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A P P L I E D  P H Y S I C S

Polyelectrolyte-based wireless and drift-free iontronic 
sensors for orthodontic sensing
Jia Song1†, Rusong Yang2†, Junli Shi1, Xingxing Chen1, Sai Xie1, Zelong Liao1, Ruijie Zou1,  
Yupeng Feng2, Terry Tao Ye2*, Chuan Fei Guo1*

The real-time monitoring of health conditions of humans is a long-lasting topic, but there are two major chal-
lenges. First, many biomedical applications accept only implanted sensors. Second, tissue-like soft sensors often 
suffer from viscoelasticity-induced signal drift, causing inaccurate measurements. Here, we report a wireless and 
drift-free sensory system enabled by a low-creep polyelectrolyte elastomer. The system consists of the iontronic 
pressure sensors incorporating inductance-capacitance (LC) oscillators, exhibiting combined low drift ratio, high 
Q factor, high robustness to interferences, and wide-range measurement, superior to other capacitive sensors us-
ing regular dielectrics or ionogels. We have recorded 14-day orthodontic loads of two subjects using the system, 
showing pressure decreasing from 300 to 50 kPa and torque from 12.5 to 0.5 N·mm. The wireless, drift-free sen-
sory system may be extended to other implants for long-term and accurate sensing.

INTRODUCTION
Developing implanted sensors to monitor pressure or other physio-
logical signals is a promising technology for advanced health care 
(1, 2). Sensors have been implanted in vessels to detect blood pres-
sure (3, 4), in joints to detect the intraarticular pressure (5), and on 
hearts to record electrocardiographic signals (6–8). Besides subcu-
taneous implants, sensors may also be implanted in the intraoral 
environment. Malocclusion is a prevalent dental health problem 
that affects both chewing functionality and aesthetic appearance 
and is often treated using tooth aligners, which straighten teeth by 
imposing a prolonged pressure (for overbite), sometimes together 
with a torque (for crossbite) (Fig. 1A) (9). The continuous monitor-
ing of orthodontic pressure and torque can evaluate the effect of 
treatment using an aligner. Although a variety of methods or tools 
including mises strain test (10), pressure films (11), and six-axis 
orthodontic force and moment sensing systems (12) are available for 
orthodontic load detection, they often face the challenge of install-
ing complicated and stiff sensors and wired signal connection.

Flexible pressure sensors in the format of a thin layer can be de-
ployed between the tooth surfaces and the inner surface of an align-
er (13). However, the soft active materials in flexible sensors easily 
creep under prolonged high stresses because of their intrinsic visco-
elasticity, causing signal drift and inaccurate measurement (14). Sig-
nal drift is a substantial issue for orthodontic load measurements 
because of the high (100-kPa level) and prolonged (many days) load 
imposed to teeth. Among many types of flexible pressure sensors, 
iontronic sensors are an ideal selection presenting advantages of 
wide-range high sensitivity to static pressure (15). Nevertheless, 
viscoelasticity-induced creep aside, ionogels—the most widely used 
active materials in iontronic sensors—have an additional issue of ion 
leakage (14, 16), which leads to enhanced signal drift and potential 
biosafety risk to humans. Few ionic materials are creep-free while 

they cannot be mass produced (14). Another challenge in orthodon-
tic load measurement lies in the in vivo wireless sensing of multiple 
teeth. Passive wireless sensing (16–24) is a preferable solution for 
orthodontic stress testing, while the coupling of the wireless circuit 
with the iontronic sensor, particularly the effect of ion dissociation 
state of ionic materials on sensing properties, is still unclear.

Here, we propose an inductance-capacitance (LC) orthodontic 
sensing system (LCOSS) for wireless and real-time orthodontic pres-
sure and torque measurement. The system uses flexible iontronic 
capacitive sensors based on a low-creep and leakage-free polyelec-
trolyte for drift-free pressure/torque sensing (Fig. 1, B and C), in 
combination with near-field inductive coupling for wireless signal 
transmission. This polyelectrolyte-based sensor presents advantages 
of a high pressure resolution of 1%, a low drift ratio < 2%, a high Q 
factor of 54, and high immunity to interferences. We show that poly-
electrolytes are desired materials for wireless LC sensors—other ca-
pacitive sensors, including those based on ionogels or soft dielectrics, 
are dissatisfactory either in signal quality or in sensing capability. 
Our sensor also exhibits high biocompatibility to enable safe and 
in vivo implants in an intraoral environment. The LCOSS integrated 
to an aligner detects orthodontic pressure variation from 300 to 50 kPa 
and torque from 12.5 to 0.5 N·mm during a 14-day orthodontic 
treatment of two subjects. The LCOSS is expected to have many other 
applications that require wireless and accurate pressure sensing.

RESULTS
Design of the LC orthodontic sensing system
The LCOSS consists of an array of LC sensors embedded in an align-
er, along with wireless testing hardware and software (fig. S1). A 
flexible LC pressure sensor and an LC torque sensor were designed 
for the sensor array, with each sensor covering an area of 6 mm by 
6 mm. Each LC sensor consists of one or two pressure-sensitive ca-
pacitor and a coupling coil to form an LC resonator and encapsu-
lated in a protective layer of polydimethylsiloxane (PDMS) (Fig. 
1D), which is conformal to the curved surfaces of teeth (Fig. 1E).

The pressure-sensitive capacitor of an LC sensor consists of two 
flexible electrodes of polyimide-copper (PI-Cu) sandwiching a mi-
crostructured polyelectrolyte layer. This polyelectrolyte material can 
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be mass-produced in a photocuring polymerization process (Fig. 1F 
and fig. S2). An electric double layer (EDL) is formed between the 
electronic conductor (PI-Cu electrode) and the ionic conductor 
(polyelectrolyte) (Fig. 1G). A pressure applied to the sensor will lead 
to the change in contact area between the electrode layer and thereby 
the change of capacitance of the EDL (25, 26). Two types of LC sensors 

were designed to measure the change in orthodontic pressure and 
torque. The LC pressure sensor features a single capacitor suitable for 
normal stress detection (Fig. 1H), and the LC torque sensor incorpo-
rates two pressure-sensitive capacitors, measuring the forces at two 
separate parts, and the torque measurements can be extracted from 
the forces and the distance between the capacitors (Fig. 1I).

Fig. 1. Principle of the LC orthodontic pressure and torque testing system. (A) Schematic of the wireless sensors embedded in an aligner for orthodontic load 
test. (B and C) Principle of orthodontic pressure and torque sensing. Orthodontic force (F) causes a change in the sensor’s capacitance (C) and thereby a shift in 
resonant frequency fr, determined by the position of the local minimums in reflection coefficient (S11) spectrum. The parameters of area (A) and distances (d1 and d2) 
in the equations are constants, and F1 and F2 are forces applied on the two parts of the tooth. (D) Schematic diagram of the LC sensors. (E) Photograph of two 
sensors attached to a teeth model. Scale bar, 1 cm. (F) Large-area preparation of polyelectrolytes. Scale bar, 1 cm. (G) Principle of the capacitor for pressure sens-
ing based on the interfacial electric double layer. (H and I) Schematic diagram of inductive coupled (H) pressure sensing and (I) torque sensing. Resonant fre-
quencies of the LC sensors are measured wirelessly via a vector network analyzer using an external reading antenna through inductive coupling. In the diagram, 
RA, RS, RS1, and RS2 are the resistances; LA, LS, LS1, and LS2 are the inductances; and CS, CS1, and CS2 are the capacitances with the subscripts S and A representing the 
sensor and the antenna, respectively. Subscripts S1 and S2 represent the two parallel-connected LC circuits (see Supplementary Text for details). VNA, vector 
network analyzer.
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The resonant frequency f
r
 of an LC circuit defined as f

r
=

1

2π
√

LC
, 

which can be detected through inductive coupling, where L and C 
are the inductance and capacitance of the sensor, respectively. It is 
essential to differentiate the resonant frequencies of the sensors for 
real-time and simultaneous measurement of multiple LC sensors. 
Given that high-frequency signals are susceptible to interference 
and parasitics (27–29), the range of fr of the sensors needs to be 
calibrated within the gigahertz range, with lower frequencies being 
more desirable (30, 31). The capacitance of the sensor is proportion-
al to the contact area between the electrode and ionic material (or 
the area of EDL interface) and also affected by the species of ions 
used (25, 32), and the inductance is determined by the coupling coil 
structure. By optimizing the design, we achieved a series of LC sen-
sors with the resonance frequency ranging from 100 MHz to 2 GHz.

Synthesis, mechanical, and electrical properties of 
the polyelectrolyte
We used a creep- and leakage-free polyelectrolyte as the ionic con-
ductor for the capacitors of the LC sensors. Polyelectrolytes are ionic 
materials for which cations or anions are engrafted to the polymer 
chains without ion leakage (33). Creep of a polymer is a slow defor-
mation or rearrangement of polymer chains when subjected to 
prolonged high pressure, often related to the viscoelasticity of the 
material (34). Here, we designed and synthesized a polyelectrolyte 
incorporating dense crosslinks with charged molecular chains to 
form a network. Specifically, we polymerized 1-vinyl-3-butylimid-
azolium bis(trifluoromethylsulfonyl) imide ([VBIM][TFSI]) with 
a crosslinker of triethyleneglycol divinyl ether (TDE) into a soft 
elastomer, denoted as P(VBIM-TFSI).

We show that without crosslinking, P(VBIM-TFSI) is in a glassy 
state (Fig. 2A), with a Young’s modulus of 130 MPa. When adding 
20 weight % (wt %) TDE during polymerization, the material be-
comes much softer (Fig. 2, A and B, and fig. S3), and the Young’s 
modulus decreases to 6.5 MPa along with an elongation at break of 
60% (Fig. 2, C and D). The Young’s modulus of the polyelectrolyte 
decreases as crosslinking density increases because of the decreased 
degree of crystallinity and the high flexibility of the ether bonds in the 
crosslinker (fig. S4). The results show that TDE can effectively soften 
P(VBIM-TFSI) to impart appropriate elasticity and stretchability.

Engineering the molecular structure of P(VBIM-TFSI) results in 
negligible creep. Besides the role played by TDE with ether bonds, the 
high crosslinking density (with 20 wt % crosslinkers) can decrease the 
polymer chain length and reduce interchain frictions to suppress its 
creep, while the glassy polymer is softened by destroying the crystal-
line structure with the crosslinkers. We show that at a pressure of 
300 kPa, the compressive strain changes from 20.47 to 21.13% over 
10 hours, with a minimal change of only 0.66%. Specifically, the strain 
level is almost unchanged after loading for 4 hours (Fig. 2E).

We further measured the electrical conductivity of the crosslinked 
polyelectrolyte elastomer. The ionic conductivity rises from 1.6 × 
10−8 S·cm−1 for noncrosslinked P(VBIM-TFSI) to 4.3 × 10−6 S·cm−1 
for the heavily crosslinked P(VBIM-TFSI) (Fig. 2F and fig. S5). The 
increase of ionic conductivity is attributed to the increase of the free 
volume between molecular chains and the decrease of the glass tran-
sition temperature (fig. S6) (35–37). The high ionic conductivity can 
help achieve high sensitivity of sensors, increase the capacitance of 
the EDL, and decrease the minimum frequency of the LC circuit for a 
better tolerance to interference.

Sensing properties and signal drift behavior
The pressure sensing capability of the LC sensor is determined by the 
pressure-sensitive capacitor (or pressure sensor). We measured the 
capacitance-to-pressure response of the sensor, exhibiting linear 
response with sensitivity (S) of 7.3 pF·kPa−1 over a pressure range of 
0 to 600 kPa (Fig. 3A). This range covers the common orthodontic 
pressures during tooth straightening. The sensor also exhibited 
stable response in both capacitance and f

r
 under stepwise pressure 

change from 50 to 80 kPa (Fig. 3B). We used two parameters, drift 
ratio and drift rate (14), to quantitatively assess the stability of signals 
under static pressures. Drift ratio is defined as the relative change in 
signal magnitude when loading a pressure over a certain period, and 
drift rate is the rate of drift ratio over time. We assessed a batch of 
sensors, and they exhibited a low drift ratio < 2% at 300 kPa over 
10 min and a maximum drift rate of 0.3% min−1 (Fig. 3C). By contrast, 
a control sensor that replaces the polyelectrolyte with an ionogel of 
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide–
infused poly(vinylidene fluoride-co-hexafluoropropylene) {(PVDF-
HFP)-[EMIM][TFSI]}, a commonly used active material for iontronic 
sensors, exhibits a drift ratio of 30% and a maximum drift rate of 
80% min−1.

The drift rate of our polyelectrolyte-based sensor decreases with 
time, and eventually no drift is observed after loading for 10 min 
(fig. S7). Therefore, our polyelectrolyte-based sensor is suitable for 
long-term tests. In Fig. 3D, we show that a sensor has negligible drift 
in both capacitance (from 2.032 to 2.158 nF) and fr (from 362.6 to 
362.1 MHz) under 300 kPa over 10 hours. The low drift ratio of the 
capacitor can maintain under different test frequencies of 1, 10, and 
100 kHz (Fig. 3E and fig. S8). In comparison, the ionogel-based con-
trol sensor shows a drift in capacitance by 48% and a drift in f

r
 by 

20% under 300 kPa in only 10 min (Fig. 3F and fig. S9), and signal 
drift occurs at various test pressure (Fig. 3G). In addition, the 
polyelectrolyte-based sensor is also humidity-stable, and minor 
change of the sensor response occurs over 8 hours by varying the 
relative humidity from 45 to 85% (fig. S10). This is because of the 
hydrophobic nature of the polyelectrolyte elastomer and the encap-
sulation using PDMS.

In addition to signal drift, the resonant frequencies of LC sensors 
may be affected by the background noise and interferences from the 
environment such as parasitic capacitance and inductance. We use 
two indices, Q factor and signal-to-interference ratio (SIR), to eval-
uate the quality and anti-interference behavior of the LC sensor 
signals. Q factor represents the ratio of stored energy to dissipated 
energy of a circuit during measurement (movies S1 and S2, and 
fig. S11). A signal with a higher Q factor has a sharper local mini-
mum in S11 spectrum for easier identification of the f

r
. Note that 

the Q factor decreases with the magnitude of load because it follows 
Q =

1

R

√

L

C
, where R is the resistance. That means the noise level in-

creases when loaded. SIR is a measure that evaluates the degree of 
ease of a system to be interfered.

In our experiment, we compared our polyelectrolyte-based LC 
sensor with two control sensors: an ionogel-based LC sensor using 
(PVDF-HFP)-[EMIM][TFSI] and a dielectric-based LC sensor 
using a soft ion-free material PDMS. Our results show that the 
polyelectrolyte-based sensor and the PDMS-based sensor both 
have a high Q factor of 54 and 76, respectively, while the ionogel-
based sensor, although being highly sensitive to pressure, exhibits a 
very low Q factor of 8.6 and is not suitable for an LC sensor, let alone 
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the ion leakage-caused signal drift. The poor Q factor of ionogel-
based sensor stems from the high dielectric loss of ionogels (fig. 
S12), which is caused by strong ionic polarization (38, 39) and in-
terface polarization (40) in an electromagnetic field. By contrast, in 
a polyelectrolyte, most ions are disassociated and trapped in poly-
mer chains, little energy is dissipated by ionic polarization, and the 
polyelectrolyte-based sensor exhibits a high Q factor close to that 
of PDMS-based sensors. The relationship between Q factor and di-
electric loss tangent is expressed as Q = 1∕ tan δ (41). The PDMS-
based sensor exhibits a high Q factor due to its low dielectric loss 
(fig. S12). However, its small capacitance makes it unsuitable for 
many applications.

The polyelectrolyte-based sensor is superior to the dielectric 
(PDMS)–based sensor in terms of a wider working range and a 
higher SIR. The PDMS-based sensor exhibits signal saturation at 60 kPa 
or higher (fig. S13), with a small change in capacitance (~1.0 pF) 
and smaller Δf∕f

0
 (where the Δf  is the frequency difference before 

and after loading and f
0
 is the initial frequency) of 2% over full 

scale. Note that the limited pressure-response range (<60 kPa) of 
the PDMS-based LC sensor is inadequate for orthodontic pressure 
measurement (requiring at least 0 to 300 kPa). By contrast, the 
polyelectrolyte-based LC sensor has a wide working range of 0 to 650 kPa, 
with a thousand-fold change in capacitance from 4 to 4010 pF. The 
large change in capacitance results in a large normalized change 

Fig. 2. Synthesis, mechanical properties, and electrical conductivity of the crosslinked P(VBIM-TFSI) polyelectrolyte. (A) Synthetic route and crosslinking modifica-
tion of P(VBIM-TFSI) polyelectrolyte. The inset shows that the noncrosslinked polyelectrolyte is hard, whereas the crosslinked polyelectrolyte is soft and looks like a rubber. 
Scale bars, 1 cm. (B) Wide-angle x-ray scattering spectra of the noncrosslinked polyelectrolyte and the crosslinked polyelectrolyte. qb represents the scattering vector 
between backbones, with a corresponding correlation distance db given by the relation db = 2π∕qb (see fig. S3 for details). (C) Tensile stress-strain curves of the two poly-
electrolytes. (D) Young’s modulus of the two polyelectrolytes. (E) Creep test of the crosslinked polyelectrolyte under a constant compressive stress of 300 kPa. (F) Electrical 
conductivity as a function of frequency for the crosslinked polyelectrolyte and noncrosslinked polyelectrolyte.
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in frequency (Δf ∕ f
0
) following the relation f ∼ C−1∕2. Moreover, the 

polyelectrolyte-based sensor exhibits a higher SIR of 49 dB than that 
of the PDMS-based sensor (31 dB) (fig. S14). This is because the 
small Δf ∕ f

0
 causes a low precision for measurement. Higher SIR 

suggests that the polyelectrolyte-based sensor is more robust to en-
vironmental interferences. A performance comparison of the devel-
oped polyelectrolyte-based wireless sensing system with previously 
reported passive systems is presented in table S1.

Wireless sensory system and its performances
Each LC sensor in a sensory array has a specifically distinctive de-
sign, e.g., different loops of coils, for simultaneous readout of mul-
tiple sensors. When coupled with multiple LC sensors with each 
sensor having a specific fr, the input reflection coefficient [S

11
 param-

eter, measured using a vector network analyzer (VNA)] spectrum of 
the reading antenna exhibits several local minimums corresponding 
to the resonant frequencies of the sensors (Supplementary Text and 
fig. S15). As a result, the multiple LC sensors can be measured simul-
taneously without cross-talk. We varied the number of the coupling 
coil loops to generate substantially different resonant frequencies 

and designed 12 different LC pressure sensors with series number 
from #1 to #12 that resonate at different frequencies spanning from 
200 MHz to 1.2 GHz, and they are deployed in an order from the 
highest fr to the lowest (Fig. 4A and fig. S16). Moreover, a preferred 
range of resonant frequency for our system is between 200 and 
800 MHz due to the steady dielectric loss (fig. S12) and a limited sen-
sor size. Double-sided inductive coils were used to increase the in-
ductance while maintaining a small form factor. The coupling coils 
of one LC circuit were looped in an opposite direction to enhance 
their mutual inductance, rather than cancellation (3).

The responses of the LC sensors were simulated using Ansys high-
frequency structure simulator (HFSS) software and experimentally 
measured using a VNA (fig. S17). Taking sensor #12 for example, our ex-
periment shows that its resonance frequency shifts from 262 to 148 MHz 
as the pressure (P) increases from 0 to 512 kPa (Fig. 4B). We further 
measured the fr-P curves of the sensors to calibrate the applied pressure 
on teeth (Fig. 4C and fig. S18). Furthermore, this sensor exhibits a high 
pressure resolution of 1 kPa (or 1%) at a base pressure of 100 kPa, and a 
decrease of the resonant frequency from 178.4 to 177.7 MHz is measured 
with the increase of the pressure of 1 kPa (Fig. 4D).

Fig. 3. Sensing properties and drift behavior of the polyelectrolyte-based pressure sensor. (A) Capacitance as a function of pressure for the polyelectrolyte-based 
capacitor. (B) Dynamic tracking of resonant frequency and capacitance in response to pressure steps. (C) Drift rate and drift ratio of the capacitors based on polyelectrolyte 
and ionogel. (D) Capacitance and resonant frequency of the polyelectrolyte-based sensor under a static pressure of 300 kPa for 10 hours. (E) Capacitance and fr curves of 
the polyelectrolyte-based sensor under pressures of 70, 140, 280, and 560 kPa over 10 min for each pressure. (F) Capacitance and resonant frequency of the ionogel-based 
sensor under a static pressure of 300 kPa for 10 min. (G) Capacitance and fr curves of the ionogel-based sensor under pressures of 70, 140, 280, and 560 kPa over 10 min 
for each pressure.
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In addition to the LC pressure sensors, we also designed and fab-
ricated two LC torque sensors, numbered as #13 and #14 (Fig. 4E), 
which consist of two pressure-sensitive capacitors connected in par-
allel and deployed horizontally on the two halves of a tooth, and the 
resonance of the circuit is verified by simulation and experiment 
(fig. S19 and movie S3). Similar to the LC pressure sensor, taking 
sensor #13 for example, fr of the sensor as a function of torque is 
measured to calibrate the applied torque on teeth (Fig. 4F), and this 
sensor exhibits a torque resolution of 0.1 N⋅mm (or 1%) at a base 
torque of 10 N⋅mm (Fig. 4G). The LC torque sensors exhibit mini-
mal cross-talk, and the resonant frequencies of the two capacitors 
vary independently (Fig. 4, H and I, and fig. S20). Moreover, we also 

tested a series connected torque sensor configuration in compari-
son, but the design exhibits severe cross-talk (fig. S21).

In vivo orthodontic pressure and torque measurement
For orthodontic pressure and torque tests, a MATLAB application 
was developed to monitor and analyze the spectrum of S11 parame-
ter. This application can calculate the spectra difference before and 
after the reading antenna approaches the sensor to eliminate the in-
terference and can also uses Gaussian curve fitting (42) method to 
distinguish the resonant frequencies when they overlap (fig. S22). 
We first conducted experiments on tooth models before test. A 
curved reading antenna conformal to the aligner was used for the 

Fig. 4. Design and properties of the LC sensor array for pressure and torque sensing. (A) Structures of the LC pressure sensor circuits with different resonant frequen-
cies fr, which decrease as the number of coils increases. (B) Measured S11 parameter to frequency under different pressures of sensor #12. (C) Resonant frequency as a 
function of pressure of sensor #12. (D) Resonant frequencies of sensor #12 under loads of 100, 101, and 102 kPa. (E) Structures of the LC torque sensor. (F) Resonant fre-
quency as a function of torque for sensor #13. (G) Resonant frequencies of sensor #13 under loads of 10.0, 10.1, and 10.2 N⋅mm. (H and I) Results showing that the torque 
sensor is cross-talk-free. A torque sensor consists of two parts: S1 and S2. When applying different loads on S1, no change in fr is observed for S2 and vice versa.
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test to ensure effective coupling. We show that the wireless signals 
can be used to identify the six sensors embedded in the aligner si-
multaneously. Furthermore, in the case of gradient displaced over-
bite and crossbite tooth models, gradient orthodontic pressure and 
torque results compliant with the displacements were acquired (fig. 
S23 and movies S4 to S6).

The cytocompatibility of the sensor was assessed by incubating 
human adult fibroblasts (HAFs) and human umbilical vein endo-
thelial cells (HUVECs) with a sensor for 24  hours. Fluorescence 
staining results demonstrated that HAF cells attached well to the 
surface of the sensor. Furthermore, quantitative analysis using Cell 
Counting Kit-8 assay showed the proliferation of HUVEC cells with 
100% viability in both the control group and the sensor group dur-
ing 24-hour monitoring (fig. S24). All the results indicate desired 
biocompatibility of the sensor because the sensor is encapsulated in 
PDMS, and the polyelectrolyte is leakage-free to ensure its biosafety.

We conducted real-time wireless pressure sensing in a subject 
(subject A) with deep overbite (Fig. 5, A and B) and torque sensing 
in another subject (subject B) with crossbite (Fig. 5C). The orth-
odontic pressure of subject A was recorded each day over a period of 
14 days using a portable nanoVNA system–based LCOSS (Fig. 5A 
and fig. S25). Figure 5D shows the picture of the subject wearing an 
LC pressure sensor on an incisor. The resonant frequencies of the LC 
pressure sensors were recorded during the in vivo test (Fig. 5E) and 
then converted into pressure values (Fig. 5F and figs. S26 and S27). 
The two incisors of subject A were moved inward by 100 μm during 
the treatment, and accordingly, the measured orthodontic pressure 
dropped from the initial value of 300 to ~50 kPa after 14 days (movie 
S7). The measured orthodontic pressure can be used as the input to 
simulate and analyze the stress condition of the teeth and alveolar 
bone, and the results show that the stress imposed to the alveolar 
bone relieves from 1 MPa to 200 kPa during the test (Fig. 5G and 
fig. S28).

For subject B, an incisor was rotated by 2° along the middle axis 
during the 14-day test. The torque on the tooth decreased during the 
treatment, measured from the initial value of 12.5 to only 0.5 N⋅mm 
in day 14 (Fig. 5, H to J, and movie S8). Accordingly, there is also a 
stress relief on the alveolar bone—the initial stress was about 500 kPa 
in the first 3 days and gradually decreased to ~50 kPa after 14 days 
(Fig. 5K). The decreases of the stress in the tests are primarily attrib-
uted to the root absorption that enables the movement and rotation 
of the teeth. The pressure and torque measurement provide a clear 
understanding on the dynamic biomechanical information during 
orthodontic treatments.

DISCUSSION
We have demonstrated wireless pressure and torque measurement 
based on iontronic LC sensors, a class of emerging sensing devices 
based on soft ionic materials. The use of low-creep and leakage-free 
polyelectrolyte enables sensing with an adequate pressure resolu-
tion, a wide working range, and high stability of the signal in long-
term measurement. Our study shows that polyelectrolyte is a desired 
active material for LC pressure sensing. Drift-free (0.4% drift ratio 
in fr) and wide-range sensing aside, it also provides signals with a 
high Q factor, a high SIR, and a large detectable change in f

r
. By 

contrast, ionogel-based sensors, although being highly sensitive, 
suffer from signal drift (20% drift ratio in fr), a low Q factor of 8.6, 
and poor robustness to environmental interferences (or a low SIR of 

18); and traditional dielectric-based sensors present disadvantages 
of a small frequency shift ratio Δf

r
∕ f

r0
 of 2% over full scale and a 

narrow working range (60 kPa) that is insufficient for orthodontic 
pressure sensing. The properties of the three types of sensors are 
compared in Table 1.

Overall, we provide a wireless sensing technology that can accu-
rately measure pressure and torque over a broad range. Although we 
demonstrated only orthodontic pressure and torque measurement in 
this work, the polyelectrolyte-based wireless and drift-free LC sen-
sors are expected to be used in many other applications, including 
wearables for health care, robot haptics, and consumer electronics.

MATERIALS AND METHODS
Synthesis of P(VBIM-TFSI) polyelectrolyte
For the synthesis of the polyelectrolyte, 2.0 g of [VBIM][TFSI] (99%; 
Adamas) was blended without (noncrosslinked) or with (cross-
linked) 0.5 g of crosslinker TDE (Aladdin, 98%), along with 0.02 g of 
ethyl phenyl(2,4,6-trimethylbenzoyl) phosphinate (Macklin, 97%) 
serving as the initiator. The precursor mixture in each group was 
thoroughly stirred and shaken for 2 min. Next, the precursor of the 
polyelectrolyte was casted in a mold, which was created by placing a 
0.1-mm-thick PDMS spacer between two pieces of polyethylene 
substrates. The precursor was cured under ultraviolet light (Analytik 
Jena, UVP CL-1000 Crosslinker) for 1 hour. After curing, the cured 
polyelectrolyte was immersed in alcohol for 5 min to remove unre-
acted monomers.

Synthesis of micro-structured 
PVDF-HFP/[EMIM][TFSI] ionogel
PVDF-HFP (Arkema, Kynar Flex 2801) of 1.0 g was dissolved in 9.0 g 
of acetone and stirred at 80°C for 30 min. Next, 3.0 g of [EMIM]
[TFSI] (99%; Aladdin) was added to the mixture and stirred for an-
other 30 min at 80°C. The mixture was then casted on an Ecoflex 
00-30 template with microstructures templated from an abrasive 
paper, cured at room temperature for 2 hours, and heated at 40°C for 
2 hours for acetone evaporation. Last, the microstructured PVDF-
HFP ionogel was peeled off from the template.

Structural, mechanical, and electrical characterization 
of polyelectrolyte
The chemical information of the polyelectrolytes was characterized 
using the following methods. First, wide-angle x-ray scattering was 
performed using a Xeuss 2.0 system (Xenocs) with a Cu-Kα x-ray 
source (wavelength: 0.154 nm). The scattering patterns were detect-
ed using a Pilatus 300K detector with a pixel size of 172 μm, and the 
sample-to-detector distance was set to be 88 mm. Raw data were 
processed using Foxtrot software. The glass transition temperatures 
of the polyelectrolytes were characterized using differential scan-
ning calorimetry characterization (NETZSCH DSC214) under a 
nitrogen atmosphere, with a gas flow rate of 30 ml·min−1. The tem-
perature was increased from −80° to 200°C at a rate of 10°C·min−1. 
All mechanical characterizations were conducted using an Instron 
E1000NL mechanical testing machine equipped with a 500 N of 
load cell, unless stated otherwise. For the tension test, specimens 
were prepared in a dumbbell shape with a width of 2.0 mm and a 
thickness of 1.0 mm to record their stress-strain curves. The applied 
force was measured by the aforementioned force gauge at a strain 
rate of 50 mm min−1. In the compression test, samples were shaped 
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Fig. 5. In vivo orthodontic pressure and torque measurement. (A) Sensory system for orthodontic pressure and torque measurement. A nanoVNA was used to mea-
sure the S11 spectrum for portability purpose. (B and C) Diagram of the two subjects with (B) overbite and (C) crossbite tooth conditions. (D) Photograph of subject A 
wearing an aligner with two LC pressure sensors on the two incisors. Scale bar, 1 cm. (E and F) Orthodontic pressure measurement of the two incisors of subject A over 
14 days during overbite treatment. Panel (E) shows the measured resonant frequencies of the two LC pressure sensors, and panel (F) shows the calculated orthodontic 
pressure over time. (G) Finite element analysis of stress distribution on the teeth and the alveolar bone of subject A during the overbite treatment. (H) Photograph of 
subject B wearing an aligner with a LC torque sensor on an incisor. Scale bar, 1 cm. (I and J) Orthodontic torque measurement over 14 days for crossbite treatment. Panel 
(I) shows the measured resonant frequencies of the LC torque sensor, and panel (J) shows the calculated orthodontic torque over time. (K) Finite element analysis of stress 
distribution on the teeth and the alveolar bone of subject B during the crossbite treatment.
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into circular specimens with a diameter of 5 mm. A force control 
mode was used to maintain a stress level of 200 kPa for a duration of 
10 hours, and the stress and strain data were recorded.

Electrochemical impedance spectroscopy measurement was per-
formed using a perturbation of 5 mV over a frequency range of 1 Hz 
to 1 MHz on a CorrTest electrochemical workstation. The data were 
analyzed using ZView software to calculate the equivalent circuit. 
The sample was photocured in situ between two indium-tin oxide 
(ITO) glass substrates, with electrical connections established be-
tween the substrates and the electrochemical workstation. Dielectric 
loss data were measured using an Agilent E4991a instrument over a 
frequency range of 1 to 1000 MHz.

Processing and assembly of sensors
The microstructured template was first prepared by casting blended 
silicones of Ecoflex 00-30 and dragon skin 20 (Smooth-On) in a 
mass ratio of 3:2 onto a piece of commercial abrasive paper (#10000). 
After 10 hours, the cured silicone was carefully peeled off and used 
as the template for the formation of microstructured polyelectrolyte, 
which was cured by casting its precursor and exposed to ultraviolet 
light (Analytik Jena, UVP CL-1000 Crosslinker) for 1 hour. After-
ward, the microstructured polyelectrolyte was cut to small circles 
with a diameter of 2 mm.

An LC sensor consisted of five layers: PDMS, PI-Cu, polyelectro-
lyte, PI-Cu, and PDMS. The coiled electrodes of PI-Cu (dimensions 
of 6 mm by 6 mm) were made using a laser cutter (laser wavelength: 
355 nm; Beyond Laser) with a power of 2.8 kW and a scanning 
speed of 0.12 m·s−1. The patterned electrodes with coils were then 
transferred using a water transfer tape, with the PI side being plasma 
treated at 50 W for 30 s. The PDMS encapsulation layer was also 
plasma-treated in the same condition. The treated surfaces of the PI 
layer and PDMS were then bonded together and placed on a heating 
plate for 10 min for enhanced adhesion. The polyelectrolyte circle 
was placed on one half of the Cu-PI-PDMS layer and contacted to 
the Cu side of a PI-Cu electrode. The trilayer was then subjected 
to plasma treatment for 30 s and folded along its short middle 
axis to form a five-layered, bonded sensor (figs. S16 and S29).

Cytotoxicity characterization assay
An LC sensor of 20 mg in weight was incubated in 1.0 ml of Dulbecco’s 
modified eagle medium (DMEM; Gibco, USA) supplemented with 
10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin 
(Gibco) for 24 hours at 37°C. An untreated DMEM medium was 
used as a control group. HAFs and HUVECs were seeded at a density 
of 5 × 104 cells per dish (three dishes per group) in confocal culture 
dishes with a diameter of 20 mm. The cell cultures were then placed 
in a 37°C incubator with 5% CO2 for 24 hours. Cell viability was 
assessed using the LIVE/DEAD Viability/Cytotoxicity Assay Kit 

(Thermo Fisher Scientific) for mammalian cells. Laser confocal mi-
croscopy (SP8 Confocal) was used for excitation/emission imaging 
at 494 nm/517 nm and 517 nm/617 nm to visualize live cells. The 
number of live cells (stained with Calcium-AM) and dead cells 
(stained with PI) was determined using ImageJ 1.8.0 software to 
quantify cell viability.

Characterization of iontronic capacitors and LC sensors
The microstructures of P(VBIM-TFSI) polyelectrolyte and the cross 
section of the sensor were examined using scanning electron mi-
croscopy (Hitachi SU8230). Capacitance values of different sensors 
were measured using an inductance-capacitance-resistance (LCR) 
meter (E4980AL, Keysight) under 1.0 V and 1 kHz, unless other-
wise noted.

The cyclic compression test of the sensors was conducted using a 
mechanical testing machine (Instron E1000NL). For static compres-
sion test, a 0.2-kg weight was placed on the sensors for a duration of 
10 min or 10 hours. The capacitors were connected to the LCR me-
ter to measure the capacitance over time. For wireless sensors, a 
VNA (E5071C, Keysight) with a flat pad antenna was used to collect 
the S11 spectrum with 1601 sweep points (fig. S30). The readout sys-
tem (VNA) was powered by a battery or an alternating current. The 
sensors were attached to an aligner fragment with curved surfaces to 
mimic teeth (fig. S18). Curved antennas were used for data acquisi-
tion to test on tooth models and actual human teeth.

Wireless sensing in a tooth model
The measurement system consists of a VNA, a testing scaffold, a 
reading antenna, a computer, and a MATLAB application. The read-
ing antenna was connected to the VNA with a coaxial transmission 
line, and the computer was linked to the VNA via a Virtual Instru-
ment Software Architecture (VISA) interface. The S11 parameter 
measured by the VNA was recorded and calculated by the MATLAB 
application on the computer.

The aligners were created by hot pressing a tooth model without 
displacement or rotation. The LC sensors were fixed to the inner 
side of the aligner with silicone. The tooth models were categorized 
into three groups: The first group involved a single tooth with nor-
mal offset of 100, 150, 200, and 300 μm. The second group included 
a single tooth with rotations of 2°, 4°, 6°, and 8°. In the third group, 
six incisor teeth of the models displaced simultaneously with a nor-
mal offset of 200 μm. Data were collected using antennas fitted to 
the aligners, and each group underwent three tests, followed by sta-
tistical analysis.

Wireless sensing on human teeth
The tests on human teeth were approved by the Medical Ethics 
Committee of the Southern University of Science and Technology 

Table 1. Comparison in sensing properties of polyelectrolyte-, ionogel-, and ion-free dielectric-based LC sensors. N, No; Y, yes.

Material Q factor (tested 
under 140 kPa)

SIR Sensing range Drift ratio in fre-
quency

𝚫f
r
∕f

r0
Suitable for ortho-

dontic load test?

Ionogel 8.6 18 0–1 MPa 20% 13% N

 Polyelectrolyte 54 49 0–650 kPa 0.40% 28% Y

Ion- free dielectric 76 31 0–60 kPa 6% 2% N
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under no. 20230098. The subjects were informed with the testing 
process and possible consequences, and all signed with an informed 
consent. No symptoms, such as oral ulcers, were found.

Subject A was with overbite. During the straightening, the teeth 
were gradually moved inward with a step of 100 μm. Subject B was 
with crossbite. During the treatment, the tooth was gradually ro-
tated along the middle axis with a step of 2°. The NanoVNA system’s 
read distance was about 1 cm, comparable to a traditional VNA. The 
antenna holder kept the lips apart during testing, ensuring accu-
rate readout.

Patients wearing a plastic aligner was asked to remove the aligner 
during activities of eating and oral hygiene practices. The aligner 
was cleaned before wearing it again. Furthermore, our device was 
encapsulated in a PDMS layer, providing effective protection against 
food debris, ensuring that the sensor’s internal components remain 
unaffected during operation. Data were collected at three specific 
time points a day via coil coupling.

Finite element analysis of dental orthodontics
Electromagnetic simulation software (Ansys Electronics Desktop, 
2023) was used to simulate the S11 parameter of the sensors. A simpli-
fied oral model was constructed in the software, including alveolar 
bone, teeth, aligners, and sensors. The parameters of the organization 
are listed in table S2.

Mechanical simulation software (Ansys Workbench, 2021) was 
used to simulate the stress on teeth and alveolar bone during the 
orthodontic process. A simplified orthodontic model was built, 
including alveolar bone, tooth, and sensor, where the sensor was 
treated as a rigid body. The mechanical parameters of the compo-
nents are shown in table S2. The mechanical data obtained from the 
orthodontic experiment were used as the initial condition input for 
the simulation.
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