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A wearable triboelectric impedance tomography
system for noninvasive and dynamic imaging of

biological tissues
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Tissue imaging is usually captured by hospital-based nuclear magnetic resonance. Here, we present a wearable
triboelectricimpedance tomography (TIT) system for noninvasive imaging of various biological tissues. The imag-
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ing mechanism relies on the obtained impedance information from the different soft human tissues. A high-
precision signal source is designed on the basis of a composite triboelectric nanogenerator, which exhibits a
minimal total harmonic distortion of 0.03% and a peak output signal-to-noise ratio up to 120 decibels. The current
density injected into human skin is around 79.58 milliamperes per square meter, far below the safety threshold for
medical devices. The TIT system achieves time-resolved tomography of human limbs’ soft tissues, and many ap-
pealing functions can be realized by using this wearable system, including the observation of muscle movement,
the motion intention recognition, and the identification of pathological changes of soft tissue. Hence, this TIT
system with excellent biocompatibility can be integrated with various devices, such as medical-assistive exoskel-

etons and smart protective suit.

INTRODUCTION
Imaging soft tissue within organisms holds notable promise for
evaluating the prolonged physiological or pathological states, as
well as for facilitating tailored clinical management and rehabilita-
tion interventions of patients (I1-4). Currently, the mainstream
technique for noninvasive imaging, such as magnetic resonance
imaging (MRI) and computed tomography (CT), encounter the
limitations of excessive volume, heavy weight, high cost and high
energy consumption, despite their advantages in detection accu-
racy (5-11). With the escalating demand for point-of-care testing,
wearable human body monitoring technologies have garnered
increasing attention on account of the characteristics of portability,
lightweight construction, and customizable features (12-15). For
example, ultrasound imaging devices targeting the heart and breast
(1-3, 16, 17), along with magnetic induction tomography sensitive
to intracranial hemorrhage (18-20), have been reported as typical
wearable imaging device. Nonetheless, these devices also confront
various challenges, including the coupling media intervention,
signal distortion stemming from skin strain and so on (4, 21-23).
More importantly, due to the inherent differences in tissue compo-
sition and physiological states, it is difficult to achieve compre-
hensive, all-encompassing detection only by using one kind of
wearable imaging device (24, 25). Therefore, it is still quite necessary
to keep developing wearable imaging devices based on diversified
imaging mechanisms.

Electrical Impedance Tomography (EIT), used for recon-
structing the spatial distribution of electrical properties within
specific domains, also constitutes a distinctive research branch of
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biomedical imaging (4, 26-30). Although the possibility of
desktop-based EIT instruments for human organ monitoring has
been validated by previous work, the development of wearable
and potable EIT devices for dynamic tissue imaging still con-
fronts several fundamental challenges, including the frequency-
dependent internal resistance of the current source, cross-talk
induced by device miniaturization, and parasitic capacitance
effects (31-35). More importantly, high-quality imaging in EIT
should be achieved by amplifying the current injection, while the
excessive current stimulation on skin can also induce neurologi-
cal or muscular damage (36-38). Hence, the image quality of EIT
is relying on the low-noise and high-fidelity hardware design,
with the primary difficulties lying in the preparation of a current
source having outstanding load adaptability and signal quality.
On the other hand, the triboelectric nanogenerator (TENG)
technology has undergone remarkable development in the past
decade (39-44). The intrinsic properties of ultralow current out-
put and highly controllable transferred charges of TENG enable
the emergence of various bioelectronic devices with superior
biocompatibility (45-50). In this case, the combination of TENG
electrostatic energy and imaging algorithm of impedance tomog-
raphy may initiate a different strategy for wearable tomogra-
phy system.

This work proposes a wearable triboelectric impedance tomogra-
phy (TIT) technique for monitoring human soft tissues with detec-
tion current at microampere level. A high-precision electrostatic
signal source (HESS) based on the composite TENG is designed for
providing high-quality probing electrical signal with excellent
biocompatibility for this TIT system, while the fine impedance
analysis can be achieved with a current signal far below the safety
standards for medical devices. The total harmonic distortion (THD)
of HESS current reaches 0.03%, and its current variation rate drops
to 0.01%. This signal quality has never been realized by the pre-
viously reported TENG device. On the basis of this TIT system,
the wearable temporal imaging of human limb soft tissues is
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accomplished. The dynamic observation of muscle movement and
motion intention identification in limb can be achieved, while the
tiny abnormal lesions in deep tissues can also be distinguished by
the cross-sectional image obtained from TIT device, such as micro-
fracture. With superior biocompatibility and lightweight design,
this TIT device can be integrated with medical-assistive exoskele-
tons or smart protective suit for diversified applications, including
soft tissue kinematic analysis, deep lesion monitoring, and even
rehabilitation treatments.

RESULTS

As depicted in Fig. 1A, this work introduces a TIT system for soft
tissue imaging in limbs. From the hardware perspective, the TIT
system is consisted of the HESS for signal generation, the electronic
skin (e-skin) as the detector, and a microcontroller for data process-
ing. The impedance feedback information, in response to injected
current, is collected by e-skin, and the time-variant conductivity im-
ages of various soft tissue can be rapidly produced by data process-
ing module. The impedance model of biological tissues, tailored to
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Fig. 1. Overview of the design scheme and system components for the TIT system for soft tissue imaging of limbs. (A) The design philosophy operational principles,
and comparative analysis with imaging results of the TIT system. (B) Operational mode of TIT and the derivation of impedance models pertaining of human tissue, where
“I"and "V" represent the controlled current source and the measuring voltmeter, respectively. (C) The comprehensive framework delineation and data processing strate-

gies used in the TIT system.

Yang et al., Sci. Adv. 10, eadr9139 (2024) 20 December 2024

20f13

G20z ‘9z Afenige4 uo S0 ‘sweisAsoueN pue ABssusoueN Jo ainisu| Builieg e Hio'aousios'mmmy//:sdiy wolj papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

the physiological structure of the human body, is crucial for image
reconstruction. The impedance network is formed by the cou-
pling connection between two fundamental impedance elements
[electrode-skin (A) and internal tissues (B)] (Fig. 1B). As for imped-
ance element A, the resistance (Rg.g) and capacitance (Cg.g) between
the electrode-skin surfaces, as well as the electrode resistance (Rgje),
are decided by the contact conditions between the electrode and the
skin. Impedance element B depicts the impedance of the internal
soft tissue, where the resistance (Rr;s) and capacitance (Crj) of the
tissue at the sensing location are related to the tissue type and state.
Therefore, physiological or pathological variations in tissues alter
the mentioned electrical parameters, causing changes in regional
impedance, which can be mapped to boundary voltage. The four-
terminal measurement mode, selecting two adjacent electrodes as
current injection points and collecting voltage signals sequentially
from all the other adjacent electrode pairs, is applied for the acquisi-
tion of conductivity information (Fig. 1B). By altering the current
injection strategy and performing dc injection using a opposite elec-
trode pair, the characteristic curve containing the absolute capaci-
tance value of human tissue can also be obtained (Fig. 1B). The
overall design scheme of the TIT system is illustrated in Fig. 1C,
where eight electrodes are integrated onto the e-skin and intercon-
nected via flexible circuits and a microcontroller. The processing of
collected physiological information is primarily carried out on the
host computer, achieving functions such as image reconstruction
and machine learning-based classification.

The e-skin attached on human body for signal output and data
acquisition is depicted in fig. S1, including a four-layer functional
architecture—encapsulation layer, supporting layer, conductive net-
work, and adhesive layer (see Materials and Methods and figs. S2 to
S4 for preparation procedures), with the total thickness less than
10 pm. The patterned conductive network, including contact
electrodes and serpentine transmission lines, are fabricated by
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS)-polyurethane-silver nanowires (AgNWs) (PPPA).
The remaining three functional layers use the polyvinyl alcohol/chi-
tosan (PVA/CS) solution as the foundational material, due to its
exceptional biocompatibility and intrinsic antimicrobial attributes
(51, 52). Nevertheless, diverse treatment methods are implemented
to accommodate the distinct functionalities across these layers, such
as the hydrophobic treatment to the encapsulation layer (fig. S5).
The e-skin on the human body can efficiently respond to mechanical
deformations of the skin, and the modification of its key dimen-
sional parameters allows adaptation to different subjects (fig. S6).
Temperature is considered the critical factor for activating the adhe-
sion layer, which is deemed fully activated only upon the comple-
tion of its phase transition. Therefore, the activation time of the
adhesion layer can be equated to the phase transition time.
Temperature-responsive analysis and thermal images of the PVA/
CS solution reveals the negative correlation between the activation
time of the adhesion layer and ambient temperature (Fig. 2A and fig.
S7). The inset indicates an average activation time of 1 min for the
adhesion layer on human skin, which can meet the requirements of
wearable testing (Fig. 2A). The tensile strength, shear strength, and
interfacial toughness between PVA/CS and porcine skin are 53.16 kPa,
72.76 kPa, and 2.49 ] m~2, respectively (fig. S8). The adhesion
strength between the PVA/CS and porcine skin is enough to provide
reliable adhesion within 500 min (fig. S9). Sweat secretion bring on
influence to adhesion force, and this measurement is investigated
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through the independently designed simulated sweating device, as
detailed in fig. S10 and note S1. Furthermore, the comparison of the
breathability and long-term sensitization assessment of the PVA/CS
film demonstrates the excellent biocompatibility and low immuno-
genicity of the prepared e-skin (figs. S11 and S12). Figure 2B sug-
gests a notable improvement in PPPA conductivity with higher
aspect ratio AgNWs, reaching 12,000 S cm™" at a ratio of 1:1.2.
Comparison with PEDOT:PSS-based conductive materials modi-
fied by various approaches highlights the optimal conductivity
achieved through this specific preparation method (table S1). How-
ever, further increasing the ratio is limited, as it heightens risk to
cracking during fabrication process (fig. S13). In addition, the adhe-
siveness of the PPPA material ensures reliable electrical signal
transmission with biological tissue (fig. S14A). On the other hand,
mechanical deformations, such as stretching or bending, may
change the electrical performance of the conductive network (fig.
S14, B and C), while temperature and humidity also influence PPPA
conductivity as environmental variables (fig. S15). A mere 15.51%
increase in resistance is observed up to 20,000 bending cycles, indi-
cating good reliability. Figure 2C illustrates a substantial decrease in
the e-skin’s contact impedance on the human body compared to the
commercial Ag/AgCl gel electrode, reaching a minimum of only
35% of the gel electrode’s impedance (see fig. S16 for test method).
Compared with the reported PEDOT:PSS-based electrodes, the
normalized contact impedance between PPPA and skin also reaches
a very advanced level in this field (table S2).

The structure design of the HESS with a total weight of 105 g are
depicted in fig. S17, where a composite TENG is designed to provide
stable and highly controllable probing current. In this composite
TENG, the output charge from the dc TENG is not only transferred
for independent output to auxiliary diagnosis and integration with
other medical devices but also transmitted to the ac TENG to
amplify and stabilize the final output current (see Materials and
Methods for manufacturing procedures). Figure S18 illustrates the
detailed structure of this composite TENG system, where the chal-
lenges of prolonged response times, poor stability, and low interfer-
ence resistance of traditional ac TENG can be solved by the charge
injection form dc TENG into the ac component (see fig. S19 and
note S2 for the detailed principle of composite TENG). This study
proposes a dynamic balance strategy for the HESS to quantitatively
optimize its electrical characteristics (see fig. S20 for details of dy-
namic balance strategy). This strategy, consisting of hardware de-
sign and operational adjustments, also exhibits substantial potential
for all the other TENGs devices. First, aliquid medium, perfluorotri-
N-butylamine, with a relative dielectric constant exceeding 40,
replaces the air medium of TENG to eliminate the influence of parasitic
capacitance (fig. S21; see note S3 for implementation method). After
integrating the liquid medium, the root mean square (RMS) ripple
of the dc TENG remarkably decreases (see note S4 for RMS ripple
and ripple coefficient), effectively enhancing the source’s filtering
capability (fig. S21). Figure 2D illustrates the correction of opera-
tional imbalance of HESS, playing a pivotal role in minimizing rip-
ple. Reducing operational imbalance factor from 1.02 to 0.1% results
in an 88.69% decline in RMS ripple of the output voltage (fig. S22;
testing and calibration methods are details in note S5). Further-
more, the dielectrics and electrode area also impact the performance
of the electrical signal (figs. S23 and S24). For easy integration, the
angle of the dielectrics is determined as 40°, the electrode angle is
set at 5°, and other components are optimized with respect to these
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Fig. 2. Design scheme of e-skin and electrical parameter characterization of HESS. (A) The activation time of the adhesion layer at different temperatures. Inset:
Activation time of the adhesion layer placed on human skin at different time points. (B) The electrical conductivity (c) of the PPPA as a function of AgNW solution concen-
tration and the length of AGNWs. The inset illustrates scanning electron microscopy images of the PPPA. (C) Comparison of the contact impedance between the e-skin and
commercial AgCl/Ag electrode. (D) Instrumentation photos used for measuring and calibrating the operational imbalance of the HESS. The enlarged image displays
physical photographs of the HESS. (E) Full spectrum of the current output from the HESS, ranging from 2 to 200 Hz with amplitudes between 4 and 5 pA. (F) Frequency
response characteristics of the THD and OSNR of the ac signal. (G) The derivative curve obtained from the power curve of HESS, whose intersections with 0 correspond to
the output resistance. The inset depicts the output resistance corresponding to different thicknesses of polytetrafluoroethylene (PTFE). (H) Human impedance (2) distribu-
tion measured with the TIT principle. (I) The change in current amplitude of the HESS when loaded onto the human body at different operating frequencies. Each set of

results is based on 100 data points. kQ, kilohm; M, megohm.

parameters. At the motion frequency of 50 Hz, the dc output of
TENG achieves a high nominal voltage of 13 kV and a low current
of 4.3 pA, with a ripple coefficient as minimal as 0.63%, while main-
taining a ripple coefficient below 5% across the bandwidth (figs. S25
and S26). Comparing with a commercial high-voltage dc power
supply, the ripple coefficient in this dc TENG at the same nominal
voltage is only 57% (fig. S27).

On the basis of the charge injection driven by the high reverse
resistance between dc and ac TENGs (fig. S28; see note S6 for test
method), the short-circuit charge is increased by 148%, effectively
addressing the slow startup issue associated with the absence of
charge injection and remarkably enhancing signal quality (fig. S29).
Through structural design and the implementation of a flexible con-
tact strategy using rabbit fur and polytetrafluoroethylene (PTFE) as
dielectrics, the risk of signal interruption due to surface wear in the
rotating TENG is mitigated (fig. S30). The amplitude spectrum of
the current signal indicates that the current intensity remains within
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4 to 5 pA, exhibiting the weak frequency dependence particularly in
the 20- to 200-Hz range (Fig. 2E), while, at higher frequencies, the
current amplitude demonstrates a frequency-independent response
due to reaching saturation (fig. S31). The results from Fig. 2F dem-
onstrate that the overall THD of ac signal is below 1.2%, with a min-
imum of 0.03%, indicating a negligible impact of non-fundamental
frequency components. In addition, the signal noise remains at an
extremely low level, with an output signal-to-noise ratio (OSNR)
exceeding 110 dB and reaching a peak of 120 dB (Fig. 2F) (see fig.
S$32 and note S4 for calculation details). When the installation posi-
tion of the HESS is altered, the changes in the output signal are min-
imal, with the OSNR declining by only 2.44%, which is sufficient to
ensure the normal functioning of the imaging capabilities of the TIT
system (fig. S33).

The internal resistance of the current source is a key parameter
related to the imaging quality. The composite TENG effectively
addresses the fundamental challenge in circuit-based EIT systems—the

40f13

G20z ‘9z Afenige4 uo S0 ‘sweisAsoueN pue ABssusoueN Jo ainisu| Builieg e Hio'aousios'mmmy//:sdiy wolj papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

frequency response issue of the internal resistance in circuit-based
current sources (53-56)—leading to a notable improvement in
signal quality (fig. S34 and note S7). The modulation of the output
resistance is implemented by controlling the thickness of PTFE with
a positive correlation (Fig. 2G). Considering measurements of
human body impedance (Fig. 2H; see fig. S35 and note S8 for test
method), the internal resistance of the AC-TENG is constrained to
a minimum of 50 megohms (thickness, 50 pm) within the frequency
bandwidth (Fig. 2G and fig. $36). Consequently, when connected to
the human body, the HESS exhibits a minimum output current vari-
ation rate of only 0.02% (Fig. 2I). The operational stability, noise,
temperature, and vibration performance of the HESS are further
examined to validate its long-term reliability as a component in the
TIT device (fig. S37). Furthermore, the characteristics of the com-
posite TENG and circuit-based current sources are compared (table
S3), highlighting the advantages of using the composite TENG as a
current source (see fig. S38 and note S9).

The microcontroller, featuring 64 data acquisition channels, is
compactly designed at 5 cm by 5 cm and 34 g (fig. S39). To address
the mismatch issues between electrostatic signals and electronic cir-
cuits, a state-adaptive resistance scheme is proposed (see note S10
for details). The collected time-domain signals are sent to the host
computer via Zigbee for data processing (refer to note S11 for pro-
cessing scheme). The time-frequency comparison of the voltage
measured from the different instruments exhibits the reliability of
the microcontroller measurements (fig. S40). For the image recon-
struction of conductivity, the one-step Gauss-Newton (OGN) meth-
od is selected as the underlying framework, and a Gaussian high-pass
filter is introduced as a regularization operator to enforce a unique
estimation of the conductivity distribution based on boundary volt-
age. The final expression of the combined solving equation can be
represented as

A9=(J"C"CJ+ F"FF"F)"'J'CTCV

where A9 represents the conductivity change between two time
points; J and F are the Jacobian matrix and filter matrix, respec-
tively; C is the covariance matrix of the measured voltage values; A is
the regularization parameter; and V is the measured voltage change
on the electrodes at the boundary (see note S12 for the derivation
process). To mitigate characteristic features such as blurring, arti-
facts, and inaccurate phantom boundaries in image reconstruction
from underlying algorithms, a six divine fires (SDF) algorithm is
proposed and combined with a OGN algorithm, resulting in the
construction of the SDF-OGN algorithm (see fig. S41 and note S13
for algorithm flowchart and details). In comparison to OGN meth-
od, the simulated images reconstructed by the SDF-OGN algorithm
exhibit visually clearer shape boundaries while effectively suppress-
ing artifacts (fig. S42A). This enhancement is further evidenced by
the notable improvement in the quantitative metrics [RMS error
(RMSE), structure similarity index measure (SSIM), peak signal-to-
noise ratio (PSNR), and image correlation coefticient (ICC)] of the
images reconstructed using the SDF-OGN method (table S4; see
note S13 and fig. S42B for data training and validation). Further-
more, the comparison of the SDF-OGN algorithm’s imaging results
with those from reported linear approximation-based differential
imaging algorithms demonstrates its superiority across all evalua-
tion metrics, highlighting its critical contribution to the advanced
capabilities of TIT devices (see table S5).
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The tank model, with deionized water as the homogeneous me-
dium and eight evenly spaced electrodes along the circumference, is
applied for evaluating imaging quality and detection limits of this
TIT system (Fig. 3A). Channel consistency in the open field is
shown in fig. S43A, where each set of 40 date points forms eight
stable U-shaped curves. Because of the superior data stability after
processing (see fig. S43B for processing flow), frequency slice wave-
let transform emerges as the preferred data preprocessing choice for
image reconstruction (fig. $43C). The kernel density distribution of
the relative SD (Rgp) shows that, in 10,000 repeated experiments,
differences in Rgp among channels are generally centered around
0.09 to 0.1%, exhibiting excellent repeatability (fig. S43D; see note
S14 for calculation detail). The system signal-to-noise ratio (SSNR),
serving as a fundamental performance metric for evaluating the TIT
system, is influenced by contact impedance (note S14). In the tank
model, TIT with copper electrodes averages 104.6-dB SSNR, while
PPPA electrodes also yield 102 dB (Fig. 3B).

In this study, all a priori information is inverted through the
measured values to deal with poor adaptability and high error rate
when directly measuring such information (see fig. S44 and note
S15 for implementation steps). Figure 3 (C and D) and fig. S45 (A
and B) present the image reconstruction results for different current
injection frequencies in the tank model, confirming the reliability of
target imaging through the distribution of ICC (Fig. 3E). For single-
target imaging, in terms of actual perceptual effects, imaging perfor-
mance reaches its optimum at 50 Hz (fig. S45C). In addition, the
amplitude response with a distribution range close to 1 illustrates
robust image reconstruction (fig. S45D and note S14). Figure 3F in-
dicates that, under 200 repetitions, the system’s average imaging ac-
curacy can reach 98.18% (see note S14 for computational details),
while the system exhibits a maximum achievable temporal resolu-
tion of 0.8 fps (Fig. 3G). In 200 experiments, the position error and
RMSE distribution of the reconstructed image and the original im-
age reach 0.147 and 0.012, respectively (Fig. 3H and note S14). How-
ever, compared to single-target imaging, both SSIM and PSNR are
reduced in multi-target imaging (fig. S45E), and a decrease in exci-
tation current further leads to a continuous decline in the SSNR and
imaging quality (fig. S45F). Figure S46 shows that the minimum
detection limit of the TIT system at the center position is effective
for objects with a diameter of 1 mm, thereby defining the highest
achievable spatial resolution of the TIT system at 1 mm/50 mm.
Further mapping the spatial resolution onto conductivity, it can be
deduced that the detection limit of the TIT system for cross-
sectional conductivity variations is 0.0075 (see note S16 for calcula-
tion method). Therefore, in the dynamic imaging process of the tank
model, the TIT system exhibits excellent robustness and operational
stability (movie S1). In addition, the three-dimensional (3D) imag-
ing with the TIT system is also contemplated. In contrast to tradi-
tional 3D tomographic scanning methods with multiple electrode
layers, TIT prioritizes target objects, overcoming axial size limita-
tions and reducing circuit complexity. Compared with the actual
target, the volumetric error of the reconstructed target is only 5.26%
(fig. S47; see note S17 for 3D reconstruction process).

By applying the TIT system to biological tissue measurements,
the injected current frequency is controlled to be above 100 Hz (57-59).
Relying on the inherent low current characteristics of HESS, the TIT
system demonstrates a great advantage compared to other systems
(table S6). The current density injected into the human body is only
79.58 t0 99.47 mA m™ 2, notably below the safety current thresholds
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Fig. 3. Image reconstruction of targets in water tanks and evaluation of imaging results. (A) Photograph of the tank model. (B) SSNR exhibited by the TIT system with
different electrode configurations with each test repeated 200 times. IQR, interquartile range. (C and D) The reconstructed images of single and multiple targets in the
water tank using the TIT system, including results obtained with two injection currents of 2 and 200 Hz. In the test, the homogeneous polypropylene rod is selected as the
detection target. (E) The ICC comparison for the reconstructed images of single-target and dual-target scenarios at different current injection frequencies. (F) Kernel
density map of the imaging accuracy demonstrated by the TIT system, with 200 test trials. (G) Temporal resolution of the TIT device in response to frequency. (H) Evalua-

tion of target position errors and RMSE in 200 tests.

stipulated by the IEC 60601 and GB 9706 standards for medical de-
vices. For internal tissues of human body, the cellular types and the
distribution of extracellular fluid substantially influence the electri-
cal conductivity of biological tissues. This is manifested in the tissue-
specific conductivity, such as fat (0.021 to 0.033 S m™ 1), blood (0.52
t0 0.83 Sm™}), and cerebrospinal fluid (1.79 to 1.81 S m™) (60, 61),
as well as the differential expression of tissue conductivity under
various physiological states, exemplified by approximately a 10%
change of conductivity during muscle transition from the steady
state to contraction (58, 59). These conductivity variations at the
measured cross section can be fed back to the TIT system through
boundary voltage, subsequently reconstructing the physiological
state changes. As shown in fig. 548, the imaging results of ex vivo
porcine tissue demonstrate the feasibility of the TIT device for iden-
tifying different biological tissue (muscle and fat).

In this case, TIT system can be configured on the human body
and used to reconstruct soft tissue images inside forearm (fig. $49;
see Materials and Methods section for human testing procedures).
Figure S50A illustrates the electrode arrangement and MRI image of
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reference action. When the hand changes from a clenched fist to
an extended index finger [Fig. 4A (i)], MRI shows marked muscle
changes in the abductor pollicis longus and extensor indicis mus-
cles, with small morphological alterations also in other tissues [Fig.
4A (ii)]. This phenomenon is also reflected in TIT images, where the
red indicates a decrease in tissue conductivity, corresponding to the
muscle contraction observed in the magnetic resonance imaging.
Conversely, the blue regions imply an increase in conductivity, po-
tentially attributed to muscle relaxation or tissue displacement [Fig.
4A (iii)]. The MRI and TIT systems reflect consistent locations of
major muscle contractions, while the morphological and displace-
ment changes of the radius and tibia, which are nearly negligible
during the motion, are not captured in the reconstructed images.
The numerical statistics provide insights for further analyzing
the contribution of tissues to motion, as well as for image recogni-
tion. The regional statistics of TIT images indicates that the maxi-
mum variation in the sum of pixels reaches —27.82 [Fig. 4A (iv)],
corresponding to the region of maximum muscle contraction (see
fig. S50B and note S18 for image segmentation methods). As the
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Fig. 4. Image reconstruction of upper limb movements by the TIT system and integration of the TIT system with medical-assistive exoskeleton. (A) The evaluation
results of the TIT system for extending the index finger. (i) Schematic diagram of movement. (ii) MRI result, with color blocks indicating regions where marked changes
occur. (i) The reconstructed images of the TIT system. (iv) Regional change statistics of the reconstructed images. (B) The changes in the internal tissue when the simul-
taneous extension of the index, middle, and ring fingers. (i) Schematic diagram of movement. (ii) MRI picture. (i) Reconstructed image. (iv) Regional change statistics.
(C) Physical photograph of the integrated exoskeleton, where the integrated unit is the integration of the HESS and microcontroller. Inset: System framework and logical
control description of the integrated exoskeleton. (D) The 12 motions (i to xiii) involved in the weight lifting experiment along with their reconstructed images. (E) The
boundary data for 12 distinct motions. (F) Schematic diagram of the GA-BP model. (G) Classification results of the GA-BP model on the motion datasets.
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extension of the index finger, middle finger, and ring finger [Fig. 4B
(i)], the prominent changes appear in the flexor digitorum profun-
dus muscle and adjacent vascular tissues [Fig. 4B (ii)]. This is mani-
fested in the TIT image as an increase in the conductivity of the
corresponding region, indicating relaxation of the associated tissues
in this area [Fig. 4B (iii)]. Figure 4B (iv) quantifies the variations in
each region and locates the region with the most substantial chang-
es. Figure S50C further characterizes MRI and reconstructed imag-
es when all fingers are fully extended. The dynamic imaging process
of hand movements validates the feasibility of the TIT system in
providing rapid feedback on internal soft tissue changes (movie S2).
The reconstructed images of internal physiological changes during
upper limb movements by the TIT system, depicted in fig. S51 (A
and B), demonstrate the system’s detection sensitivity to forearm
movements as low as 3° (fig. S51C). When hand movement is fur-
ther incorporated into upper limb motion, the reconstructed images
are depicted in fig. S51B. The boundary voltages for the above five
movements are illustrated in fig. S51D. Two hundred such sets are
continuously collected for each movement, which is randomly di-
vided into two groups (training, 160; and testing, 40). Importing
testing data into the particle swarm optimization and support vector
machine model results in the classification average accuracy of
94.4% (fig. S51E; see table S7 and note S19 for optimization details).
Furthermore, the TIT system also demonstrates the capability to de-
tect multiple various actions, including forearm rotation and exten-
sion (fig. S52), as well as strong environmental adaptability, ensuring
reliable imaging even when the human body is sweating (fig. S53).

Therefore, compared to the typical EIT systems (as shown in ta-
ble S6), the TIT device offers several distinct advantages. The TIT
device operates at substantially lower frequencies and excitation
currents, which is particularly beneficial for long-term monitoring.
The ability to maintain high imaging quality with such low excita-
tion current is a notable achievement, addressing a common chal-
lenge in traditional EIT systems. What is more, the TIT system
achieves a higher signal-to-noise ratio (SNR), which directly en-
hances the imaging quality. This improvement is crucial given the
low excitation current, as maintaining a high SNR under these con-
ditions is typically difficult. The system’s high-quality multimodal
signals not only enable the effective diagnosis of internal micro-
lesions but also support other functionalities in wearable devices.
The TIT device features a self-designed e-skin that effectively re-
duces the contact impedance between the electrodes and the skin.
This method minimizes interface effects and prevents electrode dry-
ing issues during prolonged monitoring sessions. Last, the TIT sys-
tem is engineered for reliable long-term stability. Its performance
not only meets but often surpasses that of conventional circuit-
based systems, ensuring consistent and dependable operation over
extended periods. In addition, the comparison between the TIT sys-
tem and typical wearable ultrasound systems is further summarized
in table S8.

Then, the TIT device is integrated with a medical-assistive exo-
skeleton to demonstrate its applicability (fig. S54; see note S20 for
the design scheme). The exoskeleton equipped with the TIT device
is shown in Fig. 4C, with e-skin attached to the forearm testing area.
The HESS and microcontroller, after integration, are mounted on
the exoskeleton through a quick-detach structure. The inset in
Fig. 4C illustrates the system framework and control logic of the
exoskeleton integrated with the TIT device. The user of the exoskel-
eton, such as myasthenia patients, intends to perform upper limb
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movements, and the related changes in muscles shape as well as the
triggered chain reaction in nearby tissues can all be identified by
the TIT system. Consequently, the established connection between
the TIT image and the wearer’s movement intention can guide the
medical-assistive exoskeleton to produce auxiliary force, which can
help the myasthenia patients to accomplish different movements.
The weightlifting experiment is conducted to assess the perfor-
mance of the integrated exoskeleton, with a load of 10.5 kg. The ex-
periment includes 12 movements, with their reconstructed images
shown in Fig. 4D, where the first movement is the reference action
[Fig. 4D (i and ii)]. When detecting the hand grip, the exoskeleton
remains dormant, indicating that the tissue changes do not provide
sufficient information to predict the next arm action [Fig. 4D (iii)].
However, when the conductivity of power-providing muscle further
decreases, although the weight is not actually lifted, the human
intention of movement mapped through soft tissue changes is cap-
tured by the TIT system [Fig. 4D (iv)]. This information causes
the exoskeleton to transition into the active state, leading to the
notable relaxation of relevant tissues [Fig. 4D (v)]. Throughout
the subsequent exoskeleton-assisted upper limb movements until
completion, the TIT system continuously transmits internal tissue
information back to the controller to assess the user’s motion inten-
tion [Fig. 4D(vi to xii)]. The data involving 12 movements is illus-
trated in Fig. 4E, and the movement dataset (80% allocated to the
training set) subsequently incorporated into the genetic algorithm-
optimized back-propagation (GA-BP) neural network. The GA-BP
network includes three layers with 40 neurons in the input layer,
18 neurons in the hidden layer, and 12 neurons in the output layer
(Fig. 4F). The average accuracy of the GA-BP model trained on
12 movements is 97.58%, demonstrating high recognition accuracy
and rapid convergence speed (Fig. 4G and fig. S55; see note S21
and table S9 for optimization parameters). Leveraging the intelligent
enhancement based on the GA-BP model, the integrated exo-
skeleton reliably provides force support aligned with the wearer’s
intentions (movie S3).

In contrast to conventional wearable sensors, the TIT system
not only can discern muscle movements but also can detect the
deep-seated pathological change of soft tissues. A 64-year-old fe-
male patient with forearm lipoma is invited for pathological tissue
detection. Lipoma is primarily composed of dense adipose tissue
[Fig. 5A (i and ii)], resulting in the electrical conductivity substan-
tially lower than that of other soft tissues (60). The reconstructed
images demonstrate the feasibility of TIT system in evaluating the
presence, location, and orientation of lipomas [Fig. 5A (iii)]. The
lesion area in the reconstructed images of TIT (depicted in black)
is slightly larger than that observed by MRI, which is attributed to
the lower threshold value selected for enhancing the compatibility
of the TIT system in lesion detection. In addition, the consecutive
comparison is conducted on the MRI and TIT images of the fore-
arms in both healthy volunteers and patients to evaluate the image
differences at different locations (movie S4). Figure 5B (i to vi) il-
lustrates cross-sectional images reconstructed by the TIT system
at various positions, with the starting point located 13 cm below
the elbow joint [Fig. 5B (i)] and the endpoint at the wrist joint [Fig.
5B (vi)]. Figure 5C (i) illustrates the 3D model of the lipoma con-
structed from the images in Fig. 5B, with the volume difference of
only 5% compared to the 3D model established by MRI (fig. $56).
As depicted by the integrated forearm model containing lipoma
and its cross-sectional images, the model exhibits high fidelity,
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Fig. 5. Reconstruction of images for forearm lipomas by the TIT system and evaluation of imaging results. (A) The MRl images of the patient, along with the images
reconstructed by the TIT system. (i) Coronal MRI graph. (i) Corresponding MRI cross-sectional images. (iii) Reconstructed TIT images, which reveals information such as the
presence, size, and location of lipomas. (B) The images at different positions (i to vi), with a longitudinal spacing of 4.5 cm. (C) The 3D model constructed from sectional
images. (i) Reconstructed 3D model of the lipoma, where (i) to (iv) correspond to six sectional images. (ii) Localization and morphology of the lipoma within the forearm

model. (jii) Cross-sectional images of the forearm model.

meeting the visualization requirements of pathological tissues
[Fig. 5C (ii and iii)].

Besides direct detection reserved for pathological tissues, the
TIT system also demonstrates efficacy in indirectly discerning sub-
tle injuries by identifying changes of interstitial fluid, owing to the
high conductivity of interstitial fluid (usually >1 S m™") readily de-
tectable by the TIT system (61, 62). A 15-year-old adolescent with
closed injury is invited to participate as a test subject [Fig. 6A (i)].
The skin does not manifest visible symptoms, with the patient re-
porting only mild discomfort. In the obtained results [Fig. 6A (ii to
iv)], Fig. 6A (iii) exhibits distinctive features, characterized by ele-
vated conductivity (depicted in blue). In this frame, the maximum
change in the target region is 17.03 (Fig. 6B). However, because of
the smaller size of the detection target, it is necessary to incorporate
absolute capacitance for further auxiliary discrimination to reduce
the probability of misjudgment. Unlike the differential mode of to-
mographic imaging, the absolute capacitance relies on the injected
current by dc TENG and avoids the impact of prior information
error (fig. S57; see note S22 for details). The composite TENG
can independently output high-quality dc signals, which facilitates
the implementation of this strategy. Because of differences in the
physiological tissues covered by each electrode pair, the capacitance

Yang et al., Sci. Adv. 10, eadr9139 (2024) 20 December 2024

values from the four channels exhibit distinctive features (movie
S5), and these values are also influenced by human motion (fig.
S58). According to absolute capacitance obtained from standard up-
per limb movements (fig. S59), the relative variation rate in channel
(iii) (2.37%) is substantially lower compared to that in the other
three channels, which implies the presence of substances, causing a
decrease in capacitance (Fig. 6C). X-ray imaging confirmed TIT sys-
tem test results, with cracks on the radius (length, 16 mm), implying
that fractures causing tissue exudation and cysts may be the primary
factors, leading to the increase in conductivity and corresponding
decrease in capacitance (Fig. 6D). Adjacent positions are measured
starting from the location of Fig. 6A (iii) to determine the axial
range of abnormal area. The results revealed that the length of the
abnormal tissue region in the axial direction reached 20 mm, slight-
ly exceeding the fracture area range provided by x-ray imaging
(Fig. 6E).

DISCUSSION

This study introduces a TIT system for imaging human soft tissues,
which relies on the analysis of impedance information of different
soft tissues and movable biological fluids inside human body.
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Fig. 6. The identification and reconstruction of pathological tissues caused by fractures using the TIT system. (A) The schematic diagram of TIT forearm testing (i)
and the images at the respective locations (ii and iii). (B) Regional variation statistics of the image in A(iii). (C) Comparison of capacitance values at the testing positions on
the left and right forearms of the patient, where 1-4, 2-3, 5-8, and 6-7 are the four electrode pairs (i to iv). (D) X-ray imaging of the patient’s left radius and ulna in the an-
teroposterior and lateral views. (E) Axial extent of the increase region in conductivity measured by the TIT system.

Combined with a tailored microcontroller and a machine learning-
optimized reconstruction algorithm, the calculated impedance dis-
tribution within the targeted cross section can be used to achieve
noninvasive imaging of biological tissues and identifying abnormal
tissues. The high-quality and biocompatible current signal source is
the core elements for the TIT system. A composite TENG with a spe-
cially designed dc-ac—amplifying strategy is proposed as the sweep-
ing signal source, where its current amplitude and output impedance
exhibit frequency-independent response characteristics after reach-
ing operational equilibrium. The signal source including TENG, mo-
tor, and controlling circuits is integrated into a module with the size
of 9 cm by 9 cm by 2 cm. Last, this HESS under the drive of the
composite TENG obtains a current intensity of 4 to 5 pA and exhibits
the minimal THD of only 0.03% and a peak OSNR of up to 120 dB.
These THD and noise parameters have never been realized by the
electrostatic power source based on TENG device. The current den-
sity injected into the human body is only 79.58 to 99.47 mA m ™2 with
only a 0.02% variation in output current, substantially below the
safety current thresholds stipulated by the IEC 60601 and GB 9706
standards for medical devices. If commercially available ac current
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sources want to obtain the similar level of high-quality and low-
intensity signals, then it requires a much more complex system.
Hence, the HESS based on the composite TENG is so far the best
option for this wearable impedance tomography system. The TIT
system demonstrated an average SSNR of 102 dB in practical testing,
achieving an unparalleled level in wearable impedance tomography
systems. Coupled with the SFD-OGN algorithm developed in this
work, the TIT system achieves a maximum measured spatial resolu-
tion of 1 mm/50 mm, and high-fidelity imaging results in an imaging
accuracy of 98.18% and an ICC of 0.9995. To our best acknowledge-
ment, the tomography of human limbs’ soft tissues has never been
reported before. In this case, the TIT system can distinguish the lift-
ing motion of the forearm around the elbow joint, with the mini-
mum detection angle as low as 3°. The integration experiments of
TIT system and medical-assistive exoskeleton indicate that the TIT
device efficiently identifies users’ motion intentions with the average
accuracy of 95.4%, guiding the exoskeleton to assist limb move-
ments. In addition to muscle movements, this TIT device can also
detect the deep-seated pathological change of soft tissues. The 3D
modeling results generated from the scanned impedance information
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of alipomas on the forearm using TIT system shows a volume differ-
ence of only 5% compared to MRI results. Combined with the abso-
lute capacitance analysis, the TIT system can briefly complete the
microfracture determination for a closed injury on the forearm, a
task that previous wearable EIT devices could not accomplish under
similar conditions due to the minute size of the lesions. This TIT
system introduces a promising approach for wearable soft tissue
imaging with superior compatibility and high integration, which
can support various promising applications in human-machine
interaction, exoskeleton-assisted therapy, outdoor medical care,
and so on.

MATERIALS AND METHODS

Preparation steps of e-skin

The fabrication of PVS/CS solution

PVA powder (P13954, Aladdin) was dissolved in pure water at 60°C
for 1 hour, followed by stirring at 100°C for 3 hours, to prepare a
10 wt % PVA solution. In addition, the CS (C804726, Macklin) pow-
der was added in 1% acetic acid solution to prepare a 2% (w/v) CS
solution. The PVA solution and CS solution were mixed in a 1:1
mass ratio with 5% glycerol (G116206, Aladdin). After stirring for
30 min, the mixture was allowed to stand for 1 hour to degas, result-
ing in a PVA/CS solution with a viscosity of 0.7 Pa-s.

Fabrication of PPPA conductive material

Glycerol (10 wt %) was added into the PEDOT:PSS solution (885,
Xin Shuangjian Technology Co. Ltd.), and ultrasonic oscillation was
applied for 60 min. Subsequently, the aqueous PU solution (F0415,
Jitian chemical Co. Ltd.) was added to the mixed ink with a volume
ratio of 1:2, and the secondary mixed ink was obtained after stirring
for 10 min. In addition, the AgNW solution (L30, XFNano Technol-
ogy Co. Ltd) was diluted with deionized water to three times its
original volume and then incrementally added to the secondary
mixed ink. The volume ratio of the two was treated as a variable in
this process. Subsequently, the mixture was stirred at 70°C for 30 min
to obtain PPPA.

Assembly of e-skin

The prepared PVA/CS solution was added onto a nonstick paper
surface and evenly spread by a scraper. The liquid film was dried at
60°C for 1 hour to obtain an encapsulation layer (height, 5 pm). A
suitable amount of silicon fluoride (207c, Zhongke Lingchuang
Technology Co. Ltd) solution was rapidly sprayed onto the sub-
strate surface with the spray gun, followed by drying at 60°C for
1 hour. The treated encapsulation layer was transferred onto a clean
nonstick paper, with the unmodified side facing outward. The cir-
cuit template was placed on the surface of the encapsulation layer,
and circuit printing was performed with prepared PPPA, followed
by drying at 80°C for 15 min. Through the 3D print, the PVA/CS
pattern was selectively coated onto the circuit to prepare a support-
ing layer, leaving the test electrodes and circuit interface uncov-
ered. Test electrode height was extended with a pipette to ensure
that it exceeded that of the supporting layer, resulting in an extend-
ed electrode height of ~5 pm. Furthermore, the electrodes were
covered with a masking board, and a PVA/CS solution was applied
on the supporting layer to construct an adhesive layer for skin at-
tachment. The electrode masking board was removed from the pre-
pared e-skin, and a layer of release paper is placed over the surface
of the e-skin to isolate it from the air. The prepared e-skin can be
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stored in light-protected conditions or in a refrigerator if condi-
tions permit.

Design and fabrication of the HESS

The HESS was designed and modeled using SolidWorks. The printed
circuit board was designed with Altium Designer and fabricated
through conventional methods, featuring a substrate thickness of
0.6 mm. The acrylic plate (1 mm) was shaped by the laser cutting
machine. The brushless motor (TMOTOR P1804, diameter of
22.9 mm) serves as the power generator, with the driver (Raptor-5
GO071) being appropriately matched to it. The encapsulation shell
was produced by 3D printing technology, featuring an interference
fit with the main body of the HESS.

Testing procedure on the forearm of the participants
Explanation related to human research participants

The human testing procedures involved in the experiment were
conducted in accordance with the approved experimental protocol
(A-2019027) by the Ethics Committee of the Beijing Institute of
Nanoenergy and Nanosystems. Inclusion criteria for volunteers
were defined as individuals aged 20 to 60 years, with a body weight
ranging from 50 to 80 kg. Subjects may have the following with
unhealthy limbs or related issues problems (cysts, tumors, and
fractures). This experiment involved a total of 12 volunteers, including
10 healthy volunteers, one individual with forearm lipoma, and
one individual with forearm fracture. All participants provided
written informed consent. For the publication of identifiable images
of research participants, it was confirmed that consent was obtained
for publication.

Acquisition of data from healthy volunteers

Before to the initiation of testing, each subject’s forearm was wiped
with a medical alcohol swab. When detecting hand movements
through the TIT system, participants were instructed to assume a
standing position with a 75° angle between the forearm and upper
arm. The e-skin was affixed at 10 cm from the elbow joint, while
hand movements were performed as instructed. When conducting
upper limb movements and exoskeleton testing, subjects wore the
assistive exoskeleton as instructed, ensuring that the placement of
the e-skin adhered to the same specifications as outlined in the
above tests. Subsequently, participants executed the specified move-
ments in accordance with the experimental instructions.
Collection of data from patients with forearm lipomas

The patient is 64 years old, weighs 70 kg, and has no history of other
tumor-related illnesses. Considering the patient’s physical condi-
tion, the testing was conducted with the patient in a seated position,
where the patient was required to keep the forearm hanging
naturally with the palm open. Other testing requirements re-
mained consistent with the mentioned data acquisition process for
healthy volunteers.

Collection of boundary voltage data in patients with fractures
Before the TIT test starts up, different areas of the forearm were
pressed to observe the patient’s pain regions, along with the nature
and intensity of pain. Once the most pronounced painful area was
identified, it was cleaned and subjected to testing. In addition, test-
ing at positions extending proximally and distally from the identi-
fied location was conducted following the same requirements. The
testing procedure for capacitance units in fracture patients followed
the same steps as described above. However, it was conducted in a
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seated position to minimize any potential shaking caused by pro-
longed standing.

Experiment measurement and characterization

The programmable electrostatic voltmeter (Model 6517, Keithley)
and electrostatic voltmeter (Model 341B, Advanced Energy Indus-
tries) were used to measure the current and voltage of the HESS,
respectively. Signal acquisition and recording were carried out by a
signal acquisition card (Model USB-6356, National Instruments).
The MRI system (Siemens Prisma 3.0T) was used to obtain physio-
logical tissue images of volunteers. In addition, x-ray images of the
patient with a fracture were captured using a digital x-ray imaging
system (New Huangpu KD1800DR). An infrared camera (Model
225s, Fotric) was used for observing temperature variations in-
volved in the experiment. The contact angle goniometer (Model
CA100C, Innuo) was used for measuring the contact angle between
liquid medium and dielectric materials. A source meter (Keithley
2450) with a four-point probe (HP-504, 4Probes Tech Ltd.) was used
to characterize the surface conductivity of PPPA. A scanning elec-
tron microscope (SU8020, Hitachi) was used for the characteriza-
tion of the surface morphology and layered structure of PPPA.

Statistics and reproducibility

All experiments were repeated at least three times. Data were ana-
lyzed as means + SD. Nominal values + RMSE were used for statisti-
cal assessment of dc output of HESS. Statistical analyses for multiple
samples were conducted and presented through various graphical
representations such as normal distribution plots, box plots, density
plots, and violin plots. Relevant sample data points were directly vi-
sualized in the graphs. Data analysis and graphical representation
were carried out using Origin 2023 and Excel.

Supplementary Materials
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Figs. S1to S59

Notes S1 to 522

Tables S1to S9

Legends for movies S1to S5

Other Supplementary Material for this manuscript includes the following:
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