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A sensor-actuator–coupled gustatory interface 
chemically connecting virtual and real environments 
for remote tasting
Shulin Chen1†, Yizhen Jia1†, Bowen Duan2†, Tzu-Li Liu1, Qi Wang1, Xiao Xiao3,4,  
Prasad Nithianandam1, Xi Tian5, Chunyu Yang1, Changsheng Wu3,4,6,7,  
Zhaoqian Xie2,8*, Jinghua Li1,9*

Recent advancements in virtual reality (VR) and augmented reality (AR) have strengthened the bridge between 
virtual and real worlds via human-machine interfaces. Despite extensive research into biophysical signals, gusta-
tion, a fundamental component of the five senses, has experienced limited progress. This work reports a bio-
integrated gustatory interface, “e-Taste,” to address the underrepresented chemical dimension in current VR/AR 
technologies. This system facilitates remote perception and replication of taste sensations through the coupling 
of physically separated sensors and actuators with wireless communication modules. By using chemicals repre-
senting five basic tastes, systematic codesign of key functional components yields reliable performance including 
tunability, versatility, safety, and mechanical robustness. Field testing involving human subjects focusing on user 
perception confirms its proficiency in digitally simulating a range of taste intensities and combinations. Overall, 
this investigation pioneers a chemical dimension in AR/VR technology, paving the way for users to transcend vi-
sual and auditory virtual engagements by integrating the taste sensation into virtual environment for enhanced 
digital experiences.

INTRODUCTION
Human-machine interfaces (HMIs) have gained substantial atten-
tion due to their potential applications in virtual reality (VR) and 
augmented reality (AR) (1–3). By blending interactive virtual envi-
ronments with the real world, these systems integrate signal inputs 
and actuations to enhance user experiences. Recent years have wit-
nessed the emergence of advanced HMIs in various fields such as 
immersive gaming, prosthesis control, teleoperation, global collabo-
ration, biomedical research, and physical therapy (4–11). Despite the 
great success, most existing HMIs focus on biophysical inputs and 
outputs such as electrophysiological, haptic, audio, and visual signals 
(7, 12–21). In contrast, HMIs involving chemical cues remain highly 
unexplored due to challenges in capturing and simulating these sig-
nals and the limited pioneering research on sensory interactions.

Gustation, an essential component of the human perceptual sys-
tem, plays a key role in the overall sensory experience and flavor per-
ception. However, the integration of gustation is currently limited or 
missing in most AR/VR experiences. While pioneering works have 
reported on the digital generation of taste sensation and successfully 
demonstrated promising results (22), the field of gustatory interfaces 

requires further exploration in several areas, including quantitative 
taste generation, programmable mixing, coupled sensor-actuator op-
eration, bio-integrated formats, and validation through field testing 
(note S1 and table S1). Specifically, challenges pertain to the follow-
ing aspects: (i) There are no standardized methodologies for digitally 
generating the taste sensation yet. Direct electrical and thermal 
tongue stimulation limits the simulation of tastes to only a few ones. 
Similar to gustation, researchers have also attempted to simulate 
smell through electrical stimulation of the inner nose but only 
achieved limited success thus far (23). The alternative strategy of 
chemical release from media, while offering more flavor diversity, 
also encounters difficulties in achieving rapid, reliable, and universal 
implementation across platforms (22, 24). (ii) As the taste bud distri-
bution on the tongue is not uniform and varies across different 
regions (25), it is necessary to develop interfaces that can accurately 
target specific areas/taste receptors for understanding gustatory 
pathways in biomedical research. (iii) Previous studies have focused 
on gustatory sensory (26–28) or taste augment systems (22, 24) in 
isolation. Their integration and coupling, while could be useful to 
connect users with the remote world, remain underexplored. (iv) The 
bulky and rigid structures and obtrusive implementation of existing 
gustatory interfaces (7, 22, 29) hinder their wearability, mobility, and 
user comfortness.

As a result, existing gustatory interfaces fall far behind visual and 
auditory-based VR/AR counterparts. It is necessary to establish a 
framework that enables precise and digitally controlled gustatory 
sensation. This work reports a bio-integrated gustatory interface that 
chemically connects physically distant spaces through an Internet of 
Things (IoT) strategy and enables remote tasting. By combining ma-
terials, devices, software, and hardware, the system offers a unified 
chemical platform capable of facilitating digital conduits that con-
nect humans across physically distant real spaces. The primary com-
ponent is a quantitative, localized, customizable, and easily controlled 
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liquid delivery system using electromagnetic (EM) actuation. TA 
flexible design for the gustatory interface allows for better integration 
with the human body, enabling effortless implementation compared 
to conventional bulky alternatives. This is particularly advantageous 
when users are engaged in complex tasks, such as next-generation 
VR/AR applications or biomedical research (Fig. 1A). The gustatory 
interface reported here addresses limitations in unobtrusive imple-
mentation, spatial targeting capability, mixing function, and sensor-
actuator coupling, in comparison to existing gustatory interfaces. 

Table S1 shows a detailed comparison, along with relevant references. 
Figure 1B illustrates the working principles and logic behind key 
steps in operating the sensor-actuator–coupled system, including 
taste information capture and encoding, signal decoding for wave-
form control, tastant diffusion from hydrogels for concentration 
regulation, and taste generation to elicit user perception in accor-
dance with Stevens’ power law (more details provided in the following 
sections). Coupled via a data processing module, the key demonstra-
tor, “e-Taste,” comprises two key functional components: (i) a sensing 

Fig. 1. Overview of the e-Taste system, including the working principles, data transmission scheme, and key functional units. (A) Schematic illustration of the 
operational principle of the reported gustatory interface, e-Taste. It features an electrochemical sensing platform for taste information capture, a wireless data transmis-
sion protocol for remote instruction and control, and an EM actuation system for taste replication by using edible chemicals representing the five basic taste sensations. 
The e-Taste can bridge real and virtual spaces or connect disparate real spaces across long distances (images used under license from Adobe Stock). (B) Working principles 
and logic behind key steps in operating the sensor-actuator–coupled system, including a sensing curve, control signal for actuation, diffusion model for tastant release 
from hydrogel media, and Stevens’ power law for taste perception. (C) Flow chart of the data processing module, together with photographs of a multichannel sensor 
patch and an EM actuator with colored liquid inside, mounted onto a dental cast.
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platform that captures taste chemicals in a target system, providing 
information for remote control and instruction and (ii) an EM actua-
tion system that delivers edible taste chemicals through a microfluidic 
interface (Fig. 1C and fig. S1). Specifically, the actuation component 
focuses on a class of hydrogel-based, electro-responsive interfaces for 
digitally controlled chemical release. The study uses the following 
chemicals to represent the five basic tastes: glucose, sweet; citric acid, 
sour; NaCl, salty; MgCl2, bitter; and glutamate, umami (24, 30, 31). 
Systematic studies establish design principles and determine the per-
formance in sensing, communication, actuation, and delivery. Field 
testing evaluates how human subjects perceive and engage with re-
mote tasting experiences facilitated by e-Taste during practical ap-
plications such as digital food sharing and immersive games. Beyond 
the scope of this study, incorporating additional taste chemicals and 
sensing/actuation modalities can generalize the implementation of 
this concept and device model. In addition, the evaluation of user 
safety explored in this work aims to contribute to the formulation of 
safety standards to govern this emerging field of gustatory interfaces 
for the next generation HMIs. The results here pave the way for the 
next generation VR/AR technology that allows users to not only see 
and hear virtual environments but also taste them through interac-
tion with digital content.

RESULTS
Design, working principle, and characterization of 
EM actuators
The actuator uses an EM minipump to deliver concentration-
controlled tastant solutions into the oral cavity. Figure 2A shows 
schematic illustration of the EM actuator consisting of a microflu-
idic channel and a minipump that includes a polydimethylsiloxane 
(PDMS) liquid chamber, NdFeB permanent magnets, and a coil 
placed perpendicular to the magnet (32). The design details and fab-
rication process of the EM actuator are in figs. S2 and S3. The outlet 
of the liquid chamber connects to the refillable microfluidic channel 
embedded with tastant-infused gels (fig. S4). The equivalent circuit 
of the system appears on the right. A bipolar junction transistor 
(BJT) serves as an “on/off ” switch through a pulse width modula-
tion (PWM) base current received from an ESP32 chip microcon-
troller. The actuation system uses an NPN-type transistor (2N2222), 
within which electrons serve as the majority charge carriers. As elec-
trons have higher mobility compared to holes, this selection allows 
the BJT to respond quickly to high frequency voltage signals for ro-
bust and reliable operation. This switch leads to the generation of an 
alternating magnetic field across the coil, subsequently driving the 
vibration of the magnet (note S2). The periodic deformation of the 
capping membrane triggered by the vibration actuates the pumping 
of the liquid into the microfluidic channel. Designing the inlet to be 
much smaller than the outlet creates a pressure gradient and ensures 
the unidirectional flow upon the movement of the diaphragm. Liquid 
flows through the channel during the “on” state and stops temporar-
ily during the “off ” state, allowing interaction with the hydrogels 
with tastants. Adjusting the duty cycle controls the time that the liquid 
takes to traverse the microfluidic channel, thereby regulating the 
concentrations of taste chemicals in the resulting solution. A larger 
interval time (t) between pulses corresponds to a longer period of 
the liquid contacting the gels, increasing the resulting concentration 
of tastants in the delivered solutions. The interaction between the 
liquid and tastant-infused gels is related to factors such as molecular 

size, ionic charge, and the nature of the hydrogel matrix. These fac-
tors collectively determine the diffusion rates of tastants, which are 
critical for accurately replicating taste profiles. Detailed explanation 
and characterization of this diffusion process are in figs. S5 and S6 
and note S3. Specially, fig. S5 (A to C) demonstrates the fabrication 
process of the hydrogel including mixing, ultraviolet (UV) curing, 
and crosslinking. The formation of a crosslinked network encapsu-
lates the tastant, making it the only soluble component.

As the current flowing through the coil increases from 0 to 180 mA, 
the diaphragm experiences a corresponding increase in deformation 
(Fig. 2B) (up to 2 mm along the vertical direction). Figure 2C shows 
a series of photographs demonstrating the pumping process. Oper-
ating at a current of 180 mA, the system facilitates delivery of liquids 
through the channel within 10 s. For each actuation, using a consis-
tent number of pumping cycles and varying the time intervals (0, 
0.2, 0.4, 0.6, 0.8, and 1.0 s) between each cycle modulate the concen-
trations of taste chemicals in liquids with a consistent volume. The 
direct correlation between current and the deformation of the dia-
phragm results in a larger volume of delivered liquid as the current 
increases. Figure 2 (D and E) demonstrate the capability of the sys-
tem in controlling the pumping process at multiple dimensions by 
varying the actuation parameters. Using Fig. 2D (top) as a reference 
(amplitude: 3.3 V, frequency: 0.5 Hz, duty cycle: 50%), Fig. 2D (bot-
tom) shows the modulation of frequency (0.67 Hz), while Fig. 2E 
shows the modulation of amplitude (top, 2.0 V) and duty cycle (bot-
tom, 35%) of the PWM current. Figure 2F displays the total volume 
of liquid pumped out over a span of 10 s at a direct current ranging 
from 20 to 260 mA, yielding a transported volume between 0 and 
58 μl. This volume is perceptible to the tongue, as a single drop of 
water typically measures around 50 μl (33–35). Expanding these de-
signs to various length scales can enable the dispensing of the re-
quired amount of liquids as needed.

Notably, the coil temperature rises during operation over time 
under continuous operation with a constant current applied (Fig. 
2G). This may lead to concerns about instability of the system dur-
ing the actuation, together with user acceptance and/or safety issues. 
As a result, the data shown here aim to characterize the thermal be-
havior, capability, and limits of the system. In real practice, pulsed 
currents can allow for cooling between cycles to mitigate these 
risks (details in the following section and Fig. 3). Balancing tem-
perature and volume considerations, the study uses a current of 
180 mA, which yields approximately 40 μl of liquid and maintains a 
moderate temperature, 42°C, after running for 20 s. Figure 2 (H to 
L) demonstrates the variations in concentrations of five taste-related 
chemicals (H+, Mg2+, Na+, glucose, and glutamate) in the resulting 
solutions in response to different time intervals. By executing 10 1-s 
pulses, the increase in interval time from 0 to 1.0 s results in the 
following concentration ranges: H+ varies from 0.195 to 8.738 mM, 
Mg2+ from 2.670 to 6.558 mM, Na+ from 0.108 to 0.212 M, glucose from 
3.27 to 54.81 mM, and glutamate from 0.825 to 1.362 mM. These 
concentration ranges allow for a distinguishable representation of 
tastes, enabling the recreation of many food types (36–41). Refining 
the coupling between the hydrogel and actuation protocols, in prin-
ciple, can further broaden the concentration range based on the spe-
cific requirements of target applications. For wireless operation, a 
LiPo battery (3.7 V, 100 mAh) sustains more than 1850 actuation 
cycles of 1-s pulses for repetitive use (fig. S7). Figure S8 presents ad-
ditional results of the response time, detailing the duration from EM 
actuation to liquid release from the chamber, along with supporting 
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Fig. 2. Characterization of the gustatory interface including the EM actuators and the microfluidics. (A) Schematic illustration of the EM minipump including a 
PDMS liquid chamber, NdFeB permanent magnets, a coil, and a microfluidic channel, together with the working principle of the actuator. (B) Photographs showing the 
deformation of the thin PDMS film with magnets according to an increased current in the coil. (C) Sequential photographs showing the delivery of liquid during a 10-s 
pumping process. (D and E) Controlled pumping current depicted with variable actuation parameters showing the tunability of the actuation process across a broad 
spectrum of amplitude, frequency, and duty cycle. (F) Liquid volume delivered from the channel following a 10-s pumping at various current amplitudes. (G) Effect of 
current amplitude on the temperature rise of the coil over a 60-s period of constant current. (H to L) Concentration changes of five basic taste-related chemicals (H+, Mg2+, 
Na+, glucose, and glutamate) in response to different time intervals during actuation. (M) Schematic illustration of an integrated multi-channel system consists of a set of 
EM pumps, sample reservoirs, interconnecting channels, and a mixing zone. (N and O) Demonstration with water soluble dyes loaded in different channels showing the 
capability of the microfluidics in liquid mixing. The individual channels can work either separately or concurrently.

D
ow

nloaded from
 https://w

w
w

.science.org on A
pril 01, 2025



Chen et al., Sci. Adv. 11, eadr4797 (2025)     28 February 2025

S c i e n c e  A d v a n c e s  |  R e s e arc   h  A r t i c l e

5 of 15

photographs and a summarized table S2. The results suggest a rela-
tively high release speed of the system.

Design of flexible microfluidics for liquid routing, mixing, 
and management
Scaling up the system to include multiple tastant channels allows for 
the generation of complex gustation with digitally tunable composi-
tions. This study uses a microfluidic interface to enable the mixing and 
subsequent delivery. Figure 2M shows a five-channel system consisting 
of a set of sample reservoirs, interconnecting channels, and a mixing 
zone. Detailed dimensions appear in fig. S2. Upon the actuation, 
liquids from each channel enter the mixing zone with a winding 
channel structure for effective blending (42). The resultant liquid then 
proceeds to the oral cavity through the outlet. In this design, the 
microfluidic outlet interfaces with the oral cavity, while the EM 
minipumps can be attached to the dry area of the human body. 
This configuration minimizes potential risks to users because the elec-
tronics remain shielded from exposure to the wet environments. Note 
that the system does not incorporate a selective release mechanism, 
as each channel contains only one tastant that can be individually 
controlled. This design prevents potential interference and allows for 
programmable mixing of solutions based on the input control.

Figure S9A shows the cross-sectional scanning electron microscope 
(SEM) images of the individual channel area (yellow dashed box), pre-
mixing part (red dashed box), and the mixing zone (blue dashed box). 
The width of the five channels leading into the premixing region is 100 μm, 

approximately 30 times narrower than the 3 mm width of the mixing 
channel. This configuration minimizes sources of backpressure and flu-
idic drag, thus facilitating the smooth flow and efficient mixing (43, 44). 
Figure S9B presents multiple photographs of the microfluidics under both 
flat and bent states, indicative of the mechanical flexibility and com-
pliance as a bio-interface. While concentrations can be demonstrated 
through numerical data, using colored dyes as substitutes allows pre-
senting the mixing process more convincingly through photos. Consid-
ering this, Fig. 2 (N and O) illustrates the mixing function of our system 
in a more intuitive way using multiple samples. Controlling each channel 
filled with food dyes with distinct colors individually/simultaneously 
visualizes the programmable operation: Figure 2N (top) shows the volt-
age profiles used to activate individual actuators. Correspondingly, Fig. 
2N (bottom) demonstrates that the color of the liquid within the mix-
ing channel and at the outlet changes in alignment with the activation 
of the respective actuators. Figure 2O (top) depicts the concurrent volt-
age profiles that activate two different actuators at the same time. As 
illustrated in Fig. 2O (bottom), the efficient blending of dyes from dual 
channels (red + yellow = orange, yellow + blue = green, and red + 
blue = navy) showcases the capability of the system to concurrently 
pump and mix fluids.

Stability and safety evaluation of the EM actuation system
Figure 3 presents results showing the resilience and robustness of e-
Taste across mechanical, electrical, and thermal dimensions for use 
as bio-integrated electronics. The photographs and finite element 

Fig. 3. Stability and safety evaluation of the EM actuation system. (A and B) FEA simulations and the corresponding photographs of the EM actuator under conditions 
of bending and twisting. (C) A record of pumping current for continuous operation over 500 cycles (pulse width: 1 s, 50% duty cycle), along with (D) zoomed-in curves 
after 30, 100, 300, and 500 cycles respectively, (E) simulations of the pump with current on and off, and (F) corresponding photographs after repetitive actuation cycles. 
(G) Optical image and IR image of the actuator on a hand after 100 actuation cycles. (H) Model used in FEA for calculating the magnetic field distribution around the coil. 
(I) Magnetic flux density distributions in z-x plane.
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analysis (FEA) data (Fig. 3, A and B) illustrate the capacity of the 
system to withstand bending at an angle of approximately 90° (maxi-
mum strain of <2%) and twisting at approximately 60° (maximum 
strain of <2%), along the orientation of the microfluidics. Introduc-
ing red ink into the channel indicates deformations do not induce 
notable fluid displacement within the channel nor compromise the 
integral connection of the channel to the pump. Figure 3C illustrates 
the measured current passing through the coil over more than 500 
cycles of an actuating PWM (pulse width: 1 s, 50% duty cycle). 
Zoomed-in views of the current captured at 30, 100, 300, and 500 
cycles appear in Fig. 3D, with the corresponding FEA simulations of 
the pump with current on and off in Fig. 3E. The diaphragm exhibits 
no plastic deformation throughout 500 actuation cycles (Fig. 3F). 
These results indicate consistency and robustness during prolonged, 
repetitive actuation. In addition, fig. S10 illustrates the condition and 
performance characterizations of the microfluidic channel device be-
fore, during, and after exposure to clipping 500 times at the outlet, 
simulating scenarios where the outlet might be compressed, such as 
being bitten. These results demonstrate the mechanical stability and 
sustained functionality of the system under realistic usage conditions.

Figure S11 and Fig. 3G present the evaluation of the thermal 
safety of the system over prolonged actuation. As shown in fig. 
S11A, compared to the room temperature, the change in H+ con-
centration slightly increases at body temperature due to an increased 
diffusivity of tastants, with the general trend remaining the same. 
With pulsed actuation allowing sufficient cooling time between cy-
cles, the temperature of the coil increases only slightly from 24.5° to 
28°C after 20 s (equivalent to 10 cycles of square waves), in contrast 
to the rise to 42°C observed in Fig. 2G with a constant current (fig. 
S11B). Only after 100 actuation cycles (spanning 200 s)—a duration 
far exceeding the number of actuation cycles used in this study—
does the temperature reach 39°C. These results indicate that pulsed 
actuation enhances thermal safety for users. Moreover, because of 
the encapsulation of thermally insulating PDMS chamber, this in-
crease does not notably affect the liquid within the chamber, as 
shown by the photograph and infrared image in Fig. 3G: The tem-
perature of the liquid chamber stays relatively low (~25°C) after the 
process. Lastly, the coil chamber is not in direct contact with the oral 
cavity during the liquid delivery process. These strategies contribute 
to minimizing risks to users. Figure 3 (H and I) and fig. S12 present 
a simulation of the EM field during actuation. Compared to the es-
tablished safe threshold (British Pre-Standard no. 50166-1) for mag-
netic fields (<300 mT) (45), the system exhibits a considerably high 
safety margin (maximum magnetic flux density < 11 mT) for hu-
man exposure. Immersing the microfluidic channel (filled with col-
ored liquid) into water for 30 min does not lead to obvious leakage 
(fig. S13), suggesting the robustness of the device to operate in liq-
uid environment for delivery with precise spatial targeting.

The wireless electronic tongue for remote acquisition of 
tastant information
Another essential part of the e-Taste is a multiplexed sensing plat-
form functioning as an “electronic tongue” (46) that captures taste 
chemicals in the target for remote control and instruction. The inte-
gration of sensing and actuation in the e-Taste system with wireless 
signal transmission hardware bridges users with the remote world 
through digital content. Some envisioned applications in this con-
text include but are not limited to: (i) virtual food adventures and 
remote tasting experiences for customers during online shopping; 

(ii) identification, tasting, and analysis of potential food sources in 
harsh environments; (iii) quality monitoring of “robot chefs” to en-
sure the safety, freshness, and consistency of the prepared food; (iv) 
remote healthcare evaluating the taste perception and preferences of 
participants for real-time feedback and decision making (fig. S14). 
Figure S15 presents the overall design of the circuits using ESP32 
System-on-Chips (SoCs), with detailed circuit diagrams for each 
part in fig. S16. Table S3 lists all the components used for the circuit. 
Initially, capturing the concentration data of tastants, the sensor 
patch connected to the analog-to-digital converters (ADCs) trans-
forms this information into electrical signals. The microcontroller 
unit (MCU) further processes the signals and wirelessly transmits 
them to the actuation system. The e-Taste system accommodates two 
wireless transmission modes: a short-range mode using ESPNOW 
with a working distance of up to 200 m and a long-range mode with 
no distance limit via the Internet involving data upload/download 
using an IoT platform such as Blynk (47). When powered by a LiPo 
battery (3.7 V, 100 mAh), the system sustains data transmission for 
~37 min in short-range mode and ~45 min in long-range mode, re-
spectively (fig. S17). This transmitted data serves to control the ac-
tuation process.

Aligned with the five tastant chemicals used for the actuators, the 
study uses the following sensing strategies: (i) enzyme-functionalized 
sensors for glucose and glutamate (48, 49), which measure the volt-
age as a result of the Faradaic current generated through redox reac-
tions, and (ii) polyaniline (PANI) or ion selective membrane (ISM) 
functionalized sensors for H+, Na+, and Mg2+, which measure 
changes in the surface potential at the sensing interface due to the 
binding of target ions (fig. S18). The design of the sensor patch ap-
pears in fig. S19 (50). Figure 4 (A to E) shows the calibration curves 
of the five sensors. The respective sensitivities are: 32.3 mV/decade 
for H+, 57.2 mV/decade for Na+, 26.7 mV/decade for Mg2+, 29.6 mV/
mM for glucose, and 11.9 mV/mM for glutamate. Figure S20 shows 
the high selectivity of the sensors in the presence of the other four 
nontarget tastants serving as interferents.

Figures S21 and S22 describe the detailed operation logic for re-
mote tasting. The sensors interact with the target to detect the cor-
responding chemical concentrations. The wireless communication 
module then transmits the sensor readings in voltage to the actua-
tors. Subsequently, calculations convert the voltage signals back to 
concentrations based on the pre-established sensor baseline and 
calibration curve. This concentration information then automati-
cally instructs the operation of the actuator through a control mech-
anism that categorizes specific concentrations into five distinct 
intensity levels (very mild, mild, medium, strong, and very strong), 
each corresponding to different actuation interval times (51). This 
categorization is based on an even distribution across the entire 
range of concentrations achievable by the actuators. Table S4 and 
note S4 illustrate an exemplified case using sourness to demonstrate 
detailed methods for categorization and calculation.

Chemical composition replication experiments using simulated 
“juice” (Fig. 4F and fig. S23A) and “chicken soup” (Fig. 4G and fig. 
S23B) (with concentrations from the literature as shown in table S5) 
serve as illustrative examples to demonstrate this process. The flow 
chart for each, organized from left to right, presents a sequence of 
data involved in remote tasting: the actual concentrations of five 
taste components in these liquids [as reported in previous research 
(37, 52)], the electrical signals obtained from five sensors, the corre-
sponding cycle times (pumping time + interval time) for actuation 
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(according to Fig. 2, H to L), and the concentrations of the tastants in 
the replicated solutions measured by electrochemical sensors. Figure 
S24 presents the raw data of the measurements of the concentrations 
of five tastants in the replicated solutions, with the calculated con-
centrations in table S6. The comparison shows consistency with the 
actual concentrations, thereby verifying the feasibility of this system. 
It is notable that the time required for the actuation cycle is influ-
enced by the release dynamics of the chemicals from the gel, which 
depend on both the concentration of the loaded chemicals and their 
diffusivity. While the sensor measures the chemical concentration in 
real time, the release speed and diffusion rates of the chemicals from 
the gel can affect the timing of the actuation process, leading to a 
potential mismatch between sensor readings and actuation time. 
Moreover, to illustrate the integration of all system modules, two videos 
demonstrate the complete process of taste sensing and replication for 

“chicken” soup and “lemonade,” with the device interfacing with a 
human subject (movie S1). These videos provide a comprehensive 
view of the functionality of the system in a real-world scenario. It is 
essential to clarify that for certain foods, the chemicals present in the 
current system do not encompass the entire spectrum of taste-related 
compounds. Take chicken soup as an instance: the umami taste relies 
on a combination of elements, including glutamate, inosinate, gua-
nylate, and a variety of other amino acids (37, 38). While the demon-
stration here focuses on glutamate, expanding upon this concept by 
incorporating additional sensors/actuators has the potential to ad-
vance the development of more sophisticated virtual taste systems.

A key challenge in taste information capture is fine-tuning the 
working range of sensors to align with human perception, as most 
sensors are primarily designed for biosensing applications and have 
a relatively lower upper detection limit. Therefore, while the sensors 

Fig. 4. The electronic tongue for remote acquisition of tastant information. (A to E) Calibration curves of sensors in the electronic tongue for the five taste-related 
chemicals. (F and G) Two illustrative examples (“juice” and “soup”) demonstrating the logic flow of the system. The graphs from left to right correspond to the actual con-
centrations of five taste components in the two liquids, the electrical signals obtained from five sensors, the calculated cycle times (pumping time + interval time) derived 
from the data for the control of actuators, and the concentrations of the tastants in the replicated solutions measured by electrochemical sensors. For the juice sample, 
the concentration of glucose in the real solution refers to the value after dilution to match the working range of the sensors. In the third column, a cycle time of less than 
1 s indicates that the concentration of the tastant is minimal, meaning the corresponding channel is off. In the fourth column, for the concentration of replicated solutions, 
a bar below 0.01 mM indicates that the concentration of the corresponding tastant is not measured due to its minimal level in the original solution. (H) Comparison of the 
concentrations of real and replicated solutions across five solution samples with varying combinations of tastants.
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are typically sensitive enough to meet the human perception thresh-
old, a critical issue arises with sensor saturation at high food-relevant 
concentrations. A specific challenge arises in detecting sweet tas-
tants, since sugar concentrations in sweet foods can reach several 
hundred millimolar. To deal with this mismatch, a predilution of the 
target sample by 100 times ensures the alignment for accurate mea-
surement. It is worth noting that if a target sample contains multiple 
flavors, with one being much more potent than the others, then the 
dilution process may render the subtler flavors undetectable. To fur-
ther address this issue, a solution is to implement an algorithm-
assisted two-step measurement approach: In the first measurement, 
the original target sample will be analyzed. An algorithm will serve 
to identify situations where the concentrations are beyond the de-
tection range. If the concentration of any specific chemical exceeds 
the detection range, then the system will notify the user on the sen-
sor side that a second measurement should be conducted on that 
taste chemical, with the sample diluted accordingly. Those sensors 
that are not saturated will use the results during the first round. This 
approach will allow for obtaining accurate concentrations of all taste 
components, ensuring that less intense tastes are not lost despite the 
need for two measurements. These results further guide the taste 
reconstruction by multiplying this dilution factor back during ac-
tuation to reflect the original concentration. To better illustrate the 
accuracy and reliability of the e-Taste system, additional experi-
ments involve another five solution samples with varying combina-
tions of tastants (Fig. 4H). Concentration measurements of both 
real and replicated solutions provide data for quantitative compari-
son using paired t-tests. The resulting P values indicate no signifi-
cant differences (P  >  0.05) between the pairs. Table S7 provides 
detailed concentration information for each tastant in each test so-
lution, further supporting the quantitative agreement between real 
and replicated solutions.

Besides this, previous works (53) indicate that incorporating a 
diffusion barrier made of chitosan and polyvinyl chloride (PVC) on 
the surface of the electrode can prevent sensor saturation and ex-
tend the upper limit of detection. As illustrated in fig. S25, after 
applying the diffusion barrier membrane, the upper limit of detec-
tion of the sensor increases from 10 to 21.5 mM. The results dem-
onstrate potential to address the mismatch issue between working 
range of the sensor and the human perception range. Further 
improvements may be possible through fine-tuning of the interface 
structure. It should be noted that the upper limit of glucose de-
tection can depend on multiple factors, such as the design of the 
electrochemical interfaces and the transducers used. For instance, 
previous studies have reported upper detection limits of 20 and 100 mM 
(54, 55). The data on glucose sensing exploration reported in 
this study aim to provide a potential solution for further improving 
the performance of the current system through using diffusion 
barrier materials. Innovations in other sensing methods and the 
overall multiplexed system include a passive sensing mode based on 
the two sensing interface designs (enzyme-based and ion-selective 
membrane based) that eliminates the need of potentiostats for min-
imizing the power supply. In addition, integrating sensing elements 
into the multiplexed sensing platform that match tastants within the 
gustatory interface of this sensor-actuator–coupled HMI system 
enables real-time operation and interaction with remote environ-
ments, which offers a promising solution for individuals to access 
and experience chemical interactions across space through engage-
ment with digital content.

Human subject tests on single and mixed taste perception
Field testing involves healthy, consenting volunteers instrumented 
with devices to examine the human perception dimension of the e-
Taste system within envisioned application scenarios in the real 
world. In the first case, assisted by the e-Taste system, it becomes 
feasible for individuals to share the taste experience of food remote-
ly (Fig. 5A). Figure 5B illustrates an example of transmitting the 
taste of beverage: When a person immerses the sensor patch in a cup 
of lemonade near the Golden Gate Bridge (San Francisco, CA, 
USA), the system uploads the captured concentration data to the 
IoT platform. The actuator located at the campus of The Ohio State 
University (Columbus, OH, United States) subsequently downloads 
the data, guiding to replicate a liquid with the same taste profile. For 
the remote control and instruction, the entire duration includes the 
latency (0.3 and 1.4 s for the short- and long-range process, respec-
tively; fig. S26), the sensor response time (~10 s), and an optional 
signal stabilization time after the response reaches the plateau. Movies 
S2 and S3 provide additional visual details depicting the process of 
taste transmission through the ESPNOW communication protocol 
and IoT platform, respectively.

A human subject test focusing on the sour taste with varying in-
tensity levels serves to demonstrate the accuracy and reliability of 
this system in taste replication. Arranging the sensors and actuators 
in different rooms simulates the remote sharing scenario. This test 
involves three key steps: training subjects to familiarize them with 
different taste intensities using standard reference solutions, having 
them taste and rank real (detected by the sensor) and virtual (repli-
cated by the actuator) samples, and analyzing the results to reflect 
the user perception aspect (Fig. 5C). Figure S27 shows two groups of 
raw data: one set (left) captured by the pH sensor, and the other 
(right) used for instructing the actuator. The box plot in Fig. 5D il-
lustrates the original rating data across five sourness intensities, 
showcasing pairs of real and virtual sourness intensities for com-
parison. To evaluate the differences between these real and virtual 
intensities, the study applies a paired sample t test at a 0.05 signifi-
cance level (degree of freedom = 0). The analysis of virtual versus 
real taste demonstrates that the differences in very mild (t statis-
tic = −1.8091, P = 0.1039), mild (t statistic = 0.0001, P = 1.0000), 
medium (t statistic = 0.8018, P = 0.4433), strong (t statistic = 0.4286, 
P = 0.6783), and very strong (t statistic = 0.5571, P = 0.5911) inten-
sities show no statistical significance. The result confirms the high 
accuracy of the system in replicating taste sensations, effectively 
mimicking the sourness levels encountered in real-world scenarios. 
Moreover, when comparing across the intensities using one-way 
analysis of variance (ANOVA), the differences between the five 
ranks (F9,9 = 44.35, P < 0.0001, R2 = 0.82) show statistical signifi-
cance. Figure 5E presents a confusion matrix that compares the in-
tensities of real and virtual samples (sample size = 10). This matrix 
demonstrates an accuracy rate of 70%, indicating that testers can 
distinguish different sour intensities in the liquids generated by the 
system. Increasing the training time and providing customized con-
centration categorization based on individual differences could po-
tentially enhance the accuracy for future applications.

The e-Taste system undergoes further validation test focusing on 
mixed taste recognition. In the envisioned application scenario, this 
test assesses the capability of e-Taste to immerse players in the expe-
rience of tasting virtual food within a game environment. For ex-
ample, players might engage in tasks such as manually controlling 
cooking processes, where stopping a timer accurately allows for 
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Fig. 5. Field testing results for the assessment of the human perception dimension of e-Taste. (A) Schematic illustration showing the function of the e-Taste system 
in remote taste sharing (images used under license from Adobe Stock). (B) Demonstration of using a single-channel device for sharing the taste of beverage over long 
distances (from California to Ohio in the United States). (C) Outline of the procedure for the single taste perception test, including the training, testing, and analysis pro-
cesses. (D) Paired t test analysis for statistical validation comparing users’ perception to real and virtual samples. The corresponding data are further represented in (E) a 
confusion matrix format. (F) Demonstration of using a multichannel system for enhancing taste engagement in immersive gaming. Adjusting the ingredients and associ-
ated concentrations can yield various tastes during a cooking game aligned with user’s level of cooking proficiency in real time (images used under license from Adobe 
Stock). (G) Photograph of e-Taste in a digital cup design used in the mixed taste recognition test. (H) Demonstration of the pump current data used as instruction for 
simulating five different foods. (I) Confusion matrix analyzing the accuracy of the system by comparing the intended food category for the simulation and the user’s 
subjective perception.
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reaching the correct cooking stage. Adjusting the concentration and 
combination of the five tastants can simulate a range of foods with 
varying levels of cooking (Fig. 5F). During the mixed taste recogni-
tion test, subjects interact with a multichannel e-Taste system in a 
“digital cup” geometry (movie S4). The experiment uses five food 
options: lemonade, cake, fried egg, fish soup, and coffee. The refer-
ence concentrations for the five taste-related chemicals in these 
foods are from existing literature, as detailed in table S5. Inputting 
command data for the five tastes based on concentration informa-
tion and calibration curves of the five actuators guides the genera-
tion of the corresponding liquids. After a training session with the 
reference solutions, subjects taste the liquid generated by the virtual 
cup and select what food they believe it represents (Fig. 5G). Figure 
5H displays the pumping currents used for instructing the actuation 
process. It is notable that the glutamate concentration used for sim-
ulating fish soup (4.93 mM) exceeds the calibration range of the ac-
tuation system shown in Fig. 2L (1.362 mM for 1-s interval). To 
differentiate the taste intensity of umami compared to the solution 
created using 1-s interval, an extension of the interval time to 2 s 
enables a further increase in concentration during prolonged inter-
action. Figure 5I shows a confusion matrix illustrating the recogni-
tion outcomes when users taste replicated solutions (sample size: 6, 
accuracy: 86.7%). The detailed setup for the experiments and the 
connections of the evaluation board are in figs. S28 and S29, respec-
tively. Together, these examples assess the performance of e-Taste by 
considering human factors, which further prove its efficacy in bridg-
ing the virtual and real environments chemically through digital 
human-in-the-loop interactions.

DISCUSSION
In summary, this study reports a bio-integrated gustatory interface, 
e-Taste, for next-generation AR/VR technologies. The coupling be-
tween the sensors and actuators through wireless communication 
modules serves as a unique feature that allows for human chemosensory 
engagement with the remote world. Systematic studies investigate 
multiple aspects, including materials selection, integration schemes, 
design principles, operation logics, implementation framework, and 
their impacts on the overall performance. While representative, edible 
chemicals serve to mimic the five basic tastes, this device model can 
be extended to facilitate the development of more virtual flavor sys-
tems by incorporating additional tastants and sensing/actuation mo-
dalities encompassing physical cues (e.g., temperature and texture). 
Tailored designs ensure the safe and reliable operation of the resulting 
system as a feasible HMI by addressing the need for operation within 
the oral cavity. Field testing serves to validate the performance of cus-
tom designed single- and multichannel devices with a particular em-
phasis on their accuracy and user perception aspects.

Overall, the findings contribute to establishing design principles 
for VR/AR systems incorporating chemical signals/components, a 
relatively unexplored research field. The gustatory interface will 
pave the way for a new era of AR/VR systems with chemical com-
ponents by allowing users not only to visualize and hear virtual 
environments but also to taste them. This will elevate immersion 
levels and lay the groundwork for the “Metaverse.” Potential appli-
cations include immersive gaming, online shopping, remote educa-
tion, weight management, sensory testing, physical rehabilitation, 
and others. For example, sensory loss, particularly gustatory and 
olfactory impairments, represents a challenge for individuals with 

traumatic brain injuries (TBIs) (56, 57) and patients with long-haul 
COVID (58). Accordingly, addressing this issue within the patient 
population using e-Taste can notably improve the nutritional in-
take, overall recovery, and the quality of life.

When coupled with its sensing capabilities, e-Taste can further 
facilitate interaction with distant realms. For example, it can pro-
mote accessibility and inclusivity by enabling individuals with dis-
ability for social activity engagement through virtual participation. 
In food industry, e-Taste can enable cost-effective tasting remotely 
for refining food and beverage formulations. The virtual communi-
cation capability will promote global collaborations and feedback. 
On the basis of the preliminary prototype reported here, immediate 
opportunities lie in deploying fully bio-integrated gustatory dis-
plays, conducting user studies to assess the individual experience 
and social acceptance, as well as incorporating additional operation 
modalities to complete the flavor gestalts. Beyond focusing on 
chemical signals in food, the digital coupling between sensors and 
actuators for signal encoding, storage, transmission, and decoding 
extends to alternative scenarios such as chemical message delivery 
in defense and drug administration in the medical field. Together, 
these fundamental research outcomes provide fertile ground for the 
development of new products that enable people and other living 
systems to interact with the world through chemical signals in the 
digital era.

Moreover, because of its spatial targeting capability, the system 
can potentially enable the investigation of how different areas of the 
tongue respond to the same solution as well as how variations in 
solution intensity and composition influence human perception. 
These findings will provide a deeper understanding of how the brain 
processes sensory signals from the oral cavity. Figure S30 illustrates 
the device applied to different regions of the tongue, demonstrating 
the capability to investigate how various locations respond to identi-
cal taste solutions. The accompanying square wave plots demon-
strate precise control over taste intensity with a temporal resolution, 
highlighting its potential for detailed studies of gustatory pathways 
and human taste perception. The system allows for a range of che-
mosensory tests, including (i) threshold test, where the concentra-
tion of a tastant is gradually increased until it becomes perceptible, 
achieved by tuning the duty cycle of the actuation square waves; (ii) 
adaptation test, where a solution is delivered continuously to a spe-
cific area of the tongue to allow subjects to report perceived inten-
sity changes over time, providing insights into sensory adaptation; 
and (iii) binary mixture suppression test, where one tastant is deliv-
ered followed by another to assess whether the intensity of the first 
taste diminishes, revealing potential interactions between different 
tastants. It should be noted that while our current platform provides 
a gustatory interface enabling liquid delivery to the oral cavity in a 
quantitatively controllable manner, the demonstration here aims to 
suggest a future direction that is not yet ready for biomedical re-
search in chemosensory testing. It is necessary to further consider 
factors such as different taste sensations beyond this study (e.g., fat, 
astringency, spiciness, and complex tastes), the variation among in-
dividuals, and the involvement of neural activities. Future directions 
should include: (i) validation across a statistically meaningful popu-
lation with diverse taste profiles, including those with ageusia, to 
understand the distribution of perception; (ii) the application of re-
inforcement learning to personalize and optimize actuation patterns 
for maximizing recognition rates and minimizing response times; 
and (iii) the exploration of associations between taste perception, 
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other sensations, and cognitive activities to gain insights into gusta-
tory pathways.

Moving forward, several enhancements and strategic develop-
ments can address the existing limitations and expand the capabili-
ties of the system. (i) While the sensing interfaces demonstrate 
selectivity, tastants can still interfere with each other in complex en-
vironments containing multiple chemicals. A potential solution is to 
apply a cross-sensitivity model, as reported in previous studies, to 
further address this issue caused by nonspecific interactions. This 
model assumes that the response of a sensor in a complex environ-
ment is the sum of responses to specific and nonspecific interactions, 
and calibration using the sensitivity matrix can separate the two 
types of signals (59, 60). (ii) Moreover, the current system has a limi-
tation regarding residue left in the channel after each pump cycle. To 
address this, this work reports a refillable structure to refresh the 
channel after every use. In addition, calculating residue to adjust 
concentrations for subsequent actuation cycles is also a feasible 
method. Besides that, another potential solution using this actuator 
model is to eliminate design with hydrogels and preload a concen-
trated liquid and water into separate channels. By individually con-
trolling the two channels, the concentration can be precisely adjusted, 
and the water channel can flush the mixing zone after each use, en-
suring that the system remains clean and ready for subsequent actua-
tion cycles. (iii) On the other hand, note that human sensation of 
taste intensity is theoretically continuous and does not follow a linear 
relationship with tastant concentration. Previous studies suggest that 
human perception can be approximated by the Stevens’ power law 
(61), which describes an exponential relationship between tastant 
concentration and perception, expressed as ψ(I) = 𝑘Ia [where I is the 
stimulus intensity, ψ(I) is the sensation magnitude, 𝑎 is an exponent 
based on the sensory modality, and 𝑘 is a proportionality constant 
based on the units used]. Note that for the perception of acidity lev-
els, the values of 𝑘 and 𝑎 are still under exploration. Therefore, future 
research requires further efforts in establishing taste perception 
models through rigorous field testing with large populations by refer-
ring to the Steven’s power law and fine-tuning the working range of 
actuators to provide a continuous concentration range that aligns 
with human perception.

MATERIALS AND METHODS
Fabrication and characterization of 
tastant-loaded hydrogels
The mixture of the monomer (hydroxyethyl)methacrylate (1.45 ml), 
ethylene glycol dimethacrylate (5 μl) as a crosslinker, photo-initiator 
2-hydroxy-2-methylpropiophenone (Darocur) (9 mg), deionized 
(DI) water (0.5 ml), and taste chemicals, underwent a 20-min po-
lymerization process upon irradiation under UV light at 365 nm, 
resulting in the formation of the hydrogel loaded with taste chemi-
cals. Establishing an overnight period at room temperature for the 
resultant crosslinked system facilitated water evaporation. Subject-
ing the crosslinked gels, loaded with concentrated taste chemicals, 
to solutions for a specific duration and quantifying the amount of 
taste chemicals that have diffused into the solution offered a quanti-
tative assessment of the performance of the release media (fig. S31).

Fabrication of the EM actuation system
Figure S3 illustrates the fabrication process of the EM actuation sys-
tem, including three key functional parts in total: (i) Microfluidic 

channel, the fabrication of the microfluidic channel began with creat-
ing a silicon mold using photolithography followed by deep reactive 
ion etching (Plasma Therm SLR770) down for 200 μm. Spin casting 
a layer of polymethylmethacrylate (PMMA A5, KemLab; at 3000 rpm 
for 30 s, followed by curing at 180°C for 10 min) onto the mold aided 
in the easy release of PDMS post-casting and curing. Mixing and 
pouring the base and curing agent (ratio: 10:1) of PDMS (Sylgard 
184, Dow Corning) onto the silicon mold, then spin coating at 350 
rpm for 1 min and curing at 100°C formed the top layer of the soft 
microfluidic channel with a thickness of 250 μm; then spin coating 
PDMS onto a plain silicon mold at 800 rpm for 1 min and curing at 
100°C created the capping layer with a thickness of 75 μm; and plac-
ing tastant-infused gel onto the reservoir, punching holes in these 
layers with circular punchers for inlets and outlets, together with 
joining the patterned top layer to the capping layer after ozone plas-
ma treatment, completed the fabrication of the microfluidics. (ii) Mi-
nipump, the fabrication of the minipump began with a cut-and-paste 
method, cutting polyimide (PI) tape (thickness: 0.12 mm, Edge Sci-
entific) into 1 cm by 1 cm and stacking them onto the surface of a 
Petri dish created an easy-released mold (height: 2.5 mm in total), 
pouring PDMS onto the mold and curing at 80°C overnight con-
structed the bottom base of the minipump, spin coating PDMS onto 
a plain silicon mold at 800 rpm for 1 min and curing at 100°C created 
the deformable membrane (thickness: 75 μm), and clamping NdFeB 
permanent magnets (3 mm by 3 mm, thickness: 0.5 mm; Supermag-
netman, M0350) onto both sides of the membrane, punching holes 
on the surface of minipump with circular punchers for the outlet (di-
ameter: 1.0 mm) and inlet (diameter: 0.4 mm), together with joining 
the deformational membrane to the bottom base after ozone plasma 
treatment, completed the fabrication of the minipump. (iii) Coil 
chamber, the same cut-and-paste method, followed by pouring and 
curing of PDMS served to make the coil chamber, winding magnetic 
wire (diameter: 0.05 mm, Elektrisola, P155) around a coil former 
(DigiKey, diameter: 4 mm) yielded the EM coil, and last, fixing the 
coil (diameter: 4 mm, 250 turns) onto the assembling cap with PDMS 
followed by extending the two ends of the wire into the actuating 
circuit (note S2) completed fabrication of the coil chamber part. (iv) 
Assembling the three parts together following another ozone plasma 
treatment concluded the preparation of the EM actuation system. 
The fabrication of the microfluidics for liquid routing, mixing, and 
delivery followed the same procedures. Figure S2 provides compre-
hensive dimensions for all elements of the microfluidic system, in 
which the channel height of microfluidic channel is 200 μm.

The results depicted in Figs. 1 to 3 used analytical-grade silicone 
and taste chemicals sourced from Sigma-Aldrich to accurately as-
sess the performance of the sensing and actuation devices. To ensure 
food safety, in human subject tests, SORTA-Clear 37 (Smooth-On), 
a food-grade silicone, replaced PDMS to mold all the components. 
Because SORTA-Clear 37 has a higher viscosity, the spin-coating 
speeds for the channel layer and capping layer increased to 800 and 
1200 rpm, respectively. In addition, the taste chemicals used were 
switched to food-grade alternatives. Table S8 includes all the food-
grade materials used in the human subject tests. All the other steps 
remained the same.

Refilling of the tastant-infused gels
Replenishing the tastant-infused gels enhanced the reusability of the 
microfluidic channel. This process began with creating a half-circle 
opening at the reservoir using circular punchers to establish a refilling 
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port. Subsequently, removing the used gel and inserting a new one 
refreshed the system after each pumping process. Sealing the opening 
with a scotch tape completed the refilling process.

Characterization of the EM actuation system
To characterize the microfluidic system for liquid delivery, a DC 
power supply generated a voltage ranging from 0 to 5 V. The corre-
sponding current passing through the coil ranged from 0 to 260 mA. A 
camera captured the deformation of the thin-film deformational 
membrane under varying currents. Concurrently, a thermometer 
(Fluke) recorded temperature variations over time at different cur-
rent levels, as shown in Fig. 2G. A pipette with a range of 10 to 100 μl 
served for volume measurements in Fig. 2F. Setting the current at 
180 mA (V = 3.3 V) and integrating it with an “on/off ” switch cir-
cuit facilitated the collection of data regarding five taste chemicals 
at varied interval times. The concentrations of these chemicals were 
determined using a pH meter and specific assay kits for Mg2+, Na+, 
glucose, and glutamate (Elabscience). Standard curves for the four 
kinds of assay kits are in fig. S32.

To evaluate the electrical, thermal, and mechanical stability of 
the system, a DC power supply provided a consistent 3.7 V source, 
with an Arduino connected to a computer controlling the pulse width 
and duty cycle of the base current for the BJT as the on/off switch. 
This setup directed an actuating PWM (pulse width: 1 s, 50% 
duty cycle) across the EM coil. An electrochemical workstation 
(PalmSens4, CA, USA) captured the voltage signals, while a Power 
Profile Kit (Nordic Semiconductor) captured the current signals, as 
shown in Figs. 2 (D and E) and 3 (C and D). For the thermal stabil-
ity tests outlined in fig. S11A, the system underwent placement on a 
hot plate with varied temperature settings (25°C, 37°C). The Arduino 
software managed the PWM parameters (pulse width: 1 s; duty 
cycles: 50, 55.56, 62.5, 71.43, 83.33, and 100%), while a pH meter 
measured the H+ concentration in produced solutions. A thermom-
eter gathered the temperature data in fig. S11B at 50% duty cycle 
PWM, while a Thermal Imaging Camera (Flir One) captured the 
data presented in Fig. 3G.

EM simulation
The coil generates EM field encompassing the surrounding environ-
ments. To evaluate the EM safety of the system, the simulations were 
performed using the commercial software Ansys Maxwell to deter-
mine the magnetic flux density distributions around the coil and the 
Lorentz force Fmag acting on the magnet based on the dimensions 
depicted in fig. S2, where a current of 180 mA was applied to the 
coil. An adaptive mesh (maximum element size of 0.5 mm) was ad-
opted to ensure computational accuracy. The electromagnetic pa-
rameters of PDMS and coil (250 turns) in the material library of 
Ansys Maxwell were used in the simulation.

Mechanical simulation
To evaluate the mechanical properties of the system, The FEA com-
mercial software ABAQUS was used to study the deformation and 
corresponding strain distributions of the channel with typical bend-
ing and twisting and the force Ffilm acting on the magnet from the 
PDMS film. Definition of the PDMS microfluidic channel was based 
on the dimension depicted in fig. S2. The hexahedral elements 
(C3D8R) with minimum mesh size 0.05 mm were adopted, and the 
convergence of finite element analysis was tested. The elastic modu-
lus and Poisson’s ratio used in the analysis were 2.85 MPa and 0.49 

for PDMS, respectively. Fmag (see the method in the “EM simula-
tion” section) and Ffilm were used to determine the balance position 
of the magnet for the pump with current ON (Fig. 3E).

Fabrication, characterization, and calibration of sensors for 
detection of five taste chemicals
JLCPCB produced the PI-based gold thin-film patches, designed 
with PI passivation on top, leaving eight electrode areas (2 mm in 
diameter) exposed for functionalization.

Fabrication of the PANI working electrodes (WEs) for pH sens-
ing started by performing cyclic voltammetry in 0.25 M aniline so-
lution (in 0.5 M H2SO4, Sigma-Aldrich), ranging from 0.2 to 1 V for 
10 cycles. The reference electrode (RE) used was Ag/AgCl. A plati-
num (Pt) wire served as the counter electrode.

Preparation of polymeric ISMs used the following recipes: (i) Na+-
ISM: sodium ionophore X [1 weight % (wt %)], sodium tetrakis[3,5-
bis(trifluoromethyl)-phenyl] borate (0.55 wt %), PVC (33 wt %), and 
bis(2-ethylhexyl) sebacate (65.45 wt %) (Sigma-Aldrich). Dissolving 
100 mg of the mixture in 660 μl of tetrahydrofuran formed the Na+ 
ISM cocktail. (ii) Mg2+-ISM: magnesium ionophore I (1.4 wt %), 
potassium tetrakis(4-chlorophenyl) borate (1 wt %), PVC (33 wt %), 
and 2-nitrophenyloctylether (64.5 wt %) (Sigma-Aldrich). Dissolving 
100 mg of the mixture in 660 μl of tetrahydrofuran formed the Mg2+ 
ISM cocktail. Casting these mixtures on the gold thin film electrodes 
and drying the system overnight completed the preparation of ISM-
functionalized sensing interfaces.

Fabrication of the thin-film Ag/AgCl RE started with coating the 
gold thin-film electrode with silver epoxy (Chemtronics CW2400) 
and curing it at room temperature overnight. Soaking the electrode 
in sodium hypochlorite solution (5 wt %) for 1 hour converted the 
surface to AgCl. Homogenizing 438 mg of polyvinyl butyral (10 wt 
%) and 250 mg of KCl powder in 5 ml of anhydrous ethanol through 
ultrasonication formed the solid electrolyte coating solution. Drop 
casting the solid electrolyte coating solution onto the Ag/AgCl and 
drying overnight concluded the process.

The glucose and glutamate sensors underwent fabrication follow-
ing a similar process, differing only in the enzyme type and concen-
tration. For the anode, the fabrication began with electrodeposition 
of platinum black onto the gold electrode through cyclic voltamme-
try using an Ag/AgCl RE and a Pt wire as the counter electrode. 
The procedure involved placing a mixture of 3 wt % chloroplatinic 
acid (PtCl6H2; Sigma-Aldrich, MO, USA) and 0.1 wt % lead acetate 
[Pb(C2H3O2)]2; Sigma-Aldrich, MO, USA] on the gold electrode 
before voltammetry, which ran from −0.4 to 0.1 V at a scan rate of 
0.1 V/s over five scans. Subsequent to this, the process involved sus-
pending tetrathiafulvalene (183180, Sigma-Aldrich) in a 1:9 volume-
to-volume mixture of acetone and ethanol and then applying 5 μl of 
this suspension onto the Pt black surface, allowing it to dry for an 
hour. Mixing 875 μl of DI water, 125 μl of a 0.5 wt % glutaraldehyde 
solution in DI water, and 20 mg of BSA (BP9700100, Thermo Fisher 
Scientific) yielded the BSA solution, which rested for 30 min. 
Dissolving freeze-dried enzymes in a 1× PBS formed solutions of 
GlutOx (31.25 U/ml; YMS-80049, CosmoBio, USA) and GOx (40 mg/
ml; Sigma-Aldrich, MO, USA). Adding 5 μl of a 1:1:2 volume-to-
volume mixture of the enzyme solution, BSA solution, and 1× PBS 
with Nafion 117 (1 wt %) (292567, Sigma-Aldrich) to the Pt black 
surface and drying at 4°C for a day completed the anode preparation.

For the cathode, the fabrication began with the same step of elec-
trodeposition of platinum black onto the gold electrode through cyclic 
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voltammetry, followed by dropping 5 μl of 10% platinized carbon sus-
pended in a 2% ethanolic suspension of Nafion 117 (PTC, 205958, 
Sigma-Aldrich) solution onto the electrode and drying for 30 min.

Sensor calibration involved measuring the open circuit potential 
(OCP) between the two electrodes (i.e., WE and RE of the ion sen-
sors, cathode, and anode of the glucose/glutamate sensors) using an 
electrochemical workstation (PalmSens4, CA, USA). The load resis-
tance for the glucose and glutamate sensors was 4.2 megohm. This 
measurement took place after incubating the electrodes in varied 
concentrations of five taste chemicals (H+: pH 3.0 to 6.0; Na+: 1 mM 
to 1 M; Mg2+: 0.01 to 1 mM; glucose: 0.1 to 1.0 mM; glutamate: 0 to 
1.0 mM). Plotting the OCP values against these concentrations formed 
the calibration curves.

Preparation of the diffusion barrier
Drop-casting and drying 2 μl of 1 wt % chitosan suspension prepared 
in 0.1 M acetic acid onto the anode electrode of glucose sensor 
formed a polymeric membrane first. Dipping the electrode into the 
chitosan solution for 5 s and allowing them to dry then created an 
additional encapsulation. Dipping the pads for 5 s in a 3 wt % PVC 
suspension in tetrahydrofuran and thoroughly air-drying them lastly 
formed the outer PVC membrane layer, completing the fabrication of 
the diffusion barrier (53).

Operation of the integrated e-Taste system incorporating 
sensors and actuators
The voltage outputs from five taste chemical sensors, one RE, and 
two cathodes on the biosensing patch were initially captured by 
both the built in ADC on ESP32-C3 and a separate ADC board 
(ADS1115) and converted into numerical values. These data were 
relayed to the ESP32-C3 MCU via five input/output (IO) ports and 
the I2C bus linked to ADC. Following this conversion, the ESP32-
C3 MCU processed the data by computing a rolling average, taking 
each set of 100 consecutive data points in an overlapping manner 
(for instance, averages of points 1 to 100, 2 to 101, 3 to 102, and 
so forth, with each data point representing 10 ms), and then wire-
lessly transmitted the data. For short-range communication, the 
system used ESPNOW, a basic wireless communication protocol 
embedded in the ESP32 board to establish direct connections 
through the unique MAC address for each device. The long-range 
transmission mode used an IoT platform (Blynk). Leveraging 
its cloud connectivity enabled data exchange over wider distances 
through MAC addresses. In this setup, the ESP32-C3 sender unit 
on the sensor side interfaced with the Internet through Wi-Fi us-
ing a specific username and password and sent data to the Blynk 
website. Similarly, connecting the ESP32-C3 receiver on the actua-
tor side to Wi-Fi enabled it to access the Blynk website to retrieve 
the transmitted data.

Upon receiving the data, the paired ESP32-C3 receiver unit inter-
preted these signals, converting them into PWM signals (note S4). 
These were then dispatched through five analog pins (A0, A1, A2, A4, 
and A5) to the bases of five BJTs in the circuit of the minipump. The mini-
pumps, powered by LiPo batteries (3.7 V, 100 mAh; 402020, Amazon), 
facilitated precise fluid control as per the received instructions. The 
control board registered a longer interval time between PWM output to 
the corresponding actuators when exposed to higher concentrations. 
This led to an extended interaction time with the gels, contributing to 
enhanced chemical release. Note S2 further detailed operational specifics 
of the EM minipump and its integration within the system.

Human subject test
Human subject studies followed a protocol approved by the Institu-
tional Review Board at The Ohio State University (study number: 
2023H0272), with informed written consents obtained before the 
field testing. The studies on single taste perception and mixed taste 
recognition involved 10 volunteers (3 female and 7 male) and 6 vol-
unteers (2 female and 4 male) separately, aged between 20 and 45 years 
old, to verify the feasibility of this system.
Single taste perception test
A 50-min preliminary training (10 min for each intensity) involved 
each participant sampling five cups of citric acid with varying acid 
intensities, labeled as very mild, mild, medium, strong, and very 
strong (corresponding ranking score: 1, 2, 3, 4, and 5). The actual con-
centrations achieved by the actuators (by varying the interval time 
from 0.2 to 1.0 s) served as the five discrete acidity levels used in this 
work. Accordingly, the system algorithm correlated these five discrete 
levels with the corresponding signals captured by the pH sensors. As 
an initial step toward future research, this categorization facilitated a 
qualitative assessment of the functionality and efficacy of e-Taste in 
taste replication and simulation through field testing, where partici-
pants were aware that there were five distinct categories before the test.

During the experiment, participants encountered five pairs of 
citric acid solutions. Each pair consisted of a sample with a predeter-
mined acid concentration and a corresponding sample generated by 
the minipump, replicating the concentration data transmitted from 
the biosensor patch. Participants tasted all the samples in a random 
sequence, with a minimum 5-min interval for mouth cleansing with 
DI water between each. They then assessed and ranked the sourness 
intensity of each sample, referencing the five levels experienced dur-
ing the training. The data were analyzed in Origin software with 
paired-sample t tests to assess whether there was a significant differ-
ence in perceived intensity between the real and replicated (e.g., vir-
tual) samples. A confusion matrix (real versus virtual) evaluated the 
accuracy of replication.
Mixed taste recognition
This test involved preparing solutions with distinct tastes by varying 
combinations of the five food-grade taste chemicals to represent vari-
ous food profiles, including lemonade, cake, fried egg, coffee, and fish 
soup. Participants underwent a 1-hour training session (10 min for 
usage instruction, 10 min for each food) to acquaint themselves with 
these specific tastes. In the remote tasting trials, they engaged with the 
multichannel actuation device, the “digital cup,” placing the mouthpiece 
on their tongues to simulate the tastes determined from authoritative 
literatures. Following each tasting experience, participants cleansed their 
mouth with DI water and then identified the food taste they perceived. 
A confusion matrix evaluated the accuracy of recognition by correlat-
ing the taste categories and subjective perceptions.
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