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Assessment Of muscle funCtIOn IS an essentlalk; _ .l Muscle function monitoring Ill. On-line assessment
indicator for estimating eldéy health, evaluating motor ¥ :/:: \ /V/j
&y A

function, and instructing rehabilitation training, which also \ s
sets urgent requirements for mechanical sensors with superior \| \ \‘:\\fa,m “ -l 7
\ > : -
N

quanti cation, accuracy, and reliability. To overcome the 11 Wireless 1zt on 4
rigidity and vulnerability of traditional metallic electrodes, we
synthesize an ionic hydrogel with large deformation tolerance

TSAS 1

> ),) ‘ TSAS 2

TSAS 3

Visual terminal

healing, and skin-mounted (Triple S) active sensor (TSAS) N\
based on the principles of electrostatic induction and electro- TsAS3
static coupling. The skin modulus-matched TSAS provides

outstanding sensing properties: maximum output voltage of 78.44 V, minimal detection limit of 0.2 mN, fast response ti
1.03 ms, high signal-to-noise ratio and excellent long-term service stability. In training of arm muscle, the functional sig
biceps and triceps brachii muscles as well as the joint dexterity of bending angle can be acquired simultaneously 1
TSAS. The signal can also be sent wirelessly to a terminal for analysis. With the characteristics of high sensitivity, rel
convenience, and low-cost, TSAS shows its potential to be the next-generation procedure for real-time assessment ¢
function and rehabilitation training.

self-healing hydrogel, muscle function assessment, skin-mounted, self-powered, triboelectric nanogene

n 2015, WHO proposed a report entitfétbrid Report methods typically assess the overall function of aetions

on Aging and Healthwhich claried that the goal of  Curl) rather than individual muscles or muscle greugs (

healthy aging is to help people in developing an®iceps), which is actually more important for precise diagn
maintaining the functional ability that enables well-being. ftheir absolute values and precision may alsousaded by
is well-known that muscle function is one of the most criticalarious factors, such as positions, postures, body we
functional abilities of the human body. It declines with age angkternal resistance, and environfiferftherefore, more
can be impaired under a variety of medical conditions. agvanced tools with objectivity, accuracy, reliability, con:
Assessing m_usc_le function in daily clinical_practice would Rehce, and low cost should be developed by quantitz
helpful for clinicians of the elderly and fféilAlthough @  methods for diagnosis and timely intervention of individ

large number of approaches to assess muscle function.h@,y[ﬁ muscle dysfunction in order to prevent and delay
been proposed, such as Manual Muscle Testing (MMT), Fielg o4 ression of the disease.

Testing, Hand-Held Dynamometry (HHD), and Hand-Grip " ryjpelectric nanogenerator (TENGJ* which is based on
Dynamometry (HGD), cI|n|C|ans_ still need to select a morghe principles of electrostatic induction and charge coup
reliable, validated, and appropriate method for the patients,
since these approaches have their intrinsic limitafions.
MMT and Field Testing are imenced by subjective tester March 8, 2021
judgment and lack of normative valueBdD provides June 3, 2021
accurate detection but isuenced by tester strength, and its
expensive equipment limits its use in clinical practice. HGD
has outstanding clinical properties, while it is only adapted to
the measurement of grip strefigth. addition, all these
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Figure 1. Schematic illustration of TSAS for assessment of muscle function. (a) The TSAS can be attached ts thesmdy for real-time

muscle function monitoring. (b) The TSAS could be well attached to the biceps brachii. (c) The TSAS was designed with a size®f 3 cm

cm. (d) Materials and overall assembly of the TSAS. The dielectric elastomer deposited miffa8ylene-C was used as top packaging and
bottom friction layer. The silicone with surface microstructure was used as the top friction layer. The self-healing ionic hydrogel was used as
an electrode. (e) SEM image of the microcolumn on the silicdme Scale bar: 300m. (f) Optical image of the self-healing ionic hydrogel

shows superior transparency and stretchability. Scale bar: 1 cm.

has shown sigmiant advantages in active sensing of variousbjectively quantify muscle strength, which is vertical to the
physical signals!® like biomechanical forcésstrain:® direction of contraction, and measure joint bending angle,
pressuré’ and body motiorS. Owing to its features of while also providing high sensitivity, reliability, convenience,
high sensitivity, reliability, light weight, and low*tdst,  low-cost, and self-powered ability, showing an expectation in
TENG seems to be an ideal candidate for muscle functidhe assessment of muscle function and training of rehabil-
monitoring. Unfortunately, the mechanical mismatch of TEN@ation.
with tissues will sigmiantly aect its accuracy of signal
measurement, and the fragility of its metallic electrode layei=SULTS AND DISCUSSION
“”d‘?f Fepe.ate.d d(_aformati(ég?éalso constrains its further Selection of the Materials and Design of the Device.
appllcgtlon in biological syst : . To achieve accurate, reliable, and convenient assessment of
In this paper, we report a stretchable, self-healing, ?”d SWﬂUscle function, conformal and real-time measurement of
mounted active sensor (TSAS) based on TEN.G’ wh|ch Caé?ngle muscle and muscle groups is necessary. We proposed a
measure the function of multiple muscle groups involved in & eichaple, self-healing, and skin-mounted TENG-based active
training of arm muscle. Firstly, we prepared a magical ionighsor (TSAS) to meet these requirements. With a wireless
hydrogel with fast self-healing property, stretchability, anghnsmitter, real-time assessment of muscle function and
conductivity to replace the traditional metal electrode layer @Didance of rehabilitation training is achievaijere ).
TENG, providing TSAS with excelleekibility, durability,  Taking full account of the tissue modulus (aboutl0QL
and Skin adhesion ab|l|ty Subsequently, we eStabliShed mfG and |arge deformation (max up to 626%1)””9 Sports
relationship between the output signal of TSAS and thgaining, the TSAS was built to be fully stretchableeaitde
applied force for further functional analysis of muscle strengthigure b,c). TSAS consists of seven layers, in which ionic
by a systematia vitroexperiment. Finally, the TSASs were hydrogel Figure f) was synthesized as an electrode, silicone
attached to multiple muscle groups involved in the training efibber and parylene-C (middle) were selected as friction
arm muscle, and the functional signals from biceps brachii aaglers, and dielectric elastomer (VHB) and parylene-C (top)
triceps brachii were then acquired. Through equipping with serviced as the substrate and packaging kgers @). The
Bluetooth transmitter, real-time data from TSAS wersurface of a siliconem was structured with microcolumns to
transmitted to the terminal unit. Compared with traditionakeep a distance from two friction layers and play a supporting
tools for the assessment of muscle function, the TSAS ceole (Figure & andrigure SL The VHB helped the device to
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Figure 2. Design principle and properties of the self-healing electrode. (a) Self-healing mechanism of the electrode. (b) Photographs about
the self-healing process of the electrode. After 30 min, the incision disappeared. Scale lmar:(@0The healed area could ard big
deformation without rupture. Scale bar: 0.5 cm. (d) Tensile stratress curves of the electrode. The inset displayed the healed sample in

the state of 5, 10, and 20 times tensile deformation. Original sample size:120x 2 mnt. Tensile speed: 50 mmin % (e) and (f)
Conductivity of the electrode at derent self-healing time and self-healing cycles. The insets of (f) were the electrode connected in the
circuit to lighten a LED.

avoid outside interference and secure the sensor on the skased on polymer segments entanglement and dynamic
tightly. It should be pointed out that the packaging of thénydrogen bond$. The long molecular chain of PVA and
electrode protects ionic hydrogel from exsiccation anthe short molecular chain of PEI constitute the supporting
maintains a dry environment between two friction layerskeleton. Meanwhile, the hydrateda@tl LT lled the lacuna
which is essential for the output of TENG. With theof the system and help to form dynamic hydrogen Honds.
customized structure, TSAS possessed abilities to mount When the hydrogel was stretched, the system dissipated energy
the skin tightly, react sensitively to muscle state change, andio breaking and re-forming dynamic bonds as well as the
have multipoint simultaneous measurements, which is the basistive slipping between molecular ciai@sce the ionic
for achieving real-time muscle function assessment ahgdrogel was damaged, theonstruction of dynamic
professional data analysis via wireless transffission. hydrogen bonds and polymer segments helps to restore the
As a key component, the electrode, which was based oniajured area to its original appearance and furictidre
ionic hydrogel, was designed to lexible, stretchable, corresponding conceptual diagram of the hydrogel and the
conductive, and self-healing for TSAS>* Compared healing process were exhibitedFigure a. To deeply
with the traditional metallic electrode, the ionic hydrogelinderstand the autonomous self-healing performance, extreme
performed su;:)eriority on a good modulus, which can matahechanical damage was created by separating the hydrogel
with tissue$>*> The ionic hydrogel was fabricated with completely into two parts, and then the healing process was
proportioned poly(vinyl alcohol) (PVA), polyethylenimine observed after the damaged hydrogel was brought together
(PEI), and lithium chloride (LiCl), forming a nanostructure slightly. On the basis of the reconstruction of dynamic

C https://doi.org/10.1021/acsnano.1c02010
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Figure 3. Electrical characteristics of TSAS. (a) Four types of microstructure on friction layer were designed, including none microstructure
(NM), loose microcolumn (IM), compact microcolumn (CM), and interphase microcolumn (IM). Scale bar: 1\Mpnib) and Qg (c)
curves of the TSAS with four types of friction layer. (d) TWg, |, andQ,. value of TSAS with four types of friction layer. (e) TSAS can

distinguish the rice (0.2033 mN) and mung bean (0.5843 mN)V{f)of TSAS tested with a high frequency of 500 Hz.\{gyof TSAS after
di erent self-healing cycles.

interactions and polymer segments, the morphology amteformations and accidental damage, which satisfy the

function of the hydrogel recovered quickly. After 10 min ofequirements of the electrode material in the TSAS.

healing, the incision grew togethéo\ie SlandFigure Sp Structural Optimization, Electrical, and Self-Healing

and entirely disappeared within 30 min at room temperatueroperties Characterization of TSASThe detecting ability

(Figure B,c). The mechanical healingcency of the  of TSAS is closely related to its electrical output. A large

hydrogel was explored through tensile experintégtse(  electrical output enables a highly sensitive S$elgioh. the

2d). The nominal stresstrain curves of pristine hydrogel change contact area, the surface structure of the friction layer is

performed as an elastomer with excellent mechanical propenportant for the output performance of TSAS. TSAS with

tiesi® showing about 2440% fracture deformation and 0.2fur types of friction layers were designed, including none

MPa breaking strength. After cutting and 10 min of healingpicrostructure (NM), loose microcolumn (LM), compact

the breaking strain could recover to 80.48% of max fractumgicrocolumn (CM), and interphase microcolumn (IM)

deformation. For a longer healing time of 30 min, the recove(¥igure &, Figure S3 and Figure)SA linear motor with

e ect could reach about 93.94%. The insets showed thikee same vertically compressive force was employed to

samples at 5, 10, and 20 times the stretching ratio. measure the electrical output performance of TSAS with
Besides, the self-healing behavior of the electrode materthlsse four friction layers. As showRigure 8,c andrigure

was also systematically explored. The cwaodaige curves S5 the open-circuit voltag¥,f, short-circuit currentl ),

of the hydrogelHigure 2), which was mainly attributed to and short-circuit transferred char@g) (were related to

ions participating in conduction performed similarly tomicrocolumn density and the arrangement pattern. The TSAS

semiconductors. Along with the increase of voltage, movdth the IM fraction layer presented the highest electrical

conductive paths formed. Hence the conductivity’rdee.  output withV,, |, andQ, reaching 78.44 V, 1.42, and

electrical performance recovered to the pristine state in 1e$8.48 nC, respectivelyiqure 8). These dierences may be

than 6 min after cutting dnattaching the hydrogel. accredited to the actual contact area of friction layers being

Furthermore, we performed a greater number of cuttingfurther increased owing to the deformable microstructures and

healing cyclesF{gure 9. After the 10th healing, the more charge transfer paths generated by the compact

conductivity of the hydrogel remained above 95%. The inseticrocolumns.

images showed the hydrogel as a conductor to connect a LEDThe minimum detection limit of the optimized TSAS, as

with a power supply, when the damaged parts were attachedll as its minimum response time and tensile fatigue

together, the LED lit at once. The as-fabricated ionic hydrogedsistance, were systematically exffofigte TSAS could

with outstanding stretchability and superior healing ability gaeeectively detect a force as light as 0.2 mN, which was

the active sensor stient durability to withstand repeated equivalent to the weight of a grain of riegure & and
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Figure 4. Research about the relationship between the output voltage of TSAS and the applied force. (a) Schematic illustration about the
working principle of TSAS. (b) Curves & and corresponding applied force during one working cycle V{g)curves of TSAS under
di erent pressing force. The curve pulses marked giswvere in accordance with optical images displayed at the top of (c). (d) Simulation
of the force distributing on the sensor when TSAS was pressed by a total force of 0.102 N. (e) Schematic illustration about contacted area
change (9 of TSAS during force applying. Thg.and Ssatisfy a linear relationship 8,.=k; S+ k,. (f) The Sand pressing force
satisfy the equation F) = 14.14 + 105.8  3.96%. The experimental data andting curve were represented by scatters and solid line,
respectively. (g) The relationship of the output voltage of TSAS and force satisty/ V,(F) = 0.085 + 0.24F  0.0091%2 The
experimental data and calculated equation show good matching curves. The scatters and solid line respect experimental data and calculated
equation. (h) Pictures of the TSAS adhered on the elbow. (i) Voltage curves of TSAS when the elbow Wa&at®D, 12C°. Scar bar: 2
cm. (j) The V. of the TSAS at dierent bending angles satisfy; 3 V,{ ) =0.08 0.0011 + 1.425x 10 4 2. The experimental data and

tting curve were represented by scatters and the solid line, respectively.

Movie S2. Besides, the TSAS could distinguish thedevice was well retained, which indicated excellent self-healing
mechanical vibration at a frequency of 500 Hz generated BYility and durability of the devi¢egure § andMovie S

the vibration platform, demonstrating an excellent time Research about the Relationship between the Out-
response Higure 9. After a 18 times cycle test using a put Voltage of TSAS and the Appll_ed Force.To take the _
linear motor at a frequency of 2.5 Hz, the TSAS retaineadvantages of the structural design and further apply it to

: e . muscle function measurement, it is necessary to explore the
outstanding _stability F{gure S}.S Then th? self-healing relationship between the output behavior of YI'SAS gnd the
performance of TSAS was studied by creating extreme physm ral function applied on the device. The working

damage: cutting the sensor into two parts and then attachiRgachanism of TSAS at the OPen—circuit state is summarized
the two parts slightly. After 1 min of healingVthef healed  in Figure 4 andFigure S#*** On the principle of the

TSAS was tested and its output almost undecayed. As for metgipling of contact electation and electrostatic induction,
breaking and healing times, the output performance of thance the sensor was subjected to an external force, the surfaces

E https://doi.org/10.1021/acsnano.1c02010
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of both friction layers would carryetent charges while the Table 1. Experimental Data Used in This Work
electrode was equipped with equal amounts of negative
charges. The charge density remained stable due to t M (MM rerre () S (mmP) voltage (V)

open-circuit and dielectric properties of silicone and parylene- 1 0.03516 3.14 0.10698
C, while the induced charge on the electrode would vary along 3 0.22892 28.26 0.1605
with the contact area and distance of two friction fayérs. 4 0.37125 50.24 0.2062
conduction mechanism for electricity transport is attributed to > 0.60448 785 0.24644
Maxwelb displacement currénitwhich can be deed as: 6 0.88062 113.04 0.28136
7 1.29022 153.86 0.4036
3= D O_E + P 8 1.7898 200.96 05159
t t t 9 2.49722 254.34 0.58327
wherel, is the free electric current dengitys displacement 10 3.3554 314 0.79362
eld, ,is permittivity in vacuurijs the electriceld, andPis 11 3.35459 379.94 0.88605
the polarizationeld. In one working cycle, the states of TSAS 12 55262 452.16 1.11468
are dened as stretching and restoring parts. During the 13 6.9164 530.66 1.35061
stretching process, trigged by mechanical force, the friction 14 8.53061 615.44 1.55433
layers of TSAS were pressed face to face, with the increasing 1° 10.41982 706.5 17271

contact area, partly positive charge synchromwes out of 2The force and voltage data are mean values from multiple trials.
the electrode at the force of the electeld. When the
external force reaches the maximum, two friction layers wehe e ect of the hemisphésespeed on the output of TSAS
fully touched and generated the largest contacted area undets also taken into account. The speed showed a much smaller
the big deformation, while the induced charge on the electrodeect on the output of TSAS compared to foFgufe SIR2
was completely transferred out. In the following restorinBven though, to ensure the accuracy of the results, the test
process, with force evacuating, the friction layers recovered $ipeed used in this work wasd at 1 ns *.
deformation under its intrinsic elasticity and then separated,As we know, muscle strength and thebility of relative
the char%e owed back to the electrode until the initial joints are equally important in a complete assessment of
state**® “® The corresponding force and electrical signals anauscle function. Therefore, TSAS was also used to detect the
shown inFigure #, which are in a periodic and matchup bending angle of the elbow, which was related texitdity
relationship. of the joint. By xing the bendable elbow angle with controller
Next, the spedai relationship betwe&fy, of TSAS and the  (Figure #), we measured thg. of TSAS at a speciangle
applied force was explored. We acquired the multigrouigure 4 and obtained the relationship of the output voltage
electrical and force signal by an oscilloscope and Mark-10 taatl the bending angles) ¢hrough a linear tting, which
system. A polymer hemisphere with a diameter of 3 cm waatisfy thezq 3(Figure §):
attached to the force detector to mimic muscle-induced « Sa 2
deformation of the TSAS during the tEgjfre 4 andViovie V,{ ) =0.085 0.0011+ 1.436 Tb ®)
S7. TheV,. of TSAS rose sensitively with the little force and TSAS Used for Muscle Function Monitoring.On the
increased when the force was larger than 7 N. The simulatiggsis of the superior performance of electrical output and
of force distribution ilﬁigure 4-ii illustrated that the force Sp|endid sensing property to force' TSAS can be used to
was uneven throughout the sensor, where the middle positigibnitor muscle function. During the activity of the human
was subjected to the greatest foFagu(e 4). _ body, the extensor andxor always appear in pairs to
According to the capacitance model and Maxdisfilace-  complete a set of movemefitsuch as the biceps brachii
ment current, th\_i’ocls related to the_Ch_an e of contacted areE(BB) and triceps brachii (TB) are a group of Corresponding
and separated distance between friction faJiérs separated  muscles. When the arm lifted, the BB contracted to move the
distance in this work is an approximate constant, ¥g.tde  pone while the TB relaxed, which was contrary to the
mainly aected by contacted area chang® the calculated  straightening arm. Taking advantage of théble and
method shown ifrigure S8 and Note J5We assumed that  stretchable, TSAS can be accurately attached to the skin of

theV and Ssatisfyeq 1, as displayed figure €. the BB, TB, and elbow.
Vpe=k; &k 1) Wit_h contraction/relaxation of the targeted muscles and
] ) ) bending of the elbow, TSAS would then be compressed and
wherek; and k, are undetermined coeients andk;, is released, converting mechanical signals into voltage signals

introduced as a constant that includes other factors, such as &iiultaneously-(gure 2). In this work, volunteemuscle
roughness of friction layers and edget&’ It is important  strength vertical to the direction of contraction (MSV) was
that the deformation (the same &is linearly related to the  tested by lifting and straightening arms without load and
force with a consistent speation parameter of TSAS |oading weight on 3 kg dumbbell, respectivelyie b). The
(Figure #). Thus,eq 2aboutV,. and force was obtained and v signals of TSAS were collected synchronized by the

written according to the bridge-like paramete) @nd oscilloscopeF{gure 8). The results showed that the signal
experimental data: amplitude of the BB and TB with loading was larger than that
V, (P = 0.08506+ 0.24685 0.009186 @ without load, owing to more power being needed to overcome

the gravity of the dumbbell, while the signal of elbow showed
V andF satisfy the binomial relationship. The equation curvan opposite tendency because it is toilsome to lift a dumbbell.
shows good coincidence with experimental dafar€ 4). The state of the muscles could be estimated from the signal
More details about calculated methods and processes canwaeform. The positive (negative) peak corresponding to the
found inFigures S9S11; Notes S1S3andTable 1 Besides, contracting (relaxing) of muscle and the bending (recovering)
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Figure 5. TSAS used for muscle function assessment. (a) Schematic illustration of the W&AKBQg process in a set of arm movements.

The right inset was a picture of TSAS monitoring muscle strength. (b) Pictures about TSAS used in muscle function monitoring through arm
bending motion without/with a load. (cY/,. of TSAS adhered on biceps brachiig), triceps brachii ¥1g), and elbow ¥ ), respectively.

Two states of without/with load were explored. Details about voltage curwg0¥;g, andV were shown in (d). (e) The value of muscle
strength, elbow's bending angle could be calculated throwgjs 2and 3.

of the elbow. In detail, the curve characteristics alspeaks (&g, Rg,) of the TB in the movement. In addition,
demonstrated information about muscle function, as showhe same tests were carried out on other volunteers. The
in Figure 8. From state | to state II, the arm moved from theresults were collected and summarizédjines S13 and S14
highest point to the lowest point, the BB transformed fronand Movies Sfand S6 A similar phenomenon abagy of
contraction (Gg,) to relation (Rg4), and the TB changed TSAS could be found; however, there was soarerntie of

from a relaxed state{R) to a contracted state {£,). It peak amplitude due to individualedénce. Furthermore, the
should be noted that the TB has two mudste bundles, so  MSV could be obtained through the value of forwarding peak
there were two contraction peaksg(c Cig,) after the amplitudegq 2 andeq 3 The MSV of a voluntégBB and
relaxation peak {R;). Due to the impact of the TB, the BB TB were 3.14 N, 0.667 N on the state of unloaded, as well as
induced a set of small peakgg(C Rsg2). The signal peaks the bending angle of the elbow was 11\W/Hen there was a
(UM, DM) from the bending elbow were opposite to the load of 3 kg dumbbell, the myodynamia of the BB and TB and
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the bending angle of the elbow were 5.50 N, 1.03 N, an@oly(chlorop-xylene)) with CAS 28804-46-8 was produced by
101.8, respectively-{gure 8). Moreover, other muscles like Specialty Coating Systems, Inc. VHB (3MF9460PC) mainly based on
gastrocnemius, tibialis anterior, and vastus lateralis could &§gpl€ic acid was purchased from Shenzhen LaiRunPu Technology.

; ; ; P Synthesis of the Stretchable, Self-Healing lonic Hydrogel.
be tested in this systerfiiqure SIb The monitoring of The ionic hydrogel was fabricated through a one-pot and freezing/

muscle stre_ngth and elbow bendable angles_ is of gre wing methot. Brie y, 2.0 g of PVA, 1.0 g of PEI, and 4.0 g of
importance in the assessment of muscle function. Througy| \vere dissolved in 9 mL of deionized water to form a

analysis of these data, the health and state of muscles cam&fogeneous solution in a“@ water bath with vigorous stirring
learned, which could provide quattie, objective, accurate, for 1 h. Then, the uniform sol was shaped into a limirin glass

and reliable support in clinic treatment. Finally, with the helmold and then frozen at20 °C overnight and thawed at room

of a Bluetooth transmitter, the acquired data from TSAS coutdmperature for 12 h. The as-fabricated ionic hydrogel was cut into
be transmitted to the intelligent termim&byie SandFigure  desired sizes for further measurement.

S16 and S)7which is expected to be applied in on-line Fabrication of the Friction Layers. Silicone Im and parylene-C

elderly health assessment, motor function evaluation, a Eposited on VHB served as friction layers face to face. The silicone
rehabilitation training guidar,me ’ m was prepared by casting molding. The custom-made models with

di erent microstructures were made of polylactic acid (PLA) by a 3D
printer (Raize 3D N2 plus). Firstly, mix amounts of parts A and B of
Eco ex 00-30 in a ratio of 1:1 by weighing thoroughly. The well-
In this work, we proposed a stretchable, self-healing, and ski#xed liquid was transferred to the model, and the surface was kept
mounted active sensor for multipoint muscle function@t The bubbles in the gel liquid were removed by a vacuum
monitoring. Firstly, an innovative self-healing ionic hydrog mping. After cross-linking at 8D for 2 h, siliconelm was

hesized h | bili f traditi tained. The other friction layer was fabricated by evaporating and
was synthesized to overcome the vulnerability of traditionglyssiting parylene-C on VHB. Brighe parylene particles steamed

metallic electrode in TENG during long-term service withyt 120°C and then deposited on one surface of VHB (the other
large deformation. Then, a self-powered and muscle modulygrface was protected by mask), where the thickness of parylene and
matched sensor was designed and fabricated based on the &l are 0.3 m and 1 mm. The conceptual diagram of the
healing electrode accompany with stretchable silicone apegparation process is showfigure S1

parylene-C, which possesses a maximum output of 78.44 V, gabrication of TSAS.The TSAS was fabricated layer by layer in

low detection limit (0.2 mN), a fast response time (1.03 ms);equired sizes. The self-healing electrode was sealed by a bare VHB
; e ; ; and a VHB loaded with parylene-C on one side, depending on the
and a long service life (contlnuous5 1sts_without ingrinsic viscosity of VHB. Then, silicolm was attached to the

performance degenera.tlng). The ogtput of TSA.S remain r‘ir lene layer with the help of VHB. The top surface of the packing
stable, even aﬁe,r 10 times damaging and healing proces r was deposited with parylene-C. The TSAS was obtained with
Next, a mechanlc_al m9d9| was developed to explore aBé\ven layers: displayed from top to bottom as parylene-C, VHB,
determine the relationship between TSAS electrical signals afi@one, parylene-C, VHB, self-healing electrode, VHB, respectively.
applied stress, which can be further used to assess muscleharacterization and Measurement of TSASTensile test of
strength. In actions of arm muscle training, the kinestate atfek ionic hydrogel was performed by ESM301/Mark-10 system with a
MSV of the BB and TB were detected and recorded as thiensile speed of 50 nmin *. The conductivity of the ionic hydrogel
electrical signal and the bending angles of the elbow. Througgf! erent healing time was tested by Semiconductor Analysis System

a wireless transmission module, the as-produced data cofitgithley 4200A-SCS). The optical images of the ionic hydrogel self-
) I aling process were taken by a metallomicroscope (Nikon

provide valid online information for the assessment of elde 100ND). The scanning electron microscopy (SEM) images of
health, evaluation of motor function, and guidance 0iilicone Im were taken by a Hitachdld emission scanning electron

rehabilitation training. ) microscope (SU 8020). The, and Q,, were detected by an
Compared to traditional muscle measurement equipmendiectrometer (Keithley 6517B) and recorded by an oscilloscope
TSAS can provide more accurate personal service with tf'eledyne LeCroy HDO6104). Th¥,. was detected by an
advantages of (i) direct and quantitive monitoring of musclescilloscope (Teledyne LeCroy HDO6104). A linear motor (LinMot
strength and joint curvature; (i) interference-free testing witf1100) was used to apply a periodic stable force on TSAS to perform
Gisinguishing sinle-muscle rengi fom group musces: (11 710V 53 g exuency ot et e responee e
mu_Itlpomt simultaneous .me_asqremem; (.V) small size, |Ig|i p(Iqied fgr,ce ankloc.of TSAS, thegESMSOl/Mark-lO systre)m was
weight, and easy operation; (vi) no required external POWgEe to apply a periodic stable force on TSAS, and the corresponding
supply. It is credible that with the development of the,jtage was recorded by oscilloscope. The force distribution
technology of TSAS, the assessment of muscle function willdy@ulation on TSAS was analyzed byit element simulation
more convenient. However, there is still space for improveith COMSOL software. During muscle strength monitoring, the
ment in terms of structural optimization, performancesingles o, produced by the movement of the biceps brachii, triceps
improvement, and application scenario expansion. Furthichii, and elbow were synchronously recorded by the oscilloscope
research will focus on the development of an intelligedfDO8108A) with eight channels system.
feedback muscle rehabilitation training system, including
synchronous multipoint signacquisition and real-time

analysis of measured signals for patients. *

Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.1cQ2010

Materials. Poly(vinyl alcohol) (PVA, CAS: 9002-89-5, 1799, Movie S1: The self-healing of the electrbtied(
P105126) and polyethylenimine (PEIl, CAS: 9002196, 600, Movie S2: The detect limit of TSASR4)
E808878) were purchased from Aladdin. Lithium chloride (LiCl, . . . .

CAS: 7447-41-8, L812571) was purchased from Macklin. Silicone Mov!e S3: The self-heahng ability of TSHB4
rubber (Ecoex 00-30) produced by Smooth-On, Inc. Parylene-C Movie S4: The relationship\@j. and force 1P4)
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