materials (Fig. S8 in Appendix A). Moreover, larger gaps at the 
multi-material interface increased the likelihood of liquid leakage, thereby affecting the stability and continuous sensing 
performance of the sensor (Figs. S9–S11 in Appendix A).

3.3. Sensing performance optimizing

The above results indicated that although the fabricated PBTS could reflect the trend of tilt-angle variation and partially 



quantify tilt changes, its sensitivity remained relatively low. Therefore, the sensor performance was further optimized. The 
working principle of the sensor was based on the inertial behavior of the liquid material under acceleration. During rotation, 
the liquid material remained stationary owing to inertia, while the solid material rotated by a certain angle. This process 
altered the effective lengths of the solid and liquid electrodes connected to the circuit, resulting in resistance variations. 
The resulting resistance change reflected variations in tilt angle or rotational speed. According to Eq. (1), the sensor 
sensitivity was mainly influenced by the resistance variation of the liquid and composite electrodes connected in the circuit. 
As the connected length of the liquid electrode increased, the connected length of the composite electrode decreased, 
resulting in an overall resistance variation of (𝜌𝑙 ― 𝜌𝑐)𝑟∆𝜃/𝑠. Therefore, the resistivity difference between the liquid and 
composite materials could significantly influence the overall resistance response. Moreover, increasing the resistance of 
the composite material could further enhance the overall resistance variation.

Accordingly, we designed and fabricated a rectangular-slot pendulum channel to optimize sensor sensitivity. The 
rectangular slot consisted of conductive composite polymer material, liquid electrode material, and insulating polymer 
material (Fig. 4(a)). Two main strategies were used to enhance sensor sensitivity. The first method involved evaluating the 
tilt-sensing performance of various liquid materials (Fig. 4(b)). The second strategy aimed to improve sensor sensitivity 
using complex printed microstructures (Fig. 4(c)). 

The sensing results obtained using different conductive liquid materials are shown in Fig. 4(d). The tap water sensor 
exhibited the lowest sensitivity at only 0.39687 kΩ⋅(° )−1. In contrast, the sensitivities of the saturated salt water and liquid 
metal sensors increased to 0.50317 and 0.56765 kΩ⋅(° )−1, respectively. However, the sensitivity improvement remained 
limited, with increases of only 27% and 43%. Additionally, the sensitivity difference between the saturated salt water and 
liquid metal sensors was relatively small, with only a 13% increase observed. In these experiments, the resistivities of tap 
water, saturated salt water, and gallium–indium liquid metal were 2.0–2.5, 0.045, and 3×10−4 kΩ∙cm, respectively. 
Conversely, the resistivity of the printed conductive composite material ranged from 5.5 to 8.0 kΩ∙cm. Accordingly, the 
resistivity ratio between the conductive composite material and tap water was only 2.75–4, indicating a relatively small 
difference. However, the resistivity ratios between the conductive composite material and both saturated salt water and 
liquid metal exceeded 137. This indicates that these liquid materials exhibited significantly lower resistivities than the 
printed conductive composite material. Although the resistance contribution of the liquid electrode was relatively small, 
the overall resistance variation increased. However, the influence of the auxiliary circuit reduced the resistance change, 
which limited significant sensitivity enhancement.



Fig. 4. The sensing performance optimizing of the PBTS. (a) The design and fabrication of a printed grooved tilt angle 
sensor for optimizing tests. TP: thermochromic pigments. (b) Different liquid conductive materials. (c) Utilizing the 
square-wave periodic structure instead of the overall long-strip structure strategy. (d) The sensitivity test results obtained 
using different conductive liquid materials. k1, k2, and k3 is the proportional coefficient obtained after linear fitting. (e) 
Comparison of sensitivity between sensors with microstructures and those without. (f) The curve of the tilt angle versus 
the resistance with the mean rotate speed of 10°⋅s−1 and the frequency was about 0.33Hz. (g) The curve of the tilt angle 
versus the resistance with the mean rotate speed of 15°⋅s−1, and the frequency was about 0.35Hz.

In addition to replacing conventional conductive liquids with higher-conductivity liquid materials, printing smaller 
microstructures to increase the resistance of the printed conductive composite materials was another more effective strategy. 
Transforming the original rectangular structure into a periodic square-wave-like structure significantly increased the 
overall resistance of the printed conductive electrode (Fig. 4(c)). The length of the resistance could be increased by about 
30 times compared to the original length, and the resistance itself could also be increased by about 30 times. The specific 



mechanism of sensitivity enhancement lies in the synergistic interaction between this square-wave microstructure and the 
liquid material. During tilting, the conductive liquid flows and conformally covers or exposes the square-wave structure. 
Consequently, a slight change in the liquid level can bridge (short-circuit) or disconnect a remarkably long segment of the 
highly resistive solid path, thereby severely amplifying the resistance variation. Furthermore, the structure of the tilt 
sensing test also demonstrates the effectiveness of this strategy. From Fig. 4(e), it could be seen that for the inclined angle 
sensor with microstructures, the sensitivity could reach 6.54203 kΩ⋅(° )−1, while the sensitivity of the sensor without 
structure was around 0.42447 kΩ⋅(° )−1. However, the miniaturization of these microstructures was practically limited by 
the resolution of the 3D printer (e.g., nozzle diameter). Excessively small structural gaps caused thermal fusion between 
adjacent printed tracks, thereby reducing the effectiveness of the extended conductive pathways. Further dynamic rotation 
tests revealed that the sensors with printed microstructures achieved higher sensitivity, reaching 8 kΩ⋅(° )−1 at a rotational 
frequency of ~0.33 Hz and a mean rotational speed of 10°⋅s−1 (Fig. 4(f)). However, significant hysteresis was observed 
during dynamic rotation, which limited the accurate monitoring of periodic sinusoidal rotational motion over multiple 
cycles. As the hysteresis accumulated, the resistance–time response curve became increasingly disordered. As the 
rotational frequency increased from 0.33 to 0.5 Hz, the resistance response curve became increasingly disordered, thereby 
hindering the accurate monitoring of tilt-angle changes (Fig. 4(g)).

3.4. 4D printing posture self-sensing devices

The integrated printing strategy combining solid and liquid materials enables diverse functionalities, including self-
sensing, self-repair, and vibration suppression. Herein, the solid materials mainly consisted of PLA and PLA/CB 
conductive composites. Owing to the shape-memory properties of PLA, various posture self-sensing devices were 
fabricated through structural design. First, a cockroach-inspired single-leg device was designed (Fig. S12 in Appendix A). 
This device consisted of an arc-shaped body and a flat leg structure (Fig. 5(a)). The arc-shaped body contained a hollow 
chamber filled with conductive liquid. The lower inner wall of the hollow structure was fabricated from a conductive 
polymer material. Electrodes were connected at both ends to form a conductive pathway (Fig. 5(a)). After the cockroach-
like device was integrally printed, the flat legs were heated and bent into a temporary shape. Subsequently, reheating with 
a hot-air gun triggered the shape-memory effect, enabling the recovery of the original shape. During this process, resistance 
changes were recorded (Fig. 5(b)). As the legs increased, the liquid level in the biomimetic cockroach device decreased. 
Consequently, the proportion of liquid conductive pathways connected to the circuit decreased, while the proportion of 
conductive polymer pathways increased, resulting in an increase in resistance. Therefore, the resistance variation could be 
used to determine the lying and standing states of the cockroach-like device.

In addition to the simple cockroach-like device, we also designed a more complex flower-inspired device with self-
sensing opening and closing functions (Fig. 5(c)). This device consisted of four petals. Each petal integrated printed 
conductive liquid and conductive polymer composite materials to form a PBTS. This configuration enabled real-time 
monitoring of petal opening and closing states through internal sensing, providing self-awareness of petal motion. 
Specifically, the petals were first heated above the deformation temperature of PLA (Fig. 5(c)). The petals were then bent 
into a closed configuration and cooled to fix the temporary shape. Each petal was connected to electrodes, and the 
resistance signals were recorded using a multimeter. Subsequently, the closed petals were suspended above a hot plate 
maintained at a temperature higher than the glass-transition temperature of PLA. Upon heating, the shape-memory effect 
of the petals was activated, causing them to gradually reopen. During this process, petal deformation altered the liquid 
level and effective length of the internal liquid electrodes, resulting in variations in the overall resistance. The resistance 
curves of the petals (Fig. 5(d)) revealed that the resistance first increased and then gradually decreased. This indicates that 
the petal opening angle first increased and then decreased during deformation.



Fig. 5. The design and the test of the 4D printing posture self-sensing devices. (a) The cockroach-like device with a single 
leg design and printing. (b) Multiple tests had shown that it had a good self-sensing function for posture, and was capable 
of sensing the angle at which it was lying down. (c) The design and preparation of a self-sensing device for the opening 
and closing of flower with four petals. (d) The opening and closing of the petals could be detected by the internal bionic 
self-sensing sensors, enabling real-time self-awareness of their blooming posture.

4. Conclusions

We developed a multi-material additive manufacturing strategy for the simultaneous printing of solid and liquid 
materials. Notably, the printed liquid material refers to the material that remains in a liquid state after the printing process. 
This printing strategy greatly expands the range of materials available for additive manufacturing. Beyond the conductive 
liquids demonstrated in this study, this strategy can also be used for the integrated preparation of other liquid functional 
materials, such as liquid healing agents or phase-change materials. Consequently, it has strong potential for future 
applications in advanced engineered devices with multiple functionalities, including self-sensing and self-actuation (Fig. 
S13 in Appendix A). These intelligent devices can be further extended to incorporate additional functions, including self-
repair and vibration suppression. In this study, an integrated semicircular canal-inspired tilt sensor was designed and 
fabricated as a representative model to validate the proposed printing strategy. First, a biomimetic sensor was designed 



based on the structural characteristics of the semicircular canal. Subsequently, suitable materials were selected and 
prepared according to the sensor design. The sensor was then fabricated via integrated printing, and its tilt-sensing 
performance was evaluated. The biomimetic sensor was further optimized using conductive liquid materials and printed 
microstructures. Finally, the optimized sensor was integrated into intelligent devices to verify their tilt self-sensing 
performance and provide posture-related tilt data. The results revealed that the PBTS exhibited reliable angle-sensing 
performance, enabling the conversion of tilt-angle variations into resistance changes and effectively reflecting angular 
variations during low-speed rotation. The sensitivity of the unoptimized biomimetic tilt sensor ranged from 0.012 to 0.021 
kΩ⋅(° )−1. After sensor optimization using a conductive liquid with lower resistivity, the sensitivity increased to 0.56765 
kΩ⋅(° )−1. Moreover, microstructure optimization further increased the sensitivity to 6.54023 kΩ⋅(° )−1. The PBTS sensor 
could accurately capture the real-time tilt variations of the device during low-speed rotational motion. However, at higher 
rotational speeds (> 15°⋅s−1), irregular resistance responses were observed, thereby preventing accurate detection of tilt 
angles. This behavior was closely related to the adhesion characteristics of the liquid material. Further research is required 
to elucidate the mechanisms underlying the unstable resistance response at high rotational speeds. Integrating the PBTS 
into a 4D-printed cockroach-inspired single-leg device and a four-petal flower-inspired device enabled posture 
transformation under external thermal control. At the same time, this posture transformation could be sensed in real time 
by the printed PBTS through changes in resistance.
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