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in electronic materials – with expansion of 
the form factor and constituents of elec-
tronic materials, with the advent of flex-
ible,[5] stretchable,[6–13] and transient[14,15] 
systems. Beyond skin-based systems, with 
the shortcoming of limited variable detec-
tion – such as heart rate,[16] temperature[17] 
or sweat-based body constituents,[18] or 
implantable systems, which while robust 
remain invasive, with the risk of infec-
tion bleeding and the need for surgical 
recovery with malfunction, a body domain 
that has only been partially explored as an 
electronics locale has been the gastrointes-
tinal (GI) tract. The GI tract is a primary 
interface between the external environ-

ment and the internal milieu, affording tremendous surface 
area for device residence and monitoring of a wide range of 
health and disease states and conditions.[19] To date, a limited 
number of devices have been fabricated for GI use – which 
may be categorized as indigestible – either swallowed whole or 
implanted via endoscopy,[20,21] which typically traverse the gut 
intact and are then eliminated. Edible, digestible, and absorb-
able devices would further advance the field, though requiring 
advances in materials, beyond initial efforts.[22–27] Here, we pro-
vide an advancement in electronic material development with 
the identification and formulation of a “toolkit” of electronic 
materials and components made largely of natural foods and 
foodstuffs, with minimal levels of inorganic materials utilized 
to fill identified functional requirement gaps and to build elec-
tronics. We advance herein both edible and nutritive electronic 
materials, in which the described materials may be ingested 
and assimilated as metabolized nutrients.

In the present study, we began with natural foods and food-
stuffs as candidates for electronics materials and then based on 
specification requirements identified additional edible processed 
foods, food components, and on a limited basis nontoxic levels of 
electronic materials, to create full electronic constructs. The best 
candidates from natural, processed, and adduct food materials 
were then selected to create our “preferred food kit” for compo-
nent fabrication. Specific individual and combined components 
were built and characterized utilizing the preferred food kit. 
Finally, several active systems, i.e., systems with specific func-
tionalities, including a pH sensor, a radio frequency filter, and a 
microphone, were constructed and tested. The present study sig-
nificantly enables edible electronics with the potential to advance 
an emerging domain of biomedical technologies and devices.

As a first step, reference materials were selected to establish 
the specifications needed for components. An electrical circuit 
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Edible Electronics

On-person electronics, as either wearable or implantable sys-
tems, have an increasingly significant role in healthcare moni-
toring, diagnosis, and therapy.[1–4] Progress in health-related 
device development has been facilitated by dramatic advances 
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usually consists of the following components as illustrated 
in Figure 1a, including resistors, capacitors, inductors, and 
antennas that are connected via interconnects and supported by 
a substrate and encapsulated by an encapsulating layer. These 
components require insulators and conductors, which can be 
specified by their electrical conductivities. For insulators (or 
dielectric materials), the conductivity σ needs to be <10−8 S m−1;  
while needing >106 S m−1 for conductors.[28] Insulators are 
utilized for encapsulation and as the dielectric materials 
in capacitors, with the capacitance typically in the range of 
1 pF–100 nF.[29] Conductors appear in wires/interconnects, 
electrodes, and other components. Mixed insulators and 

conductors may be utilized to build resistors, with a wide range 
of resistance from 10 Ω–20 MΩ.[29] These reference values 
establish the specifications needed for components and device 
fabrications using food materials. Moreover, functional devices 
are indispensable to build sensors and their characteristics are 
defined by specified applications.

As a second step, specific natural, unprocessed foods were 
selected, organized according to recognized, defined nutritional 
food groups from the Food Guide Pyramid (e.g., cereals, meat, 
vegetables, bread, fats, etc.), as candidate materials for analysis 
due to their electrical properties and subsequent component 
or device fabrication. Conductivity probes and semiconductor 
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Figure 1. Selections and characterizations of food-based materials as per their electrical properties. a) An illustration showing necessary components in 
a typical electrical circuit with specific characteristics, which guides the search of food-based materials for edible electronics. b) A typical food pyramid 
with conductivities and dielectric constants of some representative food materials according to recognized food groups. The shaded elements repre-
sent food materials that can provide required conductivities as insulators/dielectric materials. c–e) Scanning electron microscopy (SEM) images for 
carbonized cotton, cotton candy, and silk, respectively. f) Conductivity of processed food materials. g) Conductivity spectrum of food-based materials 
that can cover a wide range of electrical conductivity from conductors to insulators. h,i) SEM images for broccoli powder and the cross-sectional view 
of the edible piezoelectric thin film consisting of gelatin and broccoli powder.
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parameter analyzer were utilized to perform the characteriza-
tions (see details in the Supporting Information). As seen in 
Figure 1b, for electronic conductivities, oils and dried foods 
(including meat, vegetables, gelatin, fruits, and bread) that 
are shaded achieve the required conductivities as insulators/
dielectric materials. Here, gelatin was cataloged as meat, as it 
is derived from collagen in animal raw materials. Dried foods 
were prepared using a pneumatic convection food dryer (see 
the Supporting Information). The reason these are good insula-
tors is that these foods do not contain mobile carriers to con-
duct electric current. On the contrary, foods with significant 
salts (e.g., butter) and/or water content (e.g., fresh meat and 
vegetables) are relatively conductive due to the presence of free 
ions for electric current conduction. A more comprehensive list 
of electrical conductivity and dielectric constants of commonly 
accessible food materials are provided in Table S1 (Supporting 
Information). Figure 1b demonstrates that natural foods largely 
afford good insulators/dielectric materials, but are poor con-
ductors for electrical components.

In order to fill the gap in conductivity to create full constructs 
in electronic components, as a third step, processed food stuffs 
and nontoxic levels of electronic materials were similarly identi-
fied and analyzed. In addition to edible metals as conductors, 
carbon derived from processed foods, basically activated char-
coal, carbonized sugar (cotton candy), cellulous (cotton), and 
protein (silk) were selected and tested. An annealing process 
was utilized for carbonization (see the Supporting Informa-
tion). Energy dispersive X-ray spectrometry results reveal that 
they (all materials annealed) are largely carbon (see Figure S1 
in the Supporting Information). Different microscale morphol-
ogies of carbonized cotton (Figure 1c), cotton candy (Figure 1d), 
and silk (Figure 1e) as observed via scanning electron micros-
copy (SEM) images, attribute to different electrical properties. 
Specifically, the fiber-like carbonized cotton tends to form a 
continuous path to conduct electrons, while the flake-like car-
bonized cotton candy and silk require aggregation to form the 
similar conductive path. Electrical conductivity results given in 
Figure 1f show that these processed food materials and non-
toxic metals (Table S2, Supporting Information) can serve as 
the conductive materials. It is apparent from Figure 1b–f and 
Table S2 (Supporting Information) that edible food materials 
can cover a wide range of electrical conductivity as shown in the 
conductivity spectrum in Figure 1g. To build a conductive wire/
interconnect, edible metals are good choices, while dried veg-
etables mixed with bread/flour and oil are good candidates for 
insulators. The mixed carbonized cotton candy and flour can be 
used to build resistors.

As mentioned in Figure 1a, in addition to insulators and 
conductors in electrical components, other functional mate-
rials are also indispensable, particularly for sensing. For 
example, piezoelectric materials can generate electricity upon 
mechanical stress and have been utilized in many applica-
tions including pressure sensors, microphones, and speakers. 
Many natural and edible materials have piezoelectric proper-
ties, such as bones and tendons.[30–32] Cellulose, which is abun-
dant in many vegetables, i.e., broccoli and brussels sprouts, 
also possesses piezoelectric properties, mechanistically due 
to the fact that oriented cellulose crystallites exhibit shear 
piezoelectricity as a result of internal rotation of polar atomic 

groups associated with asymmetric carbon atoms.[33] Here, we 
utilized broccoli powder with radius less than 90 µm mixed 
with gelatin to form a piezoelectric composite. SEM images 
show the broccoli powder (Figure 1h) and a cross-sectional 
view of the edible piezoelectric thin film (Figure 1i). Broc-
coli powders (Holistic Herbal Solutions, LLC) were sieved 
through a sieve (mesh size 90 µm) and then uniformly mixed 
with gelatin solution through magnetic stirring followed by 
casting at 24 °C. The stiffness of the thin film was adjusted 
via the addition of the edible plasticizer glycerol (see the Sup-
porting Information). The piezoelectric coupling coefficients of 
the edible piezoelectric thin film were characterized by using 
an electric shaker, accelerometer, and signal analyzer (see the 
Supporting Information). Coupling coefficients of the edible 
piezoelectric film consisting of broccoli and gelatin were found 
to be d33 = 4.3 pC N−1, and d31 = 0.31 pC N−1. These values are 
comparable to 5 pC N−1 of ZnO,[34,35] a recognized piezoelectric 
material. In addition to broccoli that is rich in cellulous, other 
cellulous-rich foods, including brussels sprouts and cabbage 
were also mixed with gelatin to form piezoelectric composites 
using a similar approach. The same characterization approach 
was employed and the results are provided in the Supporting 
Information. It is concluded that all constructs tested exhibit 
appreciable piezoelectric effects (Table S3, Supporting Informa-
tion). Under the same weight ratio (1 g cellulous-containing 
vegetable to 2 g gelatin), broccoli has the strongest piezoelectric 
effects, correlating with the highest cellulous content.[36] It 
should be noted that gelatin also has detectable piezoelectric 
properties, however its d33 is more than 20 times less than that 
of broccoli (see the Supporting Information).

Establishment of defined electrical properties for the studied 
food materials afforded opportunity to build a toolkit for fab-
rication of a range of necessary electrical components. The 
best candidates from natural, processed, and adduct food 
materials were then selected to create our “preferred food tool 
kit” for component fabrication, as shown in Table 1. The food 
materials in the toolkit are grouped based upon structural and 
electrical functions. Insulative food materials, such as sweet 
potato starch, sugar powder, and flour, basically provide struc-
tural functions. Distinct applications of these materials in 
electrical components attribute to their different mechanical 
properties (e.g., elastic modulus and bending rigidity) of which 
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Table 1. Food-based material toolkit utilized for fabrication of electrical 
components.

Component Food kit materials

Structural function Electrical function

Wire Rice paper/sugar powder/ 

flour/rice

Gold leaf/edible metal: gold

Resistor Sweet potato powder/flour/

candy/dried fruit/vegetable

Active charcoal/carbonized cotton 

fiber/cotton candy/silk gold leaf

Inductor Sweet potato powder/flour/

candy/dried fruit/vegetable

Active charcoal/carbonized cotton 

fiber/cotton candy/silk gold leaf

Capacitor Gelatin/dried fruit/vegetable Gold leaf/edible metal: gold

Antenna Sugar powder/flour/rice paper/

candy/marshmallow, egg white

Edible metal: gold/gold leaf/active 

charcoal/carbonized cotton/silk
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their characterization approach and mechanical properties are 
detailed in the Supporting Information. Specifically, rice paper 
being thin and very flexible was utilized as the substrate for 
wires/interconnects. Sweet potato starch and wheat flour were 
found to be suitable substrate materials for resistors and induc-
tors, though dough of sweet potato starch was readily shaped 
without the tendency to fracture in the dried state, compared 
with regular flour. Sweet potato starch has a higher starch con-
tent than flour, and starch will gelatinize in the presence of 
water and heat. After gelatinization, starch dough becomes uni-
form and sticky, which makes it allowing formation of a range of 
shapes with a smooth surface. Thus, sweet potato starch was a 
preferred substrate for resistors and inductors. Conductive food 
materials, such as edible metals and carbonized cotton candy, 
contribute to the electrical functions. Wires/interconnects need 
to have very low electrical resistance and were largely fabricated 
with edible metals; while for resistors, carbonized cotton and 

cotton candy that have relatively low electrical conductivity were 
utilized. To achieve a good adhesive between the substrate and 
conductive regions, egg white was employed as a binding mate-
rial, if necessary. Hydrogen bonding and ionic interactions with 
proteins attribute high adhesive strength of egg white.[37]

Specific components were then built and tested utilizing the 
preferred food kit as in Table 1. Optical microscopy and SEM 
images, along with the characterization results, are shown in 
Figure 2. The detailed fabrication approaches and characteriza-
tions are in the Supporting Information with a brief description 
herein. Edible wires were made of rice paper as the substrate 
and sputtered gold (Au) as the functional part. The thickness 
of the Au is of the order of 100 nm (Figure 2a). Resistors and 
inductors are all made of sweet potato starch and carbonized 
cotton candy or cotton through an extrusion process using a 
syringe, where the resistors are straight wires (or basically con-
ductive “noodles”) and the inductors were wound utilizing a 
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Figure 2. Results of food-based electrical components. Optical and SEM images are shown, along with the characteristics of the components.  
a) A wire/interconnect consisting of rice paper as the substrate and deposited Au as the conductive trace. Au layer is 100 nm in thickness. b) A resistor 
consisting of sweet potato starch and carbonized cotton candy. The representative value of typical resistors in conventional electronics ranges from 
10 Ω to 20 MΩ.[30] c) An inductor consisting of sweet potato starch and carbonized cotton. The inductance of typical inductors in conventional elec-
tronics is in the range of 1 µH to 10 H.[30] d) A capacitor consisting of a thin layer of gelatin as the dielectric material and Au as the electrodes. The Au 
layer is 200 nm in thickness. The representative value of typical capacitors in conventional electronics ranges from 1 pF to 100 nF.[30] e) An antenna 
made of Au trace with 200 nm in thickness deposited on sugar paste as the substrate. The antenna is placed facing a 50-turn copper coil connected 
to a signal generator that outputs an alternating current with peak-to-peak voltages from 1 to 10 V. The antenna is connected to an oscilloscope where 
the signal waveforms and peak-to-peak values are recorded and shown here. The details are provided in the Supporting Information.
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cylindrical core, forming a noddle-based spring configuration. 
An additional layer of carbonized cotton candy was added to the 
outside of the noodles while they are still wet to increase the 
conductivity. As shown in the SEM images in Figure 2b, car-
bonized cotton candy forms a continuous path in the noodles. 
The capacitors were made of thin gelatin sheets as the dielectric 
layers coated with edible Au as the electrodes. The thickness of 
the gelatin is in the range of 80–140 µm (Figure 2d). By adding 
glycerol as the plasticizer and also a high-k material in gelatin, 
the mechanical flexibility and effective dielectric constants 
were improved. The antenna (Figure 2e) is edible Au sputtered 
against a shadow mask on an edible printed circuit board (PCB)  
(Figure S2, Supporting Information) made of sugar paste. To 
compare with conventionally fabricated counterparts of these 
components utilized in electrical circuits, the ranges of the char-
acteristics of these components were provided as the reference 
values. It is clear that the edible electrical components all exhibit 
comparable characteristics due to their counterparts in classical 
circuits. In addition to the food materials presented in Figure 
2, more food materials have been utilized to build these com-
ponents. Similar characteristics have been achieved as shown 
in the Supporting Information. It is thus convincing that edible 
food materials are able to build functional circuits.

Finally, several active constructs, i.e., systems with specific 
functionalities, including a pH sensor, a radio frequency filter, 
and a piezoelectric microphone, were fabricated and tested. The 
edible pH sensor consisting of Au–ZnO as working electrodes, 
an antenna made of Au for wirelessly transmitting signals, and 
an edible capacitor, was fabricated on a sugar paste substrate 
(Figure 3a,b). The reaction of ZnO with either acidic or basic 

solutions resulted in a change in the capacitance C between Au 
and ZnO electrodes, and thus the resonant frequency of the pH 

sensor changed with the pH value via f
LCπ

= 1
2

, where L is  

the inductance of the antenna that does not depend on the pH 
value. To validate and calibrate the edible pH sensor, the pH 
values of reference solutions were measured via a standard pH 
meter (Hanna Instruments); the capacitance of the Au–ZnO 
electrodes were characterized utilizing a probe station with 
precision LCR meter (Hewlett-Packard); and the resonant fre-
quency of the pH sensor was detected by a circuit consisting 
of a reader, a differential amplifier, a signal generator, and an 
oscilloscope (Figure 3c). In the calibration, the edible pH sen-
sors were immersed in the standard solutions with pH values 
from 1 to 12. As shown in Figure 3d, the capacitance varied 
with the pH values. Based on the measured pH-dependent 
capacitance C, the resonant frequency of the pH sensor was  
calculated using f

LCπ
= 1

2
, where L = 6.1 µH and was 

separately measured, which is also shown in Figure 3d. It is 
apparent that the calculated resonant frequency agreed very 
well with the measured values (Video S1, Supporting Informa-
tion). Our results demonstrate that the edible pH sensor was 
able to measure the pH value of solutions that are both acidic 
and basic.

An edible radio frequency (RF) filter consisting of a resistor 
made of carbonized cotton candy and sweet potato starch, 
inductor made of carbonized cotton and sweet potato starch, 
and an edible capacitor was constructed and tested as to its fre-
quency-dependent characteristics, as shown in Figure 3e. The 
values of the resistor, inductor, and capacitor were chosen for 
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Figure 3. Results of edible functional electronic devices. a) Photograph of the edible pH sensor. b) Illustration of the edible pH sensor. c) Illustration 
of the working principal and detection scheme of the pH sensor. d) Characterization of the edible pH sensor in solutions with pH value from 1 to 12. 
e) A photograph of an edible RF filter. f) Frequency response of the RF filter. g) Photograph and illustration of the edible piezoelectric microphone.  
h) Illustration of the characterization procedure of the edible microphone. i) Recorded voltage waveform showing fidelity of the recorded sound using 
edible microphone. j) Amplitude of the input abdominal sound. k) Amplitude of the recorded abdominal sound.
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the frequency range of interest, and were measured and verified 
individually (R = 20 Ω, L = 0.2 µH, C = 1.7 nF). This series RLC 
filter’s frequency response was simulated, and measured with a 
signal generator and oscilloscope (Figure 3f), where good agree-
ments between simulated and measured results were found 
and are shown. The edible RF filter clearly demonstrated a fre-
quency response of a band reject behavior.

To demonstrate that the edible piezoelectric thin film can 
be used to convert mechanical vibration to appreciable voltage 
changes for potential biomedical applications, an edible piezo-
electric microphone was built, in which a 2 mm thick edible 
piezoelectric thin film was coated with 200 nm thick Au elec-
trodes on both sides (Figure 3g). To test the edible microphone, 
a sound with defined frequency generated from a computer 
(i.e., virtual piano keys) was played back via a loudspeaker 
where the edible microphone was firmly attached to the loud-
speaker diaphragm to detect the mechanical vibration, with the 
edible microphone was connected to an oscilloscope to record 
and show the voltage waveform (Figure 3h). The recorded 
analog voltage signals from the oscilloscope were further fed 
to a loudspeaker for optional playback. Specific frequencies 
(ranging from 27 to 131 Hz) generated by the virtual piano keys 
(e.g., A0, C3) through a computer program matched very well 
with the recorded voltage waveform (Figure 3i), demonstrating 
that the edible microphone is able to record fidelity sound. It 
is noted that the waveform in Figure 3i represents averaged 
response so that the peaks are not evenly distributed. Video 
S2 (Supporting Information) shows a video of the recorded 
voltage waveform when a sound is played, followed by play-
back using the recorded voltage signals. Low-frequency sound 
is particularly important in biomedical applications as it is 
within the range of abdominal associated with both normal and 
pathologic conditions. To demonstrate the biomedical applica-
tion, bowel sounds from a 70 year old man with abdominal 
pain[38] (Figure 3j) were fed to the loudspeaker and recorded 
via the edible microphone (Figure 3k). It was observed that the 
recorded voltage waveform successfully reproduced the original 
testing sound.

Food-based edible and nutritive electronics offer an advance in 
material considerations enabling the fabrication of devices and 
systems of potential use for the understanding of both normal 
physiology of the GI tract as well as abnormal states associated 
with a wide range of diseases (e.g., the gut microbiome and its 
influences on mental health). We envision a broad range of appli-
cations: from measurement of pH; GI motility; luminal bacterial 
content; and drug concentrations, to direct actuations, e.g., local-
ized removal of cells and tissue for suspicious lesion (cancer) diag-
nostics, and therapeutics. Food-based materials also extend the 
spectrum of transient electronic materials for general nonmedical 
electronics applications, as new biodegradable and environmen-
tally friendly materials for electronics. To further advance this field, 
new fabrication processes (e.g., 3D printing) will be useful to aid 
in the processing and formation of miniaturized devices. High-
performance food-based semiconductor materials need to be iden-
tified and optimized, beyond the initial efforts (e.g., by Bauer and  
co-workers[39,40]). Continued definition of additional functional 
materials from food will further enrich this field for broader 
sensing and actuation capability.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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