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The increasing population of the elderly and P ) ™
motion-impaired people brings a huge challenge to our soc tt::?lon DZ;;ctimmm'ty
system. However, the walking stick as their essential tool has o
rarely been investigated into its potential capabilities beyond fg'
basic physical support, such as activity monitoring, tracing, an —
accident alert. Here, we report a walking stick powered by ultrgentity

low-frequency human motion and equipped with deep-learnirfgcognition  loT Sensing -
enabled advanced sensing features to provide a healthca@ a 9 g&Temperature

monitoring platform for motion-impaired users. A linear-to- 2 ima 80 Humigity ¥
rotary structure is designed to achieve highlyceent energy as GPS -

harvesting from the linear motion of a walking stick with

ultralow frequency. Besides, two kinds of self-powered triboelectric sensors are proposed and integrated to extract the
features of the walking stick. Augmented sensing functionalities with high accuracies have been enabled by deep-|
based data analysis, including identity recognition, disability evaluation, and motion status distinguishing. Furthermore,
sustainable Internet of Things (IoT) system with global positioning system tracing and environmental temperature
humidity amenity sensing functions is obtained. Combined with the aforementioned functionalities, this walking sti
demonstrated in various usage scenarios as a caregiver for real-time well-being status and activity monitoring. The ca
walking stick shows the potential of being an intelligent aid for motion-impaired users to help them live life with adec
autonomy and safety.

triboelectric, Internet of Things, energy harvestiabinéetligence, walking stick

ntering the 21st century, healthcare for aged people at@en increased, resulting in more opportune assistance
people with disabilities became a global challenge tehabilitatiori. *° Walking sticks, as one of the mobility aic
our social system. According to the data from Unitedor elderly and motion-pmaired people, have been ai
Nations and the World Health Organization, the population ahdispensable part of their daily life by improving their walk
people over 60 years of age will double by 2050 and eventugyiittern, balance, and safety. Beyond these basic func
reach around 22% of the wtwlgopulation. Besides, the together with other well-developed wearable electronics,
number of people with some form of disability has alreadyalking stick can also become a potential monitoring platf
exceeded one billion, which is about 15% of the’sworldig give users more comprehensive and intelligent help in
population, and it is continuously incredSif@ help them  ora. The synchronous kinematic linkage between the wa

o ”‘.’? physically anc! _cog.nitively healthy .Iives is a questick and the human body is generally observed in ass
requiring solutions originating from extensive Conaborat'ogmbulation' thus the movement patterns of the walking <
among multifarious technology domamsmedicine, public ' ]

health, biotechnology, engineering, and even social scierce.

There has been aurish of reports on wearable sensors and May 26, 2021
portable electronics for point-of-care applications, for exampié! July 21, 2021
on-body real-time vital sign data monitoring, in the past few

decades.® With the aid of gradually established 5 G and the

Internet of Things (IoT) infrastructure, the interaction with

the world for elderly and motion-impaired persons has also
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Figure 1. Multifunctional Monitoring system enabled by the caregiving walking stick. (a) Schematics of the caregiving walking stick for
realizing multifunctional applications for users. The human model is reproduced with permission from turbosquid.com. (b) Schematics of
the hybridized unit and the rotational unit: (i) exploded view of the hybridized unit, (ii) zoom-in schematic of the top P-TENG with
corresponding materials for each layer, (iii) zoom-in schematic of the middle EMG consisting of eight magnets and four coils, (iv) zoom-in
schematic of the bottom R-TENG with two aluminum fans, (v) exploded view of the rotational unit. (¢c) Schematics and working principles
of the linear-to-rotary structure: (i) exploded view of the linear-to-rotary structure, (ii) working mechanism of the center pawl under two
rotation directions, (iii) driving principles of the pawl-ratchet system.

also reect the activity status of the users. Previous researoiotion and gait statii$.° and equipping distance-sensing
includes structure innovation as a treatment for Parkinsonifumctions €g, ultrasonic sensor) to help visually impaired
freezing episode€sapplying inertial sensors to track users users® “?Besides, each strike of the walking stick involves the
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process of transferring weight from the upper limb to th@ower density of 2 mW gwere achieved. Maharjainal
ground, which contains lots of wasted biomechanical enerdgsigned a nonresonant energy harvester based on the spring
that can be scavenged for further use. coupling, with the hybridization of an EMG and TENG, and
Aiming at comprehensive monitoring functions, sensors wittave realized a working frequency from 0.25 to 6 Hz with a
the ability to fully extract the movement features of a walkingaximum average power of 34.11 mW at’$ Although the
stick should be equipped. Currently, microelectromechanigadnresonant structure enables low-frequency energy scaveng-
system (MEMS) sensors such as inertial sensers ( ing, there is still room for improvement in output performance
gyroscopes and accelerometers), optical sensors, and temgieice the maximum output power is proportional to aspeci
ature sensors, are the primary choices for commercializedier of the working frequency, which means a higher
wearable products such as smart watches, smart phones, faeguency is more desirable for higher otiBesides, the
other wearable and portable deviteS. MEMS-based frequency range shifts to even lower values for elderly and
inertial sensors realized by mature silicon MEMS technologyotion-impaired personsatling to a more enormous
ensure high sensing stability and remain as the onbthallenge for ecient energy harvesting. Accordingly, energy
commercially viable sensors to measure body motion in obarvesters with frequency upconversion were designed with
daily life. However, the requirement of an external powaypical structures like the plucking spring while still operating
supply will also raise the limitation of energy durability, and tha tens of her?°* Recently, the so-called linear-to-rotary
abundance of sensing data collected by inertial sensatsucture was proposed as another method, which is able to
demands a large computing capacity. On the other hangansfer linear motion with extremely low frequency to a rotary
self-powered sensors usingzeélectric nanogenerators motion with multiple times higher rotation spéed.
(PENGs) and/or triboeleétr nanogenerators (TENGS) Leveraging this structure, Leioal proposed a device with
have received growing attention. With self-generated voltaaye average power density reaching 0.13 m#\atonly 0.1
due to mechanical stimuli, they can realize self-powerétt driving frequendy.
sensing regarding force, pulse, strain, gas, chemiicaf, Combining the self-powered sensors and EHs, a self-
Among them, the TENG stands out for its broad materiadustainable miniaturized system can be realized for broader
choices, simple design and fabrication, and low’ édst. 10T applications. Aiming for this goal, several recent works
Moreover, combining multiple self-powered sensors withave been reported, including a wristband for gas §&asing,
arti cial intelligence (Al) technology has also become armband for electcardiography, wearable textile for
trend in the development of smart wearable devices, to extraehabilitatiod” etc Recently, the artial intelligence of
complete sensory information on small-volume data insteadtbings (AloT) has become a burgeoning technology where
analyzing large-volume data in terms of siglemagnitude the loT system serves akin to a nervous system to deliver
and frequenc%?. 4L essential data collected from multiple sensors to the Al brain
On the other hand, as the traditional power supply for théor advanced decision making. Divenlsand sophisticated
aforementioned devices, batteries are limited by their draapplications, such as recognizing human gestures and gaits, can
backs including low power density, limited lifespan, and hidle realized by using TENG sensors through small data
contamination. At the same time, for elderly or motionvolumes with the aid of deep-learning methods.
impaired users, the purchase and replacement of batteriesEanpowered by Al technology, a walking stick can also serve
their walking sticks will also become an annoying problem. &s an intelligent caregiver for real-time monitoring of vital gait,
either extend the battery life or even replace the battery, energgtion, and trace for users and give accident alerts to summon
harvesters (EHs), which can scavenge unused energy fromitietant medical help. Meanwhile, the walking stick can
ambient environment into electricity, have been investigatedsisultaneously harvest biomechanical energy to enable a self-
a reliable soluticl*® Generally, various energy sources aresustainable loT system withultiple wireless sensing
available, such as thermal energy, mechanical energy, amdttions.
radiation energy, while mechanical energy has excellent enerdg this report, an Al-enabled walking stick powered by ultra-
density with the broadest distribufiorf® Previously, EHs low-frequency human motion is developed to assist the elderly
were more focused on scavenging mechanical energy frand motion-impaired users in various ways, as shHeagura
buildings, bridges, and vehicles with a high operatinta. Through the modularly designed units with linear-to-rotary
frequency’ Nevertheless, biomechanical energy from humastructure, the stick can serve as a reliable solution for users with
motions naturally exists in a low-frequency range aroungrious requirements, including self-powered sensing and Al-
several hertz with more irregular patterns and amp‘i%?&es. enabled real-time monitoring functions, an ultra-low-frequency
There are two major designs in biomechanical energnergy harvesting function, and a self-sustained 10T sensing
harvesters. One is thexible design mostly based on a function. First, a hybridized unit was designed mainly aiming
stretchable PENG and/or TENG: foldable, durable, washabler sensing-related functions as depictédime b(i), which
and therefore providing wearable comfott.The other is  contains a top press TENG (P-TENGJigure b(i))), a
the nonexible design able to further integrate with electrorotational EMG Kigure b(iii)), and a rotational TENG (R-
magnetic energy generators (EMGSs), which is able to achieVENG) (Figure b(iv)). These three main functional parts can
much higher output performance. Concurrently,erite achieve contact point sensing, energy harvesting, and gait
designs may be integrated into wearable platforms, suchadésormality detection, respectively. Moreover, through in-
watches, bracelets, and accessories on bags and clothestraddcing the deep-learning method to extract high-level
realize outstanding power density without compromisinfgatures of the sensing signals from the P-TENG, multifunc-
wearability® ©° Tan et al developed a nonresonant battery- tional real-time monitoring has been successfully achieved,
like energy-harvesting module through magnetic leVitationincluding identity recognition, mobility disability evaluation,
With the hybridization of an EMG, PENG, and TENG, theand motion detection. Generally, one hybridized unit would be
operational bandwidth from 1 to 5 Hz and a maximum pea&nough to enable such sensing functions of a walking stick. To
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Figure 2. Biomechanical energy harvesting with the hybridized unit and the rotational urd). Qutput voltages under three levels of

external stimuli and with a zoom-in output curve under medium stimuli for the (a) P-TENG, (b) EMG, and (c) R-TENf} Mdximum

output voltage and peak output power with the various load resistances for the (d) P-TENG, (e) EMG, and (f) R-TENG. (g) Schematic
drawing of the three functional parts for the hybridized unit linked parallelly to charge a capacitor. (h) Charging performance of the
hybridized unit for a 10 F capacitor. (i) Schematic of the modular designed stackable rotational unit aiming at further improving the output
performance and fulling a more complicated self-sustainable 10T system. (j) Output curve for the rotational unit under various step
frequencies measured at the matching resistance within a time interval of 12 s. The walking stick will be pushed every two steps; therefore
the driving frequency is half of the step frequency. (k) Maximum output voltage and peak output power of the rotational unit with the
various load resistances measured under 1 Hz. () Average energy generated in 1 min for a single rotational unit under various step
frequencies and corresponding average power. (m) Comparison of the average power density between a rotational unit and previously
proposed EHs for scavenging biomechanical energy.d3dble devices, the volume power density is calculated by dividing their area power
density by their thickness. (n) Charging performance of stacked rotational units and a hybridized unit for a 4 mF capacitor.
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further leverage the space in a walking stick and scavengedineular disk is rotated clockwise, the paw! will be rotated in the
biomechanical energy from ultra-low-frequency human msame way, and the two small claws with one side attached to it
tion, a rotational unit was proposedj(re b(v)). This unit will be spread out due to centrifugal foFegufe &(ii)). The
enables a continuous energy output for a long time intervalaws will be folded up when the circular disk is rotated
under one single stimulus and can be simply stacked in thaticlockwise due to the same reason. To convert the linear
walking stick with the hybridized unit. A rotational unit catrmovement into ratchet rotation, a twist rod with patterns
provide a peak output power of 55.1 mW. Within 1 min, it cagollaborative with the dumbbell-shaped hole at the circular
reach an average output power of 27.5 mW at 1 Hz and 6dgsk center was design&ihy(ire S4, Supporting Informajion
mW at 0.083 Hz, with corresponding average power densiti@se complete driving process contains four steps achieved by
as high as 0.595 and 0.137 mW’cnespectively. With two  the pawlratchet systemF{gure t(iii)). First, when an
rotational units stacked together for powering, a demonstratigternal pressure is applied to this device, the twiserbdn
self-sustainable loT system is presented, equipped with tragifg |id will be moved downward and drive the circular disk to
and environment amenity sensing functionalities. Combiningtate clockwise. Claws will be spread out in this process and
these multidimensional sensory features in the caregivifijither embed into the ratclsénner indentation to drive the
walking stick, comprehensive real-time monitoriegtir®  qyter ratchet to rotate, creating a linkage between thesatchet
the synchronous location and well-being status of the USgRation speed and the linear-driven speed. The twist rod will
becomes feasible, which can provide a timely alarm in i34ergo an accelerating process moving downward, and it will
event of sudden accidents. reach the maximum speed when the contact to the bottom side
is about to happen. After the twist rod reaches the bottom and
stops moving, the freely linked claws will be folded up through
Key Working Mechanisms Enabling the Caregiving  the pushing of the ratctsetontinuing rotation. Therefore, the
Walking Stick. Although the regular contact and separationratchet is allowed to rotate for a certain time with its rotation
motions of the walking stick with the ground are considereigertia, free from the restriction of the pawl. Moreover, when
with fewer sensing features than common wearable afifk external stimulus is released, the twist rod will be moved
pOI’table deViC?S, there still eXiS-tS h|dden information i-n theagward driven by the tower-shaped Spring p|aced between the
processes recting the ustrspecic gait manner and motion  ¢casing and the lid. In this process, the pawls will be folded up
statuses. Considering the particular movement pattern of theyre tightly due to the centrifugal force; thus the reverse linear
walking stick, we designed the linear-to-rotary Structui@otion wili not cause a reverse driving force and hinder the
(Figure &) to convert the low-frequency linear motion into ygtation. It is noticed that in the last two steps stopping the
a high-speed rotation. To track the hidden features of eaghierna| stimulus will notext the continuous rotating of the
striking, we further equipped the structure with thregaichet sparing the device from being limited by the stimuli

functional parts to form a hybridized unit, as illustrated g, ; ; : P
. . X C o : quencies as in previous degighence contributing to a
Figure b(i iv). A P-TENG with ve individual electrodes is signi cant advancement in fully using human motion with

assembled on top of the hybridized unit, to detect the contagt - iow frequency

point, sequence, and force of each strike. An EMG IS 1 o : - .
introduced in the middle rotatory ratchet to harvest thein UltK/?/i!(_hom'(lhzreﬁnu:;r?o?rgi:ricZ?rnl;gi:r?ﬂ%ﬁ:ﬁ?ﬁ? bio-
wasted biomechanical energy for_future SeIf's’usm'na%%chanical energy harvesting can be achieved through the

systems. Below the EMG lies an R-TENG, which is utilized ~: T . :
to detect gait abnormality from the irregular rotation motionsgesi'r?r;ﬁgcggag?';Zisug'rt_;[hne]eo;;ﬁg dvcﬂazgeistﬁgés Stgremtji;iree

For self-powered TENG sensors, they are working based . . ; .

the coupling eect of contact electdatiori” (triboelectrica- evels Figure A c), while their corresponding output current

tion) to convert the mechanical stimuli to electric o(itput, dat? are shown 'nf Ii;]gure %Jpportpnkg l.PfOLTaé'?’mntha

while the outputlg‘s lgnal is relative to the éo tentialedices@of P;(t)clr?; t%r?gtez;zz v?/ith iﬁc\r,gsilr?g sSpIeCea :n ¥1e corx:ct perocess

applied materials,contact force and s ontact ared, e . '
bp peed: sulting in an increased output of the EMG and R-TENG.

etc And the components and working mechanisms for ea . ; . :
part are discussed in detail in Note SLipporting hen the walking stick reaches the maximum displacement
Informatio). Besides, to further increase theiency in and stops driving the ratchet, the rotation speed will reach the

harvesting biomechanical energy with ultralow frequency,gXimum value. Althoggh the exte_rnal driving is lremoved after
rotational unit with only an EMG is also developégli(e _that, the_ rat(_:het can still keep rotating for a certain time due to
1b(v)). The rotational unit comprises a noncontacting ratcheifS rotation inertia. The output curves for three parts under
design with rotation friction only coming from the bottommedium stimuli are enlarged in thgure for clarity.
bearing, which further extends the rotation timé to the =~ Comparing output performances under three stimuli levels, it
time gaps without external driving. can be noticed that a higher stimuli will cause higher maximum
To achieve the linear-to-rotary transmission and fully utiliZ2utput voltages for each part. Meanwhile, the ratchet will
the bidirectional linear motion, one of the critical elements ¥tate for a longer time due to higher initial rotation speed.
the inner pawl. It is utilized to drive the outer ratchet to rotatd he maximum output voltage and peak output power for each
and enable continuous rotating with inertia, depickedire  part with dierent load resistances are showxigare @ f.
1c(ii) (photos shown irfFigure S3, Supporting Informafion  For the P-TENG, EMG, and R-TENG, their maximum peak
The pawl is rigidly linked to a circular disk through the toppower reaches 2.98 mW, 6.22 mW, and @12t 35 M , 70
bearints inner wallKigure £(i)), which means the pawl will , and 37.5 M, respectively. The three parts are further
always have the same rotation status as the top circular diztnnected to a recéir bridge and linked with each other
There are two claws in the pawl, which can be rotated fregharallelly to charge an external load togetimiré 8). The
because they are not rigidhgd to the pawl frame. When the charging curve for a 1& capacitor is drawn Figure B,
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Figure 3. Characterization of the P-TENG for contact point detection. (a) Schematic of the electrical linkage for characterization of the P-
TENG. (b) Schematic of a walking stick contacting the ground. (c) Characterizations of the output voltage under various applied forces for
three di erent Ecoex materials: (i) Ecoex-0010, (i) Ecoex-0030, (iii) Ecoex-0050. (d) Zoom-in of the data in the linear region and
linear tting curve for three dierent Ecoex materials: (i) Ecoex-0010, (ii) Ecoex-0030, (iii) Ecoex-0050. (e) Schematic drawing of the
contact point and ve bottom electrodes labeled with Up, Left, Center, Right, and Bottom, together with acspeltir to represent each
electrode. (f) Schematic drawing of nine typical contact points of the P-TENG with the ground. (g) Corresponding output curveef the
channel P-TENG, with the corresponding output curve marked with a light pink background.

which shows the charging voltage can becsigtly improved  decrease of the rotation time caused by the friction. Besides, a

with the help of the R-TENG and P-TENG. single sensory unit would be enough for a walking stick to
Although triboelectrication enables high-voltage output extract the essential information. Therefore, a rotational unit is

and essential self-powered sensing, it will also lead todaveloped to utilize the ultra-low-frequency kinetic energy
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Figure 4. Identity recognition of the P-TENG enabled by deep learning. (a) Schematic of one contact and leaving process of the walking
stick for one step. (b) Corresponding output curve generated from three steps of a user. (c) Output curves collected fremedOudiers.

All the curves have the samexis andr-axis as (b). The human model is reproduced with permission from turbosquid.com. (d) PCA from

10 di erent users. (e) t-SNE plot from the data set obtained from 1@rmint users. The separation of clusters corresponding to each user
illustrates the discriminative capability of the P-TENG. (f) Detailed structure of the applied 1D-CNN model for deep learning. (g)
Confusion matrix for the identity recognition for 10 @irent users.

more e ciently. It could be integrated with the hybridized unitFigure 2 Compared with the output of the hybridized unit, a
by stacking them together in one walking stick, allowing féonger rotational time is obtained. The maximum output
multimodal sensing and energy harvesting simultaneousibitage and peak output power for this hybridized unit under
(Figure . According to previous research, the typical steparious load resistances are showigine R, which reaches
frequency lies in the range of 84.7 to 136.4 steps/min fax maximum peak power of 55.1 mW under a load resistance of
elderly people who can walk normally in the age range from 880 . In practical walking, the device can be pushed one time
to 85 years old, while the frequency can be even lower fevery two steps, meaning the operational frequency is half of
people with mobility disabilitsBased on this, the output the step frequency. To demonstrate its advantages in that the
voltages of a rotational unit under various step frequenciegtational unit can still generate output continuously during
ranging from 10 to 120 steps/min are meastiigdré S6, the time intervals without external stimuli, the corresponding
Supporting Informatipnand three of them are shown in average energi)(harvested in 1 min under various driving
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frequencies ranging from 10 steps/min [1/12 (0.083) Hz] totwo materials, the hardest, EaB0050, has the largest linear
120 steps/min (1 Hz) has been calculated through thesensing range, which is able to sense applied pressure from 0 to

following equation: 135 kPa. Considering the area of the P-TEN&1 cm, 13.2
V2 cn), the linear pressure sensing range for the above three
E= Tt materials means maximum sensing forces of 75, 125, and 175
t R @) N for Ecoex-0010, 0030, and 0050, respectively. In the

whereV represents the output voltaBegepresents the load ~Practical working conditions of the walking stick, the maximum
resistance, ands the time. The results are showRigure 2 applied force lies in the range of 10% to 20% body Wieight.

In 1 min, the harvested energy under 1 Hz is 1.65 J, which s@firer words, the walking stick needs to maximally bear forces
remains 0.38 J when the driving frequency is decreased to oi@§ding from 80 to 160 N for people with an 80 kg body

0.083 Hz. Further dividing by the time period, the averag@€ight. Based on the above medical data, thexE@60
output power can also be obtained: material was utilized to cover the force range of a walking stick

E in practical working conditions. We label the bottom
Py= = electrodes as Up, Left, Center, Right, and Bottom, respectively,
T @ as depicted iffigure &. Nine typical contact points of the

whereP,, represents the average output power in the timélevice are drawn iigure 8 and their corresponding output
periodT, which is 60 s, shownfiigure 2 The average output  Voltages from each electrode are showgime §. The
power is 27.5 and 6.3 mW under 1 and 0.083 Hz, respectived@ntact point that undergoes the contact and separation
Considering the size of the rotational unit4(1 cmx 3.7 process will lead to a large output of the electrodes beneath it,
cm), the corresponding average power density driven undetvhich is marked with a light pink backgrouridgare §. For
and 0.083 Hz is 0.595 and 0.137 mWcraspectively. The example, when the walking stick contacts the ground with the
comparison of the average power density between tHagea on top of th#p” electrode, thep” electrode will have
rotational unit and other reported works aiming at scavengiifgcorresponding sigeant output.
biomechanical energy?®* &’ including exible designs and With the rapid development of Al technology, more devices
non exible designs, is showtFigure n. From this gure, it and systems have been integrated with Al to realize intelligent
can be noticed that the rotational unit has the mostcsigni ~ decision-making, status recognition, and automation control.
average power density under the driving frequency of 1 Hz ahfirough training an end-to-end neural network, devices
can maintain a high average power density with ultralo@ecome able to learn more representative features of raw
frequencies. A more detailed and comprehensive comparisofigfial data, thus enabling more advanced functionalities.
shown in Table SIS(pporting InformatipnOn account of ~ Therefore, to achieve a caregiving walking stick with intelligent
the specic characteristic of a walking stick, the potential fofnonitoring functions, we introduced the deep-learning method
further enhancing the output performance through stackirlg analyze and extract all features ofveehannel P-TENG
units is illustrated through the charging curve for a 4 mPutput. In a continuous process of a walking stick contacting
capacitorfigure B). The stacking of two rotational units and and leaving the groungigure 4), a spect output curve for
one hybridized unit can charge this capacitor to 5 V in 8 $he ve-electrode P-TENG can be obtairegife ). In an
under 1 Hz driving frequency, and the available space of thgtire gait cycle involving the walking stick, distinct output
walking stick makes it feasible to stack more units to boost thgrves from derent users and motions can be generated
output power further. originating from the varying contact points, contact sequence,
Deep-Learning-Enabled User Identication. To and contact force. Acquired by an Arduino MEGA 2560
achieve intelligent real-immonitoring for elderly and microcontroller, the real-time output signals of the P-TENG
motion-impaired people through a walking stick, a senséer 10 dierent users are shownFigure 4(i x), marked
with the ability to record the features of its motion is requiredrom H1 to H10. To build the whole data set, 80 samples for
Compared to traditional MEMS inertial sensors, self-poweré&@ch user were collected, and one single sample contains
TENG sensors have the advantages of low power consumptigsiput signals for three continuous steps with a total of 3500
and low data volume. With this in mind, a P-TENG witk-a data points for each channel. In these 80 samples, 60 sets of
electrode design is developEdjfre a). Figure ® depicts  them are randomly picked for training and 20 sets for testing.
the status of a walking stick that is about to contact the groun®@io intuitively reveal the discriminative capacity of the P-
The pressure distribution on the P-TENG will vary with theTENG, high-dimensionalerssory responses have been
contact position, which will lead to a spemitput of the ve projected into 2D spae@the principal component analysis
electrodes. To choose the best material suited for th@CA) and t-distributed stochastic neighbor embedding (t-
application of the caregiving walking stick, ratetested SNE), as shown frigure 4 and e. It can be observed that the
three Ecoex materials with dirent levels of softness, namely, data collected from dirent users naturally form distinctive
the Ecoex-0010, Ecofelx-0030, and Ex#050.Figure clusters, proving the walking stick as a reliable medium for
3c(i iii) show their open-circuit output voltages underidentity distinguishing. While variations of the signals under
di erent applied forces measured with the whole setugi erent scenarios can be observed, it is hardly possible to
shown in Figure SS(@pporting InformatipnThe detailed  extract enough features manually to distinguish these testing
output curves for some data points are shown in Figure $8nditions. A deep-learning model was therefore built based on
(Supporting InformatipnA larger force will lead to a larger the one-dimensional convolutional neural network (1D-CNN)
contact area between the Esolayer and the nitrile layer due structure depicted ifrigure £ to realize advanced data
to the deformation of the small frustums on the surface arahalytics. The corresponding confusion map for identity
lead to a higher output voltage. However, the value witecognition of the 10 users is showrfigure ¢, which
saturate to a certain level depending on the softness of theows a high accuracy of 99.5%. This high recognition
applied materiald-igure d(i iii)). Compared to the other accuracy has further ved that the gait patterns and motion
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Figure 5. Real-time indoor monitoring functions of the caregiving walking stick enabled by deep learning. (a) Schematic of a user with three
di erent levels of mobility disabilities and the corresponding output curve of #eechannel P-TENG. (b) Schematic of a user with
moderate mobility disability underve di erent motion statuses and the corresponding output curve of teechannel P-TENG. (c)
Confusion matrix for the three-level abnormality evaluation. (d) Confusion matrix to distinguistvéhenotion statuses. (e) Schematic of
electrode linkage of the R-TENG. (f) Output curve for the R-TENG under normal walking status and falling. (g) Demonstration for the
application of indoor monitoring with the caregiving walking stick: (i) backside view showing a person is walking downstairs, (ii) photo
taken from real space, (iii) whole setup showing the signals generated from the P-TENG and R-TENGnsfiltbkected by an Arduino

mega 2560, then be sent wirelessly to the computer through Bluetooth and be analyzed to obtain the real-time motion status of the user. (h)
A person (i) sitting down, (ii) standing up, and (iii) falling down in real space with virtual elderly people (iv) sitting down, (v) standting up,
and (vi) falling down in the virtual space, (vii) a warning will be sent out to summon help when detecting an abnormality. The human model
is reproduced with permission from turbosquid.com.

characteristics of sensory information collected from th&ensing, which is adequately sensitive enough to distinguish 10
walking stick used by various users are distinct, although tAi§vement patterns from elfent participants.

. . . eep-Learning-Based Multifunctional Indoor Mon-
phenomenon has rarely been investigated and d|scuss|? ring. For elderly and motion-impaired people, monitoring

Meanwhile, it also indicates that the-electrode sensor thejr regular motions in an indoor environment such as home
design of the P-TENG is beoil for subtle motion variation would be important to track their well-being statuses when
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Figure 6. Self-sustained 10T sensing and demonstration for omnimonitoring applications. (a) Schematic of the proposed loT system
powered by two power units with a GPS location sensor, environmental temperature and humidity sensor, and Bluetooth wireless data
transmission units. (b) Detailed information in one GPS signal sent per second, including time, location, and speed. (c) Charging curve of
the 2 F supercapacitor with the LTC-3588 power management unit powered by two power units. (d) Charging and discharging curve of the
2 F supercapacitor after been charged and stabilized to around 3.6 V. (e) Zoom-in curve containing powering, self-recovering, and charging.
(f) Schematic showing the main functions for outdoor applications of the caregiving walking stipkDé&monstration of a person using

this caregiving walking stick walking in a park (h): (i) Monitoring system showing the real-time information obtained through the walking
stick, including the user identtation, motion status, and location, (ii) the user in real space with the caregiving walking stick, (iii) the
output of the R-TENG and P-TENG when the user is normally walking. (i): (i) Monitoring system showing a gait abnormality has been
detected in a detailed location and asking for immediate physical aid, (ii) the user falling in real space with the caregiving walking stick, (iii)
the output of the R-TENG and P-TENG when the user has fallen down. The human model is reproduced with permission from
turbosquid.com.
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they are staying alone. Meanwhile, their privacy should alsothat the user has endured an accident and needs timely
taken into consideration, which is a general concern fghysical aid.
camera-based monitoring systems. The walking stick endowe@ombining the abnormality detection function achieved
with the essential sensing features can serve as a reliable tmwlugh the R-TENG and advanced recognition functions
for indoor caregiving of such uséiigure & shows the realized by the P-TENG, multifunctional real-time monitoring
corresponding output curves of three persons wéteu of users is applicable with this caregiving walking stick in
mobility-impaired levels from the P-TENG, which are slightlyarious environments. We picked the most typical application
impaired gait, moderate mobility disability, and seriouscenario, indoor monitoring, to demonstrate the practical
mobility disabilityFigure B shows the output curves of a usage of the caregiving walking stick, as shévguia §. A
person with a moderate mobility disability uneeidi erent virtual environmeng&{gure §(iv)) mimicking real lifeqigure
motions, including walking, standing up, sitting down, walkiri@g(ii)) is built to re ect the real-time motion status of a person
upstairs, and walking downstairs. Although subdlemties  using the caregiving walking stiekfre §(i)). The output
can be observed between the-channel outputs under voltage signals from the R-TENG and P-TENG ite
di erent scenarios, it is still hard to categorize them based oallected by the Arduino mega 2560, then sent to the
the observable features. To fully reveal the potential of the @&mputer through a Bluetooth module for data processing and
TENG, deep-learning-based analytics is introduced here doalysis, as shownFigure §(iii). The exact motion can be
extract hidden features for preciserdntiation. In terms of detected through the trained deep-learning model mentioned
the deep-learning data for mobility disability evaluation, thebove. Simultaneously, the stable output of the R-TENG also
signal data from each channel is recorded with 3000 dataects a normal motion status. A video demonstrating the
points, containing three steps in one data samplev8iggts  walking stick real-time motion monitoring capability is
of data samples were collected, with a total of X66®0ata provided in Video S1S(ipporting Informatipn where a
points, in which 50 sets of data samples were used for modabject imitatesve representative motions of aged people
training and 15 sets of data samples were used for testinging this caregiving walking stick, namely, walking downstairs,
Three dierent levels of mobility disability, namely, slightwalking, sitting down, standing up, and falling down. Besides,
moderate, and serious, are labeled as S1, S2, and S3 intkieereal-life images and corresponding virtual space are shown
confusion map shown fkxigure 8, with 100% accuracy. In in Figure 5. When the user falls down, an abnormal signal
terms of the deep-learning data for motion detection, one stéqem the R-TENG will be received, implying an urgent need
is recorded for each sample, with 1500 data points for evdor help Eigure H(vii)). Unlike traditional camera-based
channel. Eighty sets of data samples were collected; 60 of thedoor monitoring, which generally involves privacy concerns
were utilized for training and 20 sets were applied for testingised by video taking, this caregiving walking stick only
which also achieved 100% accuracy with a confusion migonitors the usermotion status as an important well-being
shown inFigure 8. The high detection accuracies revealindicator. Moreover, the created virtual space also provides an
additional functionalities of the walking stick apart from thétuitive interface to monitor the motion status of users
aforementioned identity recognition, which would be helpfukithout invading their privacy.
to achieve comprehensive monitoring of users such as théOmnimonitoring Empowered by a Self-Sustained loT
elderly and motion-impaired people. System. By virtue of the high power output of the rotational

At the same time, as another functional part in the proposenhit and the ability for layer stacking in the walking stick, a self-
hybridized unit, the R-TENG can also serve as acaigni sustainable |oT system can be achieved through integrating
monitoring window for users. The R-TENG is utilized topower management units, energy storage units, and wireless
measure the strike speed of the walking stick in contact wittata transmission units. To better assist motion-impaired users,
the ground, whose irregular output pattern would imply aespecially in an outdoor environment, extrasensory informa-
abnormal motion status. Its bottom electrode has been cut intion such as location and environmental amenity level would
four fan-shaped structures, and each two in the opposibe desirable for a more capable caregiving walking stick. With
direction are connected to form a single oufpgu(e 8&). this demand, we choose a commercial global positioning
The R-TENG shows great stability and accuracy in measuriggstem (GPS) location-sensing module and an environmental
linear speed, which is discussed in detail in Note S4 and Figteenperature and humidity IoT module as the functional units
S11 Gupporting InformatipnThe linear strike speed of the for the self-sustained 10T system. The overall 10T system is
walking stick can reveal the health status of users to somhepicted inFigure @. The GPS module can obtain one
extent, which could be further investigated in future worlGPRMC data sentence per second from available satellites,
Here, we mainly apply the R-TENG part to detect the gaivhich includes data on the current time, date, moving speed,
abnormality of users, with schematics and correspondiagd location, as shown kigure 6. First, to fully use the
output curves ifrigure  When the user is moving normally continuous but decreasing output caused by rotation friction, a
with this caregiving walking stick, typical outputs of the Rpair of 4« amplify rectier circuits were applied for each
TENG can be obtained with a continuous high-speed rotatiorotational unit and linked in parallel with each other. The
However, when there is an abnormality such as a fall, irregubartput is further connected to a commercial power manage-
patterns of output with low intensity will be detected. In thement unit (LTC-3588) for voltage stabilization. The output of
practical working conditions, to avoid potential confusion witthe LTC-3588 isrst collected by a 4 mF small capacitor.
other similar movements such as accidentally dropping @hen the voltage of the small capacitor reaches 4 V, it
consciously putting down or picking up the walking stick, thautomatically releases its energy to power a 2 F supercapacitor.
abnormality will be decided based on the joint output from th&nder a driving frequency of 1 Hz, it takes about 18 min to
P-TENG and R-TENGHjgure S12, Supporting Information power this 2 F supercapacitor to near 3.6 V by two rotational
Once this abnormal signal has been detected and no otharits, as shown iRigure 6. The apparent thickness of the
normal signals have been generated after that, we can assanagging curve is formed by the oscillations arising from the
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short-time high-voltage energy released from the smdllom] strolls in the park, the system can keep monitoring his
capacitor, which is applied to increase the chargireney motion status and location. When [Tom] trips over a branch
for the supercapacitor. Meanwhile, in the charging process, this the ground at the [Sports Center], as showkrigare

2 F supercapacitor is continuously powering an loT modulgi(ii), the system can timely detect this abnormality and seek
with environmental temperature- and humidity-sensingnmediate help.

functions. The corresponding received sensing data from this

module are shown in Figure SEaifporting Informatipn

After been charged and stabilized to near 3.6 V, the 2 f,iq ranort investigates an Al-enabled caregiving walking stick
supercapacitor will be used to power the commercial GRGih intelligent monitoring functions and self-sustained loT
module (MAX-7Q) and a Bluetooth module, through whichgensing powered by ultra-low-frequency human motion as a
the GPRMC data can be sent wirelessly to a COWEEr  nhegithcare platform for elderly and motion-impaired people.
corresponding receiver for real—nme location monitoring. They enable a sensory walking stick, a modularly designed
voltage on the supercapacitor_in the cycling chargingpypyridized unit is proposed with the combination of an EMG
discharging processes of the loT system is shaiguie  4nq self-powered triboelectric sensors. The hybridized unit has
6d, in which the charging processes with two working,sic capabilities including contact point sensing and gait
rotational units are highlighted with a green backgroungpnormality detection. Through the introduction of the deep-
Once the GPS module is connected to the supercapacitor, if8ming analysis approach, multiple advanced functionalities
vo_Itgage will rapidly decr_ease t025Vin6s. This voltage is tt‘rﬁ:luding identity recognition (accuracy: 99.5%), mobility
minimum voltage required for powering the GPS modulgjisapility evaluation (accuracy: 100%), and motion status
which can send one complete GPRMC data sequence Reftermination (accuracy: 100%) have also been achieved. To
second in this working mode. Although the voltage decreasgfl || various requirements of users and push forward the
drastically, it is mainly caused by the polarization of inngfrogress toward self-sustainable 10T systems, the rotational
charges, while the energy stored in the supercapacitor actuglyt is developed aiming at harvesting ultra-low-frequency
still remains at a certain level. Therefore, after disconnectiggymechanical energy moreciently. One rotational unit
the GPS module, the voltage can self-recover to near 3.23¥hjeves a maximum peak power of 55.1 mW at 1 Hz and a
with the stabilization of stored charges. After that, the twgignjcant average power density of 0.137 m\W amnd.083
rotational units working at 1 Hz now only need around 90 s tpy; By stacking multiple units together in the walking stick, we
charge this supercapacitor back to 3.6 V and can power gn further boost the output performance. With the stacking of
whole 10T system for 6 s again. A detailed zoomeire o rotational units and one hybridized unit, a 4 mF capacitor
depicting the draining, self-recovering, and charging curveidscharged to 5 V in only 8 s. Besides, with stacking two
shown inFigure @. Overall, with the two rotational units yotational units for powering, a self-sustainable 10T sensing
working at 1 Hz, this IoT system can achieve continuouslystem with a GPS location sensor, environment temperature
the same time, a self-sustained locating function is also realizgeless transmission module has been developed. With the
with a GPS module and a Bluetooth module working 6 s fQfforementioned multifunctional capabilities, demonstrations to
every 90 s of charging. . _ show the comprehensive monitoring for users have been
By introducing the locating function, a comprehensivgreated. In the indoor environment, the motions of users can
caregiving for elderly and motion-impaired people in outdo®je recognized instantaneously through the stick without
environments becomes applicable. With the help of degpivacy concerns. An alarm will be sent out immediately if a
learning, the monitoring system can recognize the usegait abnormality is detected to summon urgent physical aid for
identity, real-time motion status, and corresponding locatiothe user who stays alone. The additional GPS sensor enables
as depicted ifigure € In the coming 5 G era, the collected the location tracking of users in various outdoor environments,
data can be sent to the cloud through the complete 5 Giliowing for an omnimonitoring of the users with autonomy
network for further analysis. It may be accessible to authorizgdd safety even without a caregiver around. This multidimen-
users such as caregivers, who would be able to remotely trggihal information has improved the traditional walking stick
the well-being status and provide prompt assistance onggm a passive physical aid to an intelligent well-being aid with
accidents were detectéthure @ envisions an aged person proadened features in user identity recognition, well-being
using this caregiving walking stick walking in a park, thougfatus monitoring, and location tracking. Furthermore, this
alone on the road, being safe and tracked continuously to aveigtegiving walking stick would avoid the risks of undetectable
undetectable hazards that are of wide concern for thigcidents and spare the inevitability of in-person nursing for
population. To demonstrate the potential of the caregivin eople with impaired mobility, enabling a prompt alarm
walking stick toward such applications, a video showing thgthout the restriction of the activity sphere. Looking forward,
functionalities of the walking stick in various scenarios {ge proposed caregiving walking stick as an intriguing platform
provided in Video S2S(pporting Informatipnwith two  for mobility-impaired users would raise the awareness of
scenarios shown figure 6,i. In this video, two usersst academia on this unnoticed demand and possibly change the
enter a park with the caregiving walking stick. After collectinges of these users.
the P-TENGs output signals for three consecutive steps, the
system can identify them as [Evelyn] and [Tom], respectivelyy
and starts to monitor their motion status with the R-TENG. o ; .
Fabrication of the P-TENG.Three dierent Ecoex materials
The _OUtPUt of the _R'TENG ,and P'T,!ENG fpr user Tom (Eco ex 0010, Ecex 0030, and Eocex 00050) are obtained
walking in the park is shownFigure @(iii). Besides, based  through mixing a 1:1 weight ratio of part A and part B for each
on the GPS module, the system can also tell that they enterg@terial. The obtained Eea gel is then poured into a mold with
the park through the [Main Entrance]. During the whole timefrustum-shaped holes fabricated through 3D printing. After drying in
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an oven at 50C for 1 h, the Ec@x materials are attached to an orcid.org/0000-0003-1871-10EMail:wangf@
adhesive aluminum layer. sustech.edu.cn

Fabrication of the R-TENGFirst, a circular aluminum layer is
cut into four separate parts attached on top of the pedestal, with tag thors

two parts placed facing each other linked through a wire. A circuIarXinge Guo Department of ElectrigaComputer

PTFE layer is then attached to the bottom electrode layers. Two Enaineerina. National University of Sin re. Sin r
aluminum sheets are cut into a fan shape and are mounted on the gineering, Nationa ersity o gapore, gapore

bottom of the ratchet. The curved shape of the aluminum fans ensures 117576, Singapore; National University of Singapore Suzhou
the contact to the area between it and the PTFE layer while limiting Research Institute (NUSRI), Suzhou 215123, China; Center

the contact force, which will cause high friction. for Intelligent Sensors and MEMS (CISM), National
Fabrication of the EMG. Eight magnets (Nd-Fe-B-N52) are University of Singapore, Singapore 117608, Singapore;
attached on the outer ratchet, with all of their south magnetic poles Institute of Microelectronics (IME), Agency for Science,

placed facing inside. Four copper coils with 500 turns are wrapped on  Technology and Researt8TAR), Singapore 138634,
the outside casing and connected in series with each other. Singapore

Characterization of the Output of the P-TENG.The voltage Tianyiyi He Department of ElectrigaComputer

measurements for the P-TENG with a single-electrode design are Enai . Nati | Uni ity of Si Si
carried out using an oscilloscope (AgilentiiWision, DSO-X ngineering, National University ot singapore, singapore

3034A) and electrometer (Keithley 6514) with a 10pkdbe, while 117576, Singapore; National University of Singapore Suzhou

the applied force is controlled by a force gauge. The generated Research Institute (NUSRI), Suzhou 215123, China; Center

triboelectric signals from thee-channel P-TENG are acquired by for Intelligent Sensors and MEMS (CISM), National

the signal acquisition module in an Arduino MEGA 2560 micro-  University of Singapore, Singapore 117608, Singapore

controller in a real-time manner. Zixuan Zhang Department of ElectrigaComputer
Characterization of the OUtpUt of the R-TENG.The voltage Engineering, National University of Singapore’ Singapore

measurements for the R-TENG used for strike speed sensing and gait 117576, Singapore; National University of Singapore Suzhou
abnormality detection are carried out using an oscilloscope (Agilent, Research Institute (NUSRI), Suzhou 215123, China; Center

In niiVision, DSO-X 3034A) with a 100 Mprobe. . .
Demonstration of the Caregiving Walking Stick. The signal for Intelligent Sensors and MEMS (CISM), National

acquisition module acquires the generated triboelectric signals of the Ur_liversity of Singapore, Singapore 117608, Singa_lpore_
R-TENG and P-TENG generated byedént human motions Anxin Luo School of Microelectronics, Southern University of

through the Arduino MEGA 2560 microcontroller. The acquired  Science and Technology, Shenzhen 518055, China
electrical signals are sent to a laptop by a Bluetooth module Eldwin J. Ng Institute of Microelectronics (IME), Agency for
(CC2530) instantly. Following that, the received signals are processed Science, Technology and Res¢&TAR), Singapore
in Python with a trained CNN model also developed in Pythonwitha 138634, Singapore
Keras and TensorFlow backend. The recognized output is sent as &35 Zhu Institute of Microelectronics (IME), Agency for
command to Unity 3D through TCP/IP to synchronize the Science, Technology and Rese¢STARD, Sirigapore
movements in virtual space to that in real life. 138634 ’Singapore
Huicong Liu School of Mechanical and Electric Engineering,

. . Jiangsu Provincial Key Laboratory of Advanced Robotics,
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