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Abstract

Ipzomnia sionificantly Impactz humian productivity and can lead to long-term bealth 1ssues. Sleeplessmess 18 often cansed by siress,
particularly m adults. While hugging -another humsn or amimal can effectively reduce sfresz due to the breathng motion
synchromzation, but 1t 15 often challenging and impractical in many situations. Thiz study proposes @ potennal alternative solution to
alleviate stress by utilizing a soff-suffed robot The robot is designed with a breathing mechanizm that mimies the respiration of 2
living being: By using flexible 3D materiale arfificial nbi and spine are created to imitate animal breathing motion: The 3D matenials
are carefinlly selacted due to their properbies. To measure the human breathing thythm a biosensor called Meadtex consizting of
conductive fabric, can captures the human signal This sigral 15 then utilized 2= feedback in 8 control system. emploving a PID comtrol
algorithm to achieve synchromization between the robot and human breathing motion i temms of phaze and fequency. The robot
imitator sctustor, a customized Mazon BE ‘motor, 2 contrelled by 2 maznpetic encoder and feedback signal To ensure zafetv and
comfort, the imitater iz envelopad i & eushion. Experimentsl tnals conducied durmg nighttime mvolved volunteers iggme the robot
while sleeping, with the resulting output recorded and analyred The fmdings demonstrate that the dezigned robot can be eﬂ"er::h,el'.
controlled and sccurately determine gleep states with proper s "}nu:hmmzatmn

Keywords: Breathable soft-stuffed robot. Respiration imitator, Flexible 3D prntable material. Conductive fabric

1. Introduction

Inzommia a commeon sieep dizorder affecting a sigmificent porticn of the p-::nula’unn_has detrimental effects on daytime pm-:'lucm'ﬂ".
and overall well-being. It 3= particularly pre':alfm among adults and can lead to vanious health issues. including a weakened inmune
svstem [1]. However, improving slesp qualtty iz s complex challenge [2]. Btreze is a' major comtubutor to slesp disturbances. and stodies
have shown that inferachons with pets can help alleviate stress [3-3]. Unfortanately. owning end canng for real amimsls mey not be
feasible for individuals livine in urban areas due to restrictions or time constraints. In suck cases, a soft-stmffed robot with an animal-
like appearance can serve a5 a vizhle slternative to provide comfort and strezs relief] although it cannot fully replace the expenience of
interacting with a real anmmal The bresthmg pattern of an animal robot differs significantly from that of a rea] animal becavse of the
limited degrees of freedom To enhance the senze of realism and comfort, it is important for the robot to bave 2 sumalated breathing
mechanizm In 3 previous stdy [6]. researchers explored the potential of 2 biofeedback therapeutic amimal robot A zoft-zmffed robot
can be effectively uhlized for various human-related purposes, such 42 promoting wellness, addressing medicsl needs, and supporting
pavcholopical well-being.

Previous studies have provided evidence of the pozmitive health benefits associzted with humsn-companion ammal interactions
[3-6]. However, utilizing resl animals for T.berape*:mu purpozes can be impractical and pose complications such as mesmatched life
cyeles, unexperted habits, allermes, or illness rizks. To overcome these challenges. the uze of fendly-looking robots emerges as 2
miare suitahle solution. These znimal like dofls ar robote, dezipned to mimic the ph'_\ sical characteristics of real animals using mechanics
and electronics components; offer practicality and applicability in real-world scenarios. The effectiverness of such mechanizms in
providing comparionship has heen demonsirated by credible evidence m the field of companion robot usage [6, 7]. Addionally, the
exploration of breathing amimal tovs bas shown promising results in improving infant respiration.

Thiz rezearch aimed to sddress stress-induced sleeplessmess by whlizing a roboi-hazed approach The smdy focused on zctivating
the antonomic nervous svsiem through external breathine stimuli as an effectiCe treatment for sress-induced sleeplessness in adnlts A
soft-ztuffed robot svstem with a bresthing feedback mechzrizm was desioned, modeled. mermfacmred, and tested. The primary
objective waz to develop and comsiruct & prototype robot for sleep improvement whick would be tested on real individusls: The
proposzed zoft-stuffed robot meorporated a respiratory feedback system utilizing 2 contact-less capacitive-bazed zenzor to momitor the
uzer's breathmg rate. The bio signal obtaimed from the zenzor was then nsed to adust the robot's breathine mechanism creanng
appropriate shmmlus motions on the nser through an arhificial respiration imitator. The svstem overview is depicted in Figure 1
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Figure 1 Overview of the process
1. Comprehensive review of therapeutic robots

In thiz research. the mein focu: was on designing a siress-induced mzommia robot, considennpg that homans spend & significant
portion of their hives sleeping. Varions robots have been developed to mimic the hiiman breathine system with some researchers
proposing therapentic robots: For instance, a stmdv from Fapan intredueed Sense-Rioid [£]. an emotional baptic communication vstem
that provided a simnlated hugging experience to the uzer. Another example i3 ZZZ oo Pillows. a hugpable breathing robot dezsigned to
simulate sleeping alongside a real human and reduce stress through external breathing stmulation. However, the design of 22700
Pillows makes them mpractical for nze in real human dwellingz Sompox. 2 bean-zhaped robot. can mimic physical breathing cycles
and indnee 3 zenze of calm affecting the user's phyiological responzes. However, it lacks an smims] appearance that would make it
moTe appealing to children. Qoobo; an award-winning robot cushion, replicatex the purring of & gemuine cst through a wagging tail
mechanizm While saccessful in itz purpoze. Qoobe does not create breathing motion like 2 real ammal when hugzed. Addionally,
there are several other sofi-stuffed robots available m the commercial maricet. as shown m Table 1.

Table 1 Summary of commercial therspeutic smifed robots

_Product Friendly lock ‘Easy to user Sensor Price (USD)
Sommnex [9] pooE fair poor 300
Qoobo [10] fair fair poor 400
Flatcat [11] pooE pooT pocr 360
Furby [12] fair fair poor 150
Moflin [13] poOE good poor 4060
Nicobe [14] fair zood poor 300
Paro [13] ood zood poor 5,000

In existing robotics rezearch the emphasis on biometmic senzing systems has been lacking. This study aims to address thes zap by
focusing on the development of a contaetless conductive fabric senszor to enhance sensing performance The improved sensor holdz
potential for various medical zpplications, meluding diagnostic tools and real-time monttoring syvstems:

3. Robot's respiration imitator

The look and feel of the robot were carefully considenne in order to relax humans. The-soft body robot has benefits over standard
bard body robots especially for the stress reduction propose. & teddy bear doll was trapsformed inte 2 soft-stuffed robot for the
prototype by incorporating a mechanical breathing system. a low noise actuator, and a capacitive-besed resprafion zensor within the
doll’s internal srea. The teddy bear doll uzed in thiz shadi was obtzined from the arcade doll picking machine, az illusirated m Figure
2. Internal stuffed cotton was removed fo create empty space for robot mechamsm. For the tesearch proposs, the robot was not
controlled by on-board computer, but it was linked to an off-board computer aim for conveniently gathering and proceszing bio data
az well a8 caleulsting the control 2ional. The robot syetem diagram is thown in Figure 5.

Figure 2 Tedidy bear smffed toy
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Figure 3 Stuffed robot svstem diagram

The development of the breathing mechamsm for the soft-swifed robot posed a challengmg task The main focus was to ensure
er-friendliness and comfort. Additionslly, the robot sy=tem was specifically designed for use during sleep, necessitating 2 Jow noize
]E»ﬂ]_ To achieve a smooth breathing motion. a fexible Tobot arm approach was ad-:rp*ai Flexible 3D materials were utilized to ereate
tubes that acted 25 robot nibs, while rigid 3D matenials wers used for the actuator holder component and the robot spine. By mampulating
these tobes, the robot conld replicate the natursl expansion of the hos and obz dormg kuman breathing. Figure 4 iilustrates the
respiratory svstem which conzizts of two flexibie arme attached fo an actuator holding compenent, fanctioning similathy to the human

Figure 4 Designed respiration imitator

The properties and dynamics of the desined imifator mechanizm were analyzed using the clamped-mass medel of the Sexible
beam To simplify the analvsis. only one rib arm was inthially considered before expau&mgm the enfire system . Figure 5 illusirates the
deformation of one imitator tib arm from a top-view perspective. In this imitator structure, & control force was ap]:ulted at the link tip,
generating torque at the hub. The medel of thiz anm was calculated bazed on the Finite Element Method {FEMD). The deformation of
the flexible hink, w{x, ). generally be nmich zaller than the lnk length. [ and any extenzion was peglected, therefore, the flexble
ammn length can be considered a2 a constant | for both deformed and undsformed links. The point xp was considered and can be used to
calculate displacement in v-axiz a3 1, from (1) 2nd the linear velocity of y, by (2) when the rotated ansle 8 and w(x, £) were small or
link:had a amall deflection
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Figure 5 Free body diagram of the flexible arm
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The velocity in x-axiz of the point P was wix, £)8. Total kinetic energy of the flaxible imitator arm was the combimation of the kanetic
encrgy of hub, kanetic enerey of link and kinetic energy from fip mass as shown n (3).
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Where,
I 13 the mmertia of the hab.
{2 1= the uniform limesrmass depsity m kg'm
M iz the mass of the tip.

Beeause the arm waz desired to be paralle] o the ground. therefore, no potential energy from the gravity. Total potential energy
due to elastic deformation of the link 13 (4). Where, ET 1z the constant flexural ngdity.
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Then, the dynamic equation of ezch arm in the mmitator mechsnizm can be derved from Euler-Lagrange equation of motion as (3).

d ¢dLy &L 8D
(7
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Where,
L = Ej — Ep 1z the Lagrangian vanable
D iz the Ravleigh’s dizzipation funchon
g 15 the generalized state vanable
77 is the generalized torque

Generally. the generalized force m the robot system according to link varable 1= torque 77 that was applied to the link at the hub.
The Ravleigh’s distipation fanetion D allows dissipative effects to be included inte the dynamic equation The dissipative effects
accrued when beam sbsorbs-ensrgy from the structure due to s responze [16]: The dissipated ensrgy can be wntten az (§). Where,
£{x) 15 the viscous air damping, £ 15 the resistance to stram velecity constant and Cp 1= the resiztance to angular velocity at the tip
constant.
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The dissipative effects are small and ezn be veglected. 1nutatorarm had no tip weight and bub did not rotate i order to generate
brezthme moton, thus. the equation (3) can be denved as (7). The dynamics of the amm requires deformation function wix, 7). The
deformation function can be obtamed by FEM when assiened proper boundary conditions. The boundary conditions for this flexible
arm dizplayed a2 (8) to (11). More over the Euler Bernoulli equation for 2 beam, for which rotary inertia and shear deformation effects
are ignored, was required as the deformation equation of the arm and equal to (12). The torque 77 that applied to the'arm was introduced
by external force f, thus, the torgue can be obtamed az (13)
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Omce the dynamic model of the imitator amm svxiem was denved. the next =tep involved mammfactunng the actoal mechanism
Materials of the artificial respiration mechsnism must be sturdy but flexible enough to-create breathing motion Espe::aalh for the flexible
amm. Given the complexity ofthe designed mutator system. iD printzble maternialz were chosen for Thls research due to their availability
and zhility to forny complex parts. Careful zelechon of vanons thermoplastic matenals was carmed out for the flexible aoms structure
To simulate the mechanical behavior of different materials under various usage conditions, a numerical analysiz process was emploved.
The zimulation: were conducted using Calculix [17]. 2 fintte element module within the FreeCAD software [18]. The simulated
environment accurately depicted the respirator structure, incleding the force direction and all relevant characteristics, as illustrated in
Figure 6.
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Figure 6 Cotenz of amm simulations
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Figure 7 Simulated rezult of 1D matenzlz
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The selection of appropriate matenials for different parts of the respiration imitator was based on thewr respective workload and
responsibilities. To determine the properties of typical 3D prnting materials, simulations were condacted on popular thermoplastic
materialz. az depicted in Figure 7 under the influence of extemal forees. The simulation results guided the selection of suitable materials
for each component of the imitator The core body stmctore served as the support for all sy=tem components, including electronics and
sensors. It needed to be strong enough to withetand the force-and heast penerated by other parts while securely holding them in place.
Therefore, ABS was chogen to congtruct the bazic body structure. Anxiliary preces. such as joint locks, snap locks, and arm tip
connectors, were required to comnect vanous portions to the core body structure: These pieces needed to be flexible vet sturdy, witheut
requiring hizh heat resiztance. Bazed on the simulation findings, PLA was sslected as the material for theze auxiliary parts. Its strength.
fembility. and ease of forming, as demonstrated by its adhesion properties, made it ideal for this purpose The robotribs and arm were
vital components that facilitated 2 gentie breathing motion and provided 2 delicate touch for the uzer. These components demanded
materizls with high fexibility and the ahilify to rezfore their shape durmg the: breathing motion: Considering 1t excellent Sexibality
and good recovery after compression. PTEE was.chosen for the ribs section. An overview of the matenals uzed for the respiration
mechanizm i presented in Figure 8. Bazed on simulated result a rebust acteator for 2n mmitstor core was required. Among high
performance achators, a customized BE-max zeriez from Maxon Motor was zelected due to its propertiez a5 shown m Table 2. This
motor can create 13,6 mNm of continuous torque thanks to the powerfitl neodymium macnet eore.

..{

Figure 8 Detzil of the respiration imitator materials

Table 2 BE-Max Maxon moetor parameters

Parameter Unit Value
Nomunal woltage v 2
Mo load speed Ipm 6610
o load current mh 2386
Nomimal zpeed Ipm 5430
Nominal torque {max. contioupus torgue) miNm 156
Nomunal current (max continuous current) A 084
Stall torque mNm 136
Stall eurrent A g2
Max efficiency %= 20
Terminal Tesiztance Q 146
Terminal inductance mH 0108
Torgue conztant mNnE A 19
Speed constant eV 502
Mechanical time constant ms 142
Botor inertia _ [eiiy 109

The motor iz the bruzhed type motor that comes with a buitd-in encoder that attachad to 5= back for precizion confrol and the motor
shaft posifion can be confrolled by PWM sipnsl However, to zccurately simulate rezl human breathing, a more sophisticated respiratory
mechanism waz required. demsnding extreme precizion. Therefore, an advanced miethod for mezsuring the motor angle with high
AcCUracy Was neceszary, A sheet-shaped rubber maznet was mounted to the tip of the modor sheft just above an additional kall effect
zensor. Thus, the mapnetic flux density of the fwo axes perpendicular to the rotating axiz conld be measured using a magnetic sensor.
which was counted v A'D converter of the microcontreller to obtam the mator angle = shown in Figure 8.
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Figure 9 A cross zection of magpetic sensors structhire

The Giant Magneto Registance (GMR) zenszor, TLESQ)9 from Infinecn Technologies [19] had been chosen in thiz rezearch to
mezzire the magnetic flux. The zensor and magnet were contactless inorder to reduce the damage from fnctions that can cccur when
motor was operated. A robot controller board, NUTBOT [20], was zelected for string driven zoft mechanizm This comtroller board was
dezipned specificzlly for stuffed-toy robotz. The mein microcontrodler iz the PIC32 MMODA4 GPLO3E. To control the motor, the
controller board receives an mstruction from the host computer using Universal Asynchronous Senal Communication, or UART
protecol Host computers send bresthing motion trajectory to the controller board and the controller penerate the PWM control siznal
to the motor with feedback from the magnetic senzor. The comtrol algorithm was desiened bazed on 2 digital Proportional Infegrator
and Deferential or PID controller with position feadback from magnetic data. The magnetic flux from the pulley 12 measured as shown
in Figure 10. By controlling the rotational speed and angle of the pulley. respiratory motion can be achieved. In addition. the mofor
drver consists of two DEVEE35 meter driver chips from Texa: Instruments with current measnring feature [21]. This dover can drive
current up .54 at 103V Becauze the highest weight that human fingers can hold 12 around 3 kg, the 0.8 thickness thread 12 used for
pulling the mnitator core for the safefy. This thread csn withstand a maximum weight of 4 § kg The controller board was installed mto
the robot imitator beckbone for compact and shown m Figure [1.
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Figure 10 TLE3009 measurerment of the mapnetic field direction

Figure 11 Coniroller boerd and the complete robot backbone

In order to confinn the properties of the selected material, the experiment was zetup. The complete mitator system was drven by
the acmator znd the droven force was comected via doving cument that flew into the motor. Then, the captured driven foree was applied
to the simulation environment and the reszh was recorded. The dizplacement and blend of the mmitator arm between the real yztem

and the simmilation were compared as shown m Figure 12. There was 5 zmall different between the real imitator and the zmmlation
becanze of the arm tip parts that were attached to the arm create the extra masses.
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Figure 12 Companzon betweeen the real imitator and the simulation with the 2ame driven force (Top view)

The sofinesz of the robot's extenior was an important consideration in the design process. The imitator's stracture was carefully
desipned fo mirmic the human thorax. with the ribs playing a crucial role. These nib-like siroctures supported the expansion mechanizm
and prevented the collapse of the outer exterior during breathing movements. At the center of the backbone, an schustor sysfem was
mstalled. Thiz system began with the actustor located st the bedy core, which could generate maximum torgue. The torgue was then
tranzmitted o the pulley positoned at the center of the core. Dual W -shaped stringz were attached to the pulley and extended to the tip
ofthe arms_ The timing and trajectory of the actuator could be controlled by the controller circunt at the top of the acimator syztem. Ta
inmitate the human ribs, the desizned imitator arms were enclozed by 2 cushion pillow. Thiz pillow not only provided a soft touch but
also concesled the underlying rﬂbﬁt simicture, creating the illusion of soft tissues. Additionally, the cushion pillow ensured that the
robot mamtsmed = shape and prevented deformation when the user inferacted with it such a& through hugemg This comhination
allowed for 2 realiztic and tactile experience for the user. Finally; all the robot parts were nstalled within the teddy bear doll skin, as
depicted i Figure 13.
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Figure 13 Soft pillow attached to the mmitator mechanizm snd instzliation

After the robot has been completely aszembled, 113 =afety m uze was tested ezpecially for volznle chemicals. The glass ransition
temperature was consldered because at this temperature, the materis] beginz to fransform from = solid fo 2 glass state. At this comdition,
the material becomes brttle lilee plazs. and volatile chemicals may be created Table 3 shows the material properties of the robot
imitator zvatem PLA kas the lowest plass transifion temaperature at 60 *C. The operational temperature of the robot when the de motor
1z turned on waz measured. The robot was fested m an air-conditioned area to simulate the actus! bedroom atmosphere: The kaghest
temperature within the robot is eround 32°C surounding the motor; thus, the temperature of the auxiliary parts at the end of the fib 12
lower than that of the motor, This auxiliary part was made from PLA end its operafing temperature is lower than its glass transiion
temperature. By conttdering this informetion the robot i3 2afs to use.

Table 3 3D matenals properties

Parameter ABS PLA PETG PIFE
Odor Mild plashe Slightly sveet Mild Odorless
Glass transition femperaturs 105 °C &0°C 85°C 126°C
Unzafe temperature 1ange = 250°C = BUAE =260 °C >330°C

4. Breathing senzor

Anpther difficulty m this rezesrch 15 how to detect the respiration signal. Several affordable biometric studiss were conducted in
order 1o determine the optimum com-promize for prodecing the commodity senzor. According to our sndies, m order to detect human
respirafion n the soft-stuffed robot application was not 2 simple task be-cause of the matenals and neize from users Not only the
softness of the materizl was matter, but also the user's comfortable was important. In this topic, the zelecting of the resprration detection
zystem was explained

Ini order to achieve 3 non-invasive zenzor dexign for monitoring the respiratory syvstem vanous sensor options were explored. A
proxmuty detector was mitially tested to capture respiratory movements. Previous research [6] propozed an expandable zenzormethod
for menitorning breath expansions, but it was not suitable for wee in soft suffed robots due to itz strap-like desipn. which may not be

nzer-fiendly. Another method called Capaciflector [22] mvolved creating sn mductance beam to detect hiometrics from human
reflexes. However, our shudies indicsted that a delicate anslopg crewt would be required to generate a precize detecting sional which
may not be practical for uze during sleep or in real-world applications: Next, CapSense techne}ng} from Cypress Semiconductor [Z3]
was explored. This senzor allowed for the detection of tiny changes m capacitance, such as those associated with human respiration.
With 1tz bult-in Delta-Sipma Modulator, the zenzor provided versatile and efficient sipnal compensation. capeble of monitoring
differentiafion of imductance changes. A =ingle plate of msulated copper was used as a shield electrode, which was commected to the
microcontraller using shielded wire: By receiving the periodic signs] propagated from the CapSense circuit, the microcontroller could
capture changes in inductance. When a large mductance object. such as the human body, was prezent the mductance i the shield
electrode would change and could be sensed by the circuit The systern’z automatc tuning procedurs zllowed for adaptation of
parameters to different shapes_ sizes. and types of conductive matenials used in the shielded electrodes. However, 1t was found that
althouch the sensor had a pood response, 1t could notbe used i a zoft-smffed robot due to itz rigid matre and difficnlfies in metallation
which could create discomfort for the uzer.

To ensure the creation of a comfortable and well-functionimg soft suffed robot. carefi] selection of soft materials and sensors iz
essential However, installing = large shield electrode into 2 soft-siuffed robot may not be zmfable, which led to the consideration of
conductive fextiles for this purpose. Among the availzble options, Shibata conductive cotton was matially chozen for experimentation
Thiz textile iz made from copper threads combined with cotton thread, woven using sn shtemating weaving svetem. It iz commonly
uzsed for power distnibution in e-textile apphication:. Uniforiunately, the resulis showed that the conductivity of the copper thread
structure was not sufficient for the mtended purpoze; Finally, Medtex 130 Az Nylon zingle directional stretch fabrie [24]. az shovn m
Figure 14, was zelected Thiz conductive kmit fabric i3 also uzed in e-textile applications. It is composad of silver-plafed mvlon and has
4 strefchy property in cne ditection. With & surfaee rezistivity ofless than 1 £ /'sq. 1t exhibits high conductivity. Thiz textile proved to
be an excellent candidate for capacitive and flemible applications. An expenment was conducted to tezt the conductivaty and sensitivity
of the Medtex textile. 23 depicted m Figure 14.
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Figure 14 Conductivity and sepsitivity experiment on Medtex 180 Ag Nylon
5. Robot software

A precize software’ gvstem was necessary fo control the sophisticated hardware of the zoft-staffed robot: For simplicity and
flemibality, the sofiware was mplemented on the host computer rather than m the embedded system of the robot. This allowed for-easy
code chanpes and facihitated experimentation. The software wa: divided mto sub-modules. mchuding the control unit, motor control
unit, and zensor signal processing wnit All umits’ eodes were developed using the C# lanzuape and the Net framework software
development kot The motor contrel unit was asmigned to communicate and control the motor dover beard. Bazed on the onginal
NUIBOT control software, the commumcation to the drver was made by sending and recetving the custom binarv-encoded meszage
package via the high-frequency continuous svnchronous senal communication (UART). The binarv-encoded meszage had the
advantage of compact data compression and high-speed data interchange.

At the imitiztion process phase, the software would send 2 checlang message for obtammmg the present statuz of the dover board and
waiting for the feadback messaze from the dnver board before furthering the configuration Wkhen the driver was ready, the
configuration would he zent to drver board for confimmng an actustor and magnetic sensors. The zofiware reconfipred all the
parameters and update the uzer mierface at thiz stage. Then, the software entered the operation phaze. At the operation phaze, software
commumicated with a motor driver by usinz control meszage based on PID controller which contams the motor statms and the control
command message. This allows 2 closad- [nnp comtrol algnnthmp.smhte Inthe samie time bio =igns] from the capacrtive fabric zenzor
captured human chest motion and this siznal was used as the feedback signal to synchronize the robot and human breathing frequency
and phkaze. The rezpiratoryactovity signzl was cleaned by the low-pass filter before passed 1t through the Fast-Founier Transform
dlgorithm to predict a respiration frequency. Then the result was uzed in the feedback algomthm for caleulating the response motion
for the actuator. However, thiz approach was nich i caleulafion sinee 1t required both low-pass filter and FFT transformation. The
experiment was conducted to testing the performance of the dezigned robot svstem. Theuser mterface (UI) dashboard, a= depicted n
Figure 13, displaved raw data and itz spectrum.
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Figure 15 Raw signal (top) and FFT spectrum (bottom) captured from human body
6. Experiments

The soft-stuffed robot was manufactured using the dezignated mechanism materials and a bear doll skan. All the compoments wers
initzlled i the robot body and tested for bresthing motion. Prior to the humman experiment. 2 comprehensive performance test was
conducted on the completed zofi-stuffed robot svstem: In this expenment the actuator drove the reposttory mmator with a cychc
angnlar trajectory to smulate human bresthing motion. as illustrated in Figare 16. The displacernent of the bear doll skin was recorded



351

Engzinsaring and Appliad Sctence Razearch 2024:51(3)

and depicted in Figure 17. The results of this expeniment demonzizated that the demigned robot successfully achieved the desired
brezthing metion, with thie doll zkin moving up to a difference of 17.8 mm between imhale and exhale motions. Furthermore, the impact
of the doll skin on the imitstor was assessed by comparing the achievable angle of the motor with and wathout the mmtaior mstalled
inzide the doll shell. The expenimental results, shoon in Figure 18, indicated that the zngle of the motor differed by spproximately
6.81% when the witater was mestalled in the doll compared to wher it was operated outside the doll. This expermient confirmed that

the selected actuator penerated sufficient force for the mitztor to generate the breathing motion.
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Figure 16 Robot’s brezthing motien
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Subzeguently, human expenments were conducted duning mghttime to simulate & real-life zcenane: The aim was fo capture the
buman bio signal and obizin the breathing signals. i order to analyze the human respiration period and predict their sleepmp pattern.
The experiment was et up in a bedroom, with the robot connected directhy to 2 desitop computer. The volunfeer was kindlv asked fo
hold the robot while sleeping. a2 depicted in Figure 19. The bresthing motion of the volunteer was monitored using a capacitive

proxinuty senser embedded m the robot's chest Throughout the night the expenments continuously collected raw hleenmE data zignals
The volunteer was mstructed to embrace the robot near thewr respiratory system For this research the obzervation penod selected was
30 minates between 4:00 am and 4:30 amy The collected zignalz were later anahred offline. Periodic signals were tranzlated into

Tespirafion measurements using frequency anslyziz. By zeftme -appropriate frequency windows and sampling rates. 3 fimdaments]
frequency compopent was idertified from the 2ignal approzimating the respiration rate.
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Figure 19 Experiment on the volonteer during the night time

Bio-zgnals always contamed noize and the strength of the s1gnal was depended op the locaton of the sensor to the human body:
The distance obtained by meaziring the distance changes with the ime of the distance between the robot and the nzer's chest mav canze
the noise and de bias shifted In order to avoid this pmhiﬁm the fraquency domain analvsiz was ussd to analvze the bio-siznals from
the humsn in thiz experiment. Thanks to the Fourier Transformation, the time domain siznal could be transformed to n'equenm domain
information and it could withstand the different hugging postures and distance caused by moving dunng sleep deformation or noise
from the environment. The shiding mode Dizcrete Fourer Transform (DFT) was performed throughout the zession fo extract insights
pieces of information before being handed to the ohaerver Supplement the measurements, the Power Spectral Densrty (PSD) was
calculated over the signal window to obtain 2 more informative metric for offline obzervation. PSD waz the power of each harmonic
in signal frequencies by calculating the square of the magnitude from Fourier coefficients. PSD from the DFT of the mipnals, n general,
showed the smount of each frequency across all bandwidth in the frequency demain. The normal human respiration rate in this caze
wae ground 0.2 to 0.3 Hz. By performing & mumericsl ent-off at only the desired frequency. the higher frequency component canszed by
soft sensor deformation and environmental notse could be re-moved. The performance of the PSD to moze and de offset was shown

Figure 20,
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Figure 20 PSE zicnal from the expeniment

A captured raw dats presented an mieresting signal pattern that reflected the volunieer's sleep activities: Referred to Figure 21, the
captured =ignzl can divide into several sections where the periedic data share the same behavior. The zimnal can be divided mio seven
sub-zectionzas 1.2 3 4 5 6and 7 as shown in Figure 21. Each section was analyzed with a combination of the raw signal DFT, and
PSD mformstion in combinaton with clinical reportz. For an informative description. we described the following results in form of
chrenclogical events.
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Figure 21 Sleeping signal segment of 30 munutes. (Time: 4:00 am 1o 4:30 amj)

Section 1, as highlishted by the gresn ecolor, represents the most common stable sleep belisviors cheerved. Thiz zechon oceurs
when the volunteer maintams a steady-state sleep for an extendsd penod, wath a respustion rate ranging fom (2Hz to (.3Hz,
approximately 12 to 18 breaths per minute. These findings alizn with previous clinical studies, which indicate that the average
respiration rate during sleep for 2 healthy adult f11 wathin the- range of 12 fa 20 breaths per mmmte. Furthermore, the frequency spectrum
a.uaii si¢ reveals low turbulence in the POWer compionents, as evident in both the FFT and PSD plote a= shown in section 2. It exhibits
pezk frequency along with signal disturbances in the time domain This period i= classified as a preconscions sleep phess. denoted by
the hight-green color. It frequently oceurs before sbnormal slesp activities manifest. Initislly, the respiration rate shshtly decreases
from the av eraze. or addrtional azeillations are observed in the verv low-frequency s.*:nﬂn:n'l..m_ While there may be no sionificant
difference in the power specital denzity (P30 compared to the previous sechion. the FFT analysiz demonzsirates notable chanpes:

Then, in Section 3, a significant change iz observed, indicated by the orange color. During this period. the voluntesr becomss
conseious and attempts to adjust themzelves to 2 more comfortable sleep poditiom. often following uneomfortable sleep postures.
Interestingly, this section reveal: a distinct pattern m the zignal stnectire. The turbulence cheerved m the FET anahyziz 13 8 result of
fluctuations m the volunteer's movemenis. Addibonally, the power in the PED spreads to adjacent frequency bands, mdicating an
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overall change 1: peak frequency. This finding 13 crucial a2 i demonstrates the proper funchiomng of the capacitive sensor ik sccurately
captunng a range of values. Furthermore, thiz cccurrence can be indicative of an sbnormal sleep state. Such information can be uhilized
to assess overall zleep quality, duration, or even predict potentia]l condrhoms such as Bestless Leg Syndrome [15]. After the body
adjustments, the velunteer returns to a stable zleep position, initiating a new sleep cycle, as depicted in section 4. It iz worth noting that
the peak FET dizplays shehtly higher TespITEN ratex, aocompanied by an increase m hjvhe:r frequency noise across the range of this
section. This indicates that the volunteer may not have fullv reached = steady state Ef‘*iE'Ep as an unztable breathing pattem is chzerved.
The chservation continues until section 3. where siznificant fluctustions are obzerved in both the time domain and the FFT dustoa
large breathing movement by the volunteer. This tvpe of transihion provides velusble msights for health monitoring. as notable changes
;i.u resperatery rate can be mdicative of other abnormal activities or diseazes such as ineffective gas exchange or cardiac amest caused
v eerebral hypoxia [26). Interestingly. the systemy can moniter snch transtions withont di.ﬁm.ﬂ!\

Section 6. represented by the red color, exhibits a mudden drop in the signal and the introduction of high-fraquency noize in the
FFT analysis. In thiz period_ it is J::a]l&ugmz to deternune the specific activity without additional dats from the power spectral depaty
(PSLY). Notably, we observe the lowest power across all spectrum bands mmpsﬂe& to other periods in the session This suggests that
the fabric sem=zor was positioned too far from the detechom surface (m thiz caze the human breast) resultme in the collection of
environments] noizes from the swrrounding open space. The observer noticed that during section 5 and the beginning of zsction 6, the
volunteer experienced discomfort dus to Wocturia, which 1z one of the slesp disorders: Subsequently; the velunteer abruptly regained
conselouzness and woke up from the bed. Onee the volunteer retumns fo the experimentsl bed the signal enters sechion 7. The volunteer
refums to the bed and attempts to restore the experimental sstup. The sensor is now able to detect the induetance of the voluntear's
body. However, the system encounters difficulty in retneving raw periodic signals within the range of human rezpiration. This 128
consequence of the high mductance of the surface, which ocewrs when the sensor is placed too cloze to the volunteer's body. Thiz izzue
can be attribmted to the deformation of the Tobot's body or excessive constriction. It is worth nptime that such linmtations are commonly
obierved m vanous soft sensors and pecessitate improvement in fiture versions. However, the observation of the signal: in the
expeniment yields several nignificant pieces of nformation.

To evaluate the performance of the desipned soft tobot, 2 final experiment was conducted The experiment involved ssking the
volunteer to sleep under three condihions: withont a robot doll, wath a robot doll that was not powered, and with a rebot doll rmning m
operation mode. The sleep duration was tecorded using 2 commercial wearsble device called Amarfit Bip. This device utilizes the
STAEITAT6IEY S ARM Cortex-M4 microcentroller mning at 80 MHz. Bio-zignals were measured vsing an accelerometer model
LISIDEI2 and a vital sion module AS7024. These measured signalz were combined to approximate the sleep states. The resalts of the
sleap experiment ars prazented in Fipure 22 The expenment revealed that, on & rerage. the volunteer slept for approximately 8 howrs
and 16.5 nunutes when not hugping = robot doll. When the volunteer hugged 2 robot doll without power while sleeping. the sleeping
time increazed to an average of § hours and 58 minutes. The sleeping time further increased to an average of 10 hours and 3.5 minutes
when the robat doll was programmed to simulste breathing. Based on these experimental results, it can be concluded that the robot doll
can enhanes the volunteer's sleep goality with or witheut power, but the improvement in sleeping time was significantly greater when
the robot doll smulated breathing. Dunng the expenments where the volunteer held 2 robot doll while sleeping, the breathing eveles
were recorded by both our doll and the commercial wearable device. The breathing frequency meazored from our doll ranged betneen
02Hz to 0.3Hz, with an averzge breathing frequency of 0.23Hz The commercial wearable device recorded an average breathing
frequency of (. "'6}-L Therefore, the dall demonstrated an accuracy of appmxlmateh 22 47% in meszuring the breathing rate mmpamd
to the commercial wearable device. Although the results indicated an improvement in slesp duration with the robot doll. the increased
slesping time alone 1= not conclhusive evidence of stress relief cansed by the doll To assess human stress electroencephalography
(EEG) can be nzed. but it requires measurement by frained phyaicians ina hospital zetting. This would provide a more comprehendive
understanding of the resl effects of the designed robot doll on humans. Unfortunately, fall clinical trialz could not be conducted in
hospitals, and the sleep laboratory capacity was limited in terme of both manpower and equipment. Based on the research aim of
exploring the patential of robot: to anhance slesp qualhity, the experiment demonstrates promizing indications of the possihility to
improve slesp through the useofa robot

Sleepitime =7 34hrz Sleep tme =3 35z Sleep time =8 37hrs 3leep time = §:55hrs
o robot dell Fobot doll nathout power

Slesp timia = 10 33h=s Sleap fimsa =9 3Thi=
Fobot dofl with power

Figure 22 Expermmental result of the sleepme experment
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At thiz pont, the sensor detects the inductance of the volunteers body. However, the system 13 unable fo reineve raw penodic
siznals within the range of human respiration. This is due to the high inductance of the surface, likely causzed by the deformation of the
robot's body or excessive proximaty to the volunteer's body. Such imitahons are commonky encountered in various soft sensors and
will nead to be addressed and improved in future iterations.

7. Conclusion and future work

Thiz research zimed to explore the potential of usng a soft robot to enhance sleep quahity by murucking the comforing effects of
bugging a humsn or animal A soft-stuffed breathsble doll was mitoduced as 2 soluficn, des;g.nr.d with a feedback bio-s zignal o
determme slesping states. Mulhple prototypes of the robot were developed meluding ertificiz] long fonctioning and & breathing imitator
mechanizm  The robot ribs were created using 3D printing techmiques and muitsble matenials, wath Medtex 130 AG nylon fabric for
cenductive sensing. Expenments mvolved volunteers heldme the robot while sleeping, with data processed to separate sleep activity
mto seven sub-zections. The capacitive senzor system sccurately predicted respiration retes. demonstrating the poszibility of sleep time
improvemnent The designed brezthing zensor nied frequency domein anslveis o address zignal distortionz. The experimental result
suggests promising possibilities for improving sleep quality using the dezigned robot. The experiment showed that helding a powered
robot doll increased zleep ime by approximately 2 hours for the volunteer Unfortunately, full clinical tmals were postpened due to
limitetions of resources. The proposed robot system has potential applications bevond leEp improvement in heahtheare contexts. This
type of robot could assist in personal health care, monitor vitality, and provide relaxation technigues like meditation to reduce stress.
Fobot system could be improved o the future by addng moistiure-enhanced breathing air medule i the: breathing area for extra
medication especially for users whe have rezpmatory iszues
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