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Soft robotics for physical simulators, artificial
organs and implantable assistive devices
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Abstract

In recent years, soft robotics technologies enatheddevelopment of a new generation of
biomedical devices. The combination of elastomengterials with tunable properties and
muscle-like motions paved the way towards mordst@phantoms and innovative soft active
implants as artificial organs or assistive mechasisThis review collects the most relevant
studies performed towards the development of tlewedmentioned devices in all the body
systems, giving some insights about their distidyutin the past 10 years, their level of
development, and opening a discussion about thet mm®mmonly employed actuating
technologies. The reported results show some pmegisends, highlighting that the soft
robotics approach can be useful in replicatingipaldr material characteristics, in the case of
static or passive organs, but also in reproducipecific natural motion patterns for the
realization of dynamic phantoms or implants. Atghene time, some important challenges still
need to be addressed. However, joining forces ethibr research fields and disciplines, it will
be possible to get one step closer to the realizatf complex, active, self-sensing and
deformable structures able to replicate as closalypossible the typical properties and
functionalities of our natural body organs.
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chance of survival of a patient. This is the fieldartificial
Introduction organs and simulators of body parts. Although saifotics is
still considered at an early stage of developnierig,already

In the last 10 years, soft robotics has introduceew way . . . _
L S . considered an appropriate technological candidatalifthose
of thinking about robots. Intrinsic safety, adajigh . : o .
.biomedical applications, where safe and delicatet y

resilience, and conformabilty are among the major, . : -
. . effective, interactions are necessary. Assistived an
advantages brought by the use of soft and flexitdeerials o . ) . .
. . : rehabilitation technologies, surgical instrumergsosthetic
for the robot body. This trend is also influenced the . T .
) . L . devices are the most promising fields where a toamational
increasing awareness of how powerful biomimeticy bein . . . .
. : . impact is expected already in the short/medium term
obtaining better performances in robotics. Howeaéhough : .
. ) : o However, the most farsighted challenge remains the
nature is one of the most creative designers, ptamaility - _
L . . . e possibility to recreate and fully substitute organ
criteria, unlike engineering, respond to specificgets as . . . )
. , . S functionalities. The research path that leads tueae this
survival or reproduction. For this reason, biomiksshould

. . o . N, goal is notoriously extremely complex. An artificiargan
always aim at identifying the underlying functiopainciples, .
. . ' does not allow compromises: a system that doefitpimeet
and not necessarily to copy the natural models.relie

- S . . all the physiological requirements is useless. thiw reason,
however, a specific scientific field where this adigm does . :
. . . in some cases, research groups prefer to staprtioess with
not necessarily hold: where the reproduction ofybodyans _ . :
. . . : . a simpler approach, focusing on the reproductiororgfan
and system functionalities using materials with pamable : . ) o ) . )
. . : functionalities without aiming at implantability.his is the
mechanical properties is of paramount importandesre any . . .
. . . - case of physical body simulators: where scale,hilitsaand
sudden geometrical or mechanical discontinuity m

represent not just a possible source of failurealso a limited @(ocompatlblllty are not a major concern, a_\s_thﬁg/u:aseq as
platforms to support advanced medical trainingl{Hidelity
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functional phantoms), to benchmark medical deviceso
study and simulate the effect of specific physithpkogical
conditions. They, indeed, represent a valuablerratae
solution to the current approaches that are veritdd due to

replicating all the mechanical characteristics aitd
functionality.
In this review, we categorized the synthetic sirar&in

static and dynamic simulators. The static simutasoe made

their invasivenessi vivo studies) or due to the complexity o Soft and deformable materials, but the naturavements

dealing with excised tissues, namely their shéet (&x vivo
studies).

In this review, we focused our research on thestat

advancements achieved in the field of soft robajmslied to

are not replicated. In the dynamic simulators, atuation
technology is introduced to simulate the physiatadi
movements of the organ or tissue. While the dyngrassive

Simulators are moved by the surrounding conditiarfis

pressure or flow, the dynamic active simulatorsegnate

artificial organs, physical simulators and impldigassistive gct,ators that actively move the parts of interashing at

devices. To pursue this objective, a total of 28klas were

replicating the physiology.

reviewed ranged from 2001 to 2021. Among them, 142

original research papers published within the fast years
are summarized,
materials, fabrication methods, performances, $imatnd
challenges, and reported in the Supplementary hd&tdo
highlight the latest achievements through the sofftotics

approach. We, indeed, included all the studies a/ltee use
of soft materials and/or soft mechatronics represkthe core
reproduction of specifi

enabling technology for the

1. Static synthetic simulators

in terms of anatomical reproduction

Static phantoms have been widely employed for the
development of systems able to help surgeons dtrangng,
pre-operative rehearsal or to study patient-specdhditions.
Moreover, sometimes became extremely useful also fo
validating imaging techniques or algorithms.

properties, as geometry, appearance, and mechanicafenSOry organs

characteristics of both passive and active devices.

Within the group of organs responsible of sensory

We took into consideration different body system&SPONses, researchers presented static phantdhes exr.

underlining the current state of the art and thestmrecent
advancements for each of them. We highlight whiehthe
soft robotic artificial organs closest to clinicgbplications,
and which are the most important challenges tleatarrently
limiting a smooth development, ranging from theidevong-
lasting properties to biocompatibility.

Soft robotic physical simulators

The field of robotics applied to healthcare is ¢andy
growing. Robotic simulators of human physiology \pde

powerful platforms to advance the development ofeho

treatments, prostheses, and therapies. The siwmlaif
human body parts with materials similar to humasues an
with life-like abilities represents an emergentlaggtion field
for Soft Robotics (1) that allows the developmenantificial
organs more and more similar to the natural copatérin

Figure 1 Ear static simulator. Courtesy of Dr. Elisa Mussi,
Department of Industrial Engineering, University of Florence.

Carving an auricular cartilage framework from awogus
cartilage—the most common technique for auricular
reconstruction—is, indeed, one of the most challengkills
for the reconstructive surgeon to learn. Surgi¢alutation
with highly realistic phantoms may assist with kkil
attainment. A rib cartilage model can also helpegigmced
surgeons refine their carving skills and preparecfamplex
cases. In this framework, two studies have attedhfatee this
challenge by reproducing an ear simulator to tsaigeons in
the development of an “aesthetic eye” able to ifient
proportions and harmonies and gain technical sKitis(2)
starting from a case study, the preoperative sitimnlaand

d planning process were analyzed with the objectivaevelop

an interactive procedure, exploiting reverse ergying and
additive manufacturing techniques, that can be ssmmk
directly by the medical staff to create patientesfie
simulators (see Figure 1 (2)). In another study i3 costal
cartilage model of a pediatric patient was developsing a
high-resolution Computed Tomography (CT) scan feon8-
year-old boy. In both studies, simulators are miadglicone
that are able to replicate the patient's cartilag®sother
important advantage of developing an ear simul&othe
possibility to familiarize with the patient’'s spécianatomy,
which leads to a higher confidence of the surgeorthie
operating room and the optimization of the costatilage
harvesting phase, minimizing the invasiveness efstirgery.
However, the applications of ear simulators carvigous.
Indeed, in (4) the design and development of sikcbased
low -cost binaural ears on a Styrofoam based marnnecgere
presented, which were used for both multiple spatigdio
applications and head related impulse responseurerasnts.
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Figure 2 Intestine static simulator, introducing sigmoid and
transverse colon suspensory attachment (star and double
star) that combined with the transparent membrane
decreases the possibility of phantom motion. Republished
from (7).

Digestive system

Considering the digestive system, soft robotic tedbgies
paved the way also towards the development of meakstic
intestine phantoms for colonoscopy training. Cattak
cancer is, indeed, the third cancer with highesidience
worldwide. (5) Screening tests, as colonoscopyp hel
finding early-stage polyps before they turn intonesr,
reducing the mortality of the disease. Trainingdperators is
therefore the best strategy to achieve high sucedss in the
afore-mentioned procedures. Since 1969, many storgla
were presented (6). In fact, at present it is fbsgd find on
the market extremely realistic phantoms made od€asik

retrograde cholangiodrainage. During transhepatigesy,
needle localization is the most important paramétebe
monitored under real-time Ultrasound (US) imagingignce

since it directly relates to the surgical outconmel gatient

safety. A soft silicone liver phantom with anatoaiig
accurate biliary system and advanced sensorizatiabled
the interactive surgical training, giving quaniiat
information with high temporal and spatial resaation the
needle position during the simulated surgical pdoce (13).
The described phantom resembled a real liver atsteu
endoscopy and computer tomography imaging. Thetphan
material composition was studied to match the stwad
attenuation coefficients of the natural liver (18esides
efforts were made to replicate the echoic properid
different liver lesions and anatomical districtacls as the
parenchyma and the veins, the speed of sound sirthdated
materials was out of range, leading to distorted ikdSges
(15). Gel-based synthetic materials that have coafpa
appearance to the natural liver parenchyma, peeials and
tumor lesions under US, CT and Magnetic Resonaneging
(MRI) were studied in (16), however, a liver phantthat
combines the multimodality imaging with anatomialigm
requires further research (17).

Urinary system

Also, within the urinary system some organs, anéyd
prostate and bladder were studied through statidefso
mostly for surgical training and rehearsal.

Synthetic kidney phantoms were developed by optigiz
a mixture of gelatin and graphite powder to repédaoth the
elasticity and the acoustic properties of the radtorgan (14),
(18). In these cases, only the external anatomy realsstic

resin. This is the case of phantoms produced byK¥®O 1, ' |5ter works presented a biocompatible phantinely
Kagaku company, see Figure _2_' _These models W_e_rfa,ctn made from agarose gel that replicates some kidniégat
casted (7). Upon CT data acquisitions, using aredlsilicone ;.\t res (cortex, medulla, ureter and some Is$i6to) or
mixture that provided an important visual accuracythe the inner collecting system (pyelocaliceas systg).

systems. The different models present an increasingeq, ihe puncture and drainage training in interisrat

complexity of the system: apart from the differpasitions
from where it is possible to practice colonoscottng M40
model presents the possibility to simulate the qures of the
anus, and a rigid but anthropomorphic casing (8)ijemhe
NKS (9), instead, is enclosed within a box chandmte by
transparent walls. However, the cost of such systisnhigh
therefore also cheaper options were investigatsda Aatter
of fact, some researchers tried to replicate thecttre of the
intestine with off-the-shelf and inexpensive mailsri as
fabric, e.g. red satin fabric (10), woven fabrid)br by just
using the transparent cover of a surgical sonogcaptobe
(12), replicating the haustral folds with constmagnelements,
as rubber bands. Also, these alternatives showehiping
results in improving the endoscopic skills of thegeons.
Soft and anatomically accurate liver phantoms \sardied
for the medical training on liver minimally invasv
procedures, such as transhepatic puncturing orseoga

urology and radiology, a gelatin-based kidney pbeanthat
contains simple spherical cavities to represent kitmey
calyxes was developed and validated as a valuabiicial
training platform. This phantom helps to practioerdination
with both the surgical instruments and the US tiead
images and improves the understanding of the slrgic
procedure and the most effective needle path. bhdte
success of puncturing the target calyx is objettiassessed
through visual evaluation of the fluid color drafrom the
punctured area. However, the presence of marksfieft the
needle insertion is an unsolved issue that coulcedsly
addressed by introducing novel soft and self-hgatiaterials
(21). While the hydrogels can be engineered to matne
physical properties of the natural tissues, thayallg have
low tensile strength (20), resulting in fragile {sasee Figure
3. The introduction of silicone as base materilvedd not
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Figure 3 On the left, 3D reconstruction of the human kidney
upon CT imaging data (real organ model and phantom model
before printing), on the right a PDMS static phantom.
Republished from (20).

only to increase the phantom durability but alsogbssibility
of simulating the intrarenal hydraulic pressurethout the
risk of phantom damaging (22).

Blood vessels

Dome deformation Bladder tumor
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Bladder
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Bladder

A

Figure 4 Bladder static phantom details compared with real
bladder characteristics (blood vessels, dome deformation and
tumors) during endoscopic training. Republished from (28).

software for longitudinal bladder surveillance &adly cancer
detection(30). In all cases a relevant number of anatomical
details was included in the design: from blood eksto

Simple prostate phantoms were developed for thed¢es variable thicknesses and shapes. The high-fidpligntoms

and validation of transrectal probes (23) andHerdimulation
of surgeries, such as the transperineal or tratsraeedle-
insertion procedure (24) or minimally invasive BgE25). In
(24), the synthetic prostate was not anatomicallyext, but
the perineum, the rectum and the periprostaticosmdting
area were created by using different polyvinyl cidie (PVC)
mixtures to match the mechanical characteristicaaitiral
tissues. The phantom deformation and haptic feddiace
realistic upon needle insertion. Also, the phanfamaging
under US, CT and MRI was comparableiiosivo data. An
even wider study on the phantom materials selecivas
presented in (26), with the goal of mimicking natlyothe
mechanical properties of natural tissues, but tieirmal and

were fabricated through molding techniques, infitet case
with  Ecoflex 00-20, while in the second with
Poly(dimethilsiloxane) (PDMS) mixed with a 20:1 icat
between base and curing agent to increase elastiefies.
The demonstrated simulators underlined how theisteal
resemblance of materials, geometries and detaldtr® be
an extremely important factor towards the attainimeh
improved surgical skills.

Respiratory system

For what concerns the respiratory system, orgaol as
the trachea and the lungs were studied.

Indeed, as presented in (31), bronchoscopy sinonlati

electric Conductivity. Two different Compositionsf Otechniques, proved to be extreme|y useful in ﬂ'm:ms of

PolyVinyl Alcohol (PVA), agar powder and hollow gk
powder were selected to fabricate the periphera the
central zones of the phantom prostate. The phygicglerties

learning in clinical practice. In the past yearsultiple
simulators both physical and virtual were studigagd some
of them became also commercially available. Howevevel

of this phantom enable a realistic simulation ofe thphysical simulators are still being developed fdre t

transurethral electrocautery resection procedurel an
guantitative evaluation of the surgery through mdted US
image analysis. Also, the developed prostate pharttas
realistic anatomic and haptic properties and thisssuitable
for the testing and validation of novel surgicastmmments.
Very recently, Gautam et al. described a PVA-bgmedtate

replication of healthy and pathological tracheatts. In (32),
authors developed a bronchoscopy simulator to s@igeons
for retrieval of airway foreign bodies in childrefinatomical
details were reproduced by 3D printing, with a @ity
blended composite of rubber and plastic, an 18-hwsotd
child model acquired through CT imaging techniques.

phantom for use in US-guided prostate needle biopsMrgeons evaluated the simulator by retrieving pean

procedures (27). Although the external anatomyissct and
both the stiffness and the acoustic propertiehefraterial

fragments and 4 mm plastic beads. Although, thexesame
limitations due to the employed material propertibat

are comparable to the human prostate, the interpaévented from fully simulating a realistic conditj e.g.

morphology of the organ still needs to be replidafier an
even more realistic phantom.

presence of saliva or tissue mobility, to improke haptic
feedback, the model successfully helped in therpoeglural

High-fidelity static urinary bladder phantoms wergaining of surgeons. A similar approach was presalso in

developed for cystoscopic training purposes (88gFigure
4, as well as simulators of realistic imaging corudis (29), to

(33) where CT images of a pediatric laryngotrachraat were
employed to reproduce a model of a high-fidelitpglottic

evaluate novel optical coherence tomography systents stenosis simulator. The phantom was casted irosiiavithin
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a 3D-printed Polylactic acid (PLA) mold. The authoeport = 0.93 g/cm?, bulkp=0.45 g/cm?3) was used for the airways,
the results of a Likert based survey: the surgéelhshat the lung blood vessels, outer lung surface, and turaocs was
phantom could be used for training with slight oo nprinted using Selective Laser Sintering (SLS) @ise
improvements, underlining once again the importaoc@ between laser lines = 0.25 mm, one laser line =nOw layer
physical, low cost and portable model to guidedl@cians thickness 0.1 mm, EOS GmbH, Krailling, Germany)c8ne
training or rehearsal and reduce negative surgictlomes. (Dragon Skin 30, Smooth-On Inp=1.08 g/cm3) was used for
Different static lung and thorax phantoms were tped the soft tissue (mediastinum, muscles, fat, skim) was cast
in the past years to study those cases where metigmot a into the mold of the body contour that was 3D-prihtising
fundamental performance parameter, e.g. to evaltle SLS. All 3D-printed components were manually asdethb
effects of blast injuries (34,35) or radio therapatcomes and glued to a Poly(methyl methacrylate) PMMA buyildte
(36). In (34) the authors studied the propertigsadyurethane using a hot melt adhesive after which the silicamas cast into
foams to develop a surrogate lung material ablepooduce the mold of the body contour. The authors were dble
the real lung dynamic response, and to simulate tievelop and test an anthropomorphic phantom, tlitht itg
distribution of damage after blast impacts. To eat# the life-like features and radiation hardness was masidful for
extent of damage, Barium Sulfate-filled gelatin re@apsules optimization and validation of image acquisitionpgessing,
with a diameter varying from 200 to 90fh were mixed in reconstruction, and  registration  algorithms.  The
the polyurethane foam with a ratio of 15:1 andeshrough manufacturing process is still the most challengiag of the

compression tests assessing mechanical prope@agsule
characteristics were evaluated both at low and -radg

impact speeds and different compression ratiogsStspeed

waves were computed through the stress-strainaetahile
stress-time curves were used to obtain the hydrogtessure

development as correct alignment and positioniegéficult
to be obtained.

Cardiovascular system
Within the cardiovascular systems, organs as thathe

value for comparison with Bowen curves, which argalves and vessels were studied mostly to guideicaked

commonly employed to predict the lethality due rieeffield
blast waves. Although the porosity was replicateidg foam,
the reproduction of the external anatomy was otii@fscope
of the work. The specimens resulted to have sinsitegss
waves of lungs, as well as comparable burstingspres of
alveoli at injury, and similar extent of damagefe€fs of
injuries were also previously studied in (35), hoerin this
case external anatomical details were taken imsideration.
Indeed, a lung prototype based on average lung geprGT
images was fabricated by casted elastomeric uretffaalid
Concepts, Valencia, CA). The mechanical properiethe
natural lung tissues were not replicated as thesire would
not be otherwise able to sustain its own weighe phantom
was thus calibrated to understand whether it haztjaate
sensitivity and repeatability. The authors conctudeat the
device closely resembled a real patient lung imssof spatial

accuracy and was used to evaluate x-ray-based mgagihile studying a case and for pre-surgical rehdarsa

quality and positional verification techniques fadiotherapy.
The surrogate could estimate the impact velocity emergy;
however, with continued testing also penetratiqutldenay be
estimated from the pressure traces. Internal artdrresd
anatomical details were reproduced in (37), whieeethorax
phantom was used to evaluate x-ray-based imagimdjtgu
and positional verification techniques for radiotpgy, and
thus high fidelity was a fundamental requiremerite Btatic
phantom was fabricated through both casting ang@@Ring
techniques: a variety of materials were employegravide
similar kV projections of natural tissue. Gypsum tlee bony
structures (ZCorp zp151 high-performance powget],.57

training procedures. Soft robotics materials amthitelogies
became of paramount importance also within thifd fi®
obtain realistic simulators and improve surgicallsloutside
the operating room.

Passive and static simulators of the heart wereldped
for the medical training of specific procedureschsuas
transseptal puncturing (38), US-guided pericarditess
(39) and epicardial hydrogel-sheet placement @tjdies on
the employed materials for the heart phantom marurf@a
were conducted to increase the realism of its ajppea under
US (41), and to mimic both the mechanical (42) alttric
properties (43) of the heart tissue.

Some cardiovascular diseases affect the hearts/ahape,
mechanical properties and thus functionalities. Tpre-
operative availability of low cost, patient-specifstatic
models, are therefore of incredible help to thegyeans both

Generally, after acquiring images through transthior
echocardiography (TTE), (44), or
echocardiography (TEE) combined with CT (45), 3Ddele
of mitral valves were built. These models were tfadmicated
through 3D printing techniques (44,45), and somesiralso
molded to be compared with the printed versionsnd4é4).
In the latter case, TangoPlus PLX 930 (Stratasys) IShore
A 26-28 was compared to a molded phantom in Dr&&jan
Fast and Medium (Smooth-On Inc.): reported ressiisw
that molded valves were able to better simulatenteral
tissues with a lower cost with respect to the 3Dipd ones.
However, in future, improvements in additive mamtiiaing

g/cm), Nylon (PA2200 Polyamide 1@,0f laser sintered part techniques and materials could overcome thesealiimits.

trans-esophageal
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Authors in(45) worked instead on a multi-layered structurthe Dragon Skin 30—TPU 95A specimens for all thieepas.

fabricated with different Shore A hardness of Tdrigs from

27 for mitral leaflet outer shell and surroundirgstie, 35 for
the inner layer, to 60 for the papillary muscleth®éogical

deposits were instead 3D-printed with VeroWhite enat

(Stratasys Ltd.). Although the 3D modelling limitats, the
produced mitral valve was sufficiently realisticunderstand
pre-operative challenges and simulate catheterdbastal

leaflet repair procedures.

Vessels are static organs responsible of carryiaghtood
within the body. Phantoms were developed to tesiutih
imaging techniques patient-specific static and/gnanic
conditions (46—49) or to simulate preoperativelyncatheter
aortic valve replacements (50-55). or again tonogg CT
techniques (56).

To test the composites more precisely, howeveybalar
pattern would be needed, combined possibly witheas n
testing method. In (53) the authors 3D-printededtght helical
patterns within a base material to replicate thecfion of
collagen within the aortic tissue. Successively dame
method was used to manufacture an artificial tissue
mimicking and patient-specific aortic wall specimésR).
After deploying the CoreValve, the entire systenswaudied

to quantitatively predict a possible paravalvuéaHd in case of
transcatheter aortic valve replacement.

2. Dynamic synthetic simulators

2.1. Passive simulators

In the first case, if a vascular network phantomswa Dynamic passive simulators enabled the study dfqudar

developed, usually a 3D-printed patient-specificldnevas

organs under specific working conditions, thanks tte

fabricated and a polymeric material with the desiréntroduction of external actuation methods.

mechanical properties was casted (with dip or bresdting
techniques). In (46) authors compared differentdiate
materials both in terms of mechanical propertie$iamaging
appearance (e.g. polyurethane rubber (Brush-Osa@oth-
On Inc.), platinum-cured silicone rubber (EcofleR-86),

platin-cured silicone rubber (Moldmax 10 T, SmoGth-
Inc.), and latex rubber (Moldcraft FMF, Burma Rubm®.).

In (47), instead, a number of latex layers weresehoto
fabricate the system, and successively testedimatio flow

mock-loop setup. In some cases, casting techniouers
compared to 3D printing to understand the usabitfy
vascular phantoms for imaging purposes (49). I, (#8tead,
authors developed a model of a severe patientfgpaaitic

stenosis condition. In this case, the presencéssfids (i.e.
calcific regions and soft tissues) was replicatedugh the
introduction of different 3D-printed materials. Thhantom
was then tested in dynamic conditions and evaluidtexigh
imaging techniques, with the purpose of developagent-
specific treatment strategies.

As in (54), 3D printing of rubber-like materialsshaeen
frequently employed also for the development of etedor
preoperative planning. The design of printing paztars (49),
and/or materials (51) was, thus, fundamental taiobthe
desired mechanical properties.

Figure 5 Dynamic simulator of human larynx. Courtesy of Dr.
Martina Maselli, Scuola Superiore Sant’Anna, Italy.

Sensory organs

Starting from the sensory organs, the eye was edudi
because of its self-regulation: this ability iséed enabled by
its autofocusing motion and its large dynamic rangkich
make it the ultimate “imaging device” and a contina source
of inspiration in science. In (57) a liquid crysédstomer iris
was described, which can autonomously open ana digs
responding to the incident light intensity, with@uy need for
external control circuitry. Similar to natural irithe device

To mimic the complex aortic mechanical propertiesloses under increasing light intensity, and upgaching the

different studies also focused on the developmgpéatierned
structures, manufactured with 3D printing technijeand
sometimes combining them to casting. In (50), faareple,

minimum pupil size, reduces the light transmissigra factor
of seven.

the authors compared Agilus—VeroCyan (Stratasys.)Ltd Respiratory system

specimens to Dragon Skin 30—TPU 95A ones, wheréirdte
two materials served as base, while the others ermpmoyed
to 3D-print five different patterns. The Dragon 580—-TPU
95A specimen met the criteria set for strain aakireg but had
insufficient tensile strength. The
specimens, instead, demonstrated lower strainestkbthan

Within the respiratory system organs as the laiyme the
lungs were studied.

Larynx simulators are useful
investigations that help clinicians

platforms for clinical
understand  the

Agilus—VeroCyapathophysiology of vocal folds in general. Amonge th

different categories of larynx simulators, the $atic model
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represents the most appropriate one, able to egplits main
components and functions. Self-oscillating synthetiodels
(58-65) are based on elastomeric material withoekstic
properties similar to the biological tissue and pendy
designed to achieve advanced and more-realistif- s
sustained, flow-induced Vvibrations at characterist
frequencies comparable to those found in the huvteal
folds. They generally rely on one (60,61) two (&),6r multi-
layered (58,59,64) (Figure 5 (59)) approaches ama |
relatively easy to manufacture. A different apptoasing a
3D printing technique based on embedding a UV-daral
liquid silicone into a gel-like medium was develdpand
demonstrated in (65), in order to reduce modeli¢akion
time and increase yield. The advent of dynamic valas
modeling attracted researchers’ attention becaudseh®
capability of replicating self-sustained oscillatsoclose to the
biological system, by using silicones with specifiechanical
properties. The self-oscillating models are useéfulvoice
research, e.g., in evaluating collision force betmvthe vocal
folds, in assessing supraglottal aerodynamics and
developingn vivo measuring devices.

Synthetic dynamic passive lung phantoms were idste
developed to tackle some of the biggest clinicalllelnges
related to the respiratory motion. These challersgeselated
to the correct synchronization of the breathindgratof each
patient to the acquisition of clear CT images @& #tcurate
administration of radiation therapies, in case whars. In
these situations, the presence of deformable dynat
phantoms is CrU(_:IaI'_The S0 far de\_/elop6d ph?nmm"y' Figure 6 CT imaging based passive simulator of the human
focus on the replication of the imaging propergéghe lungs, lungs. On top an example of the acquired images, at the bottom
while the motion is implemented by an external mot g simpiified CAD model and the 3D printed sample. Courtesy of
connected to a shaft and a rigid or soft plate jpgsthe  Dr. Dong-Seok Shin, and Prof. Tokihiro Yamamoto, Department
artificial lungs, replicating the natural actiontb& diaphragm  of Radiation Oncology, University of California Davis, USA.
(46,66—72). Just a few, implementations insteadhtasied an
anthropomorphic shape, and a pneumatic actuat® (3 dosimetric impact of the respiratory motion accogdto the

Studies in the early 2000's, mostly neglected tHactors that influence the difference between theaBd 4D
anatomical details, building systems of cylindriskbpe and dose, such as the tumor size and motion.
motor-driven (70-72). This trend was continued digathe The device was further improved to take an additicstep
work presented in (66): here, the authors used terwatowards complete deformability and anthropomorphic
immersed sponge, placed in latex balloon to sineutae appearance (66): 3D-printed flexible airways were
imaging properties of the lungs. The tumors wersteiad manufactured with TangoPlus rubber like materiad an
reproduced as water balloons, or silicone or gtmds. To Successively casted FlexFoam-IT V (Smooth-On Inc.).
mimic the presence of other organs and structbeesytlinder Polyurethane foam, see Figure 6. The airways modsd
Containing the artificial |ung was filled with Wateand a obtained on the basis on the available breath-@dldlata of
silicone membrane replicated the action of the ffiagm. a human lung: the reproducibility of the phantomswvtiaus

Although the early versions of the device served fvaluated during artificial breathing cycles.
calibration activities, successive versions wergleged to  The importance of a fully anthropomorphic appeaeaoic
analyze dose differences during respiratory mot@r). In the phantom was introduced in the work of Mayeale(68),
this case, tumors were casted with silicone rutfheuid Where a dynamic, yet passive phantom was developied
silicone RTV-S3, Korea), and the diaphragm wasicapgd 3D printing manufacturing techniques, taking into
by an acry"c p|ate_ The motion data was then a:equ:hrough consideration Hounsfield values of the employedemla's.
Four-Dimensional Computed Tomography (4DTC) imaginé-he thorax was manufactured in such a way it ceutdlate

The phantom could be used to quantitatively analyme SOft tissue and bone properties: Tango Plus (83 tdUjhe
soft tissue and Vero White (136 HU) for the bore tungs

CT images of patient and segmentation

Coronal vie
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Figure 7 Passive simulator of the human mitral valve. Courtesy
of Dr. John Moore and Prof. Terry Peters, Robarts Research
Institute Western University, Canada.

were mimicked instead through wet sawdust, assgémdled
more closely the patient HU values.

Perrin et al. (36), also, built and anthropomorgitiantom,
comprising other organs, as well as bony structanesskin:
the realism was important feature as in pencil bsaamning
proton therapy in the thorax both motion of interiwng tissues
(ribs) and motion of the target are critical, ansbduce
degradation in the target dose distribution.

The lungs were manufactured using a polyurethaamfo

(EZ DRI Supersoft, Crest Foam Ind., NY, USA) coatéth

Four-Dimensional Magnetic Resonance Imaging (4DMRI)
and gating, needed for the treatment of moving t$man
anthropomorphic shape and realistic breathing petteere
presented in (73), where a dynamic passive phamas
developed for positron emission therapy, the madéhy used
tumor detection technique. The performed testsdatd the
performances of the phantom, obtained by fillinghvioam a
case obtained by CT imaging.

Digestive system

Dynamic passive systems were developed also toy stud
specific conditions of the gastrointestinal tradne of the
commercially available devices, named Mikoto, isr fo
example, able through an electromechanical system t
simulate different abdominal pressures or the riéposdue
to deep inspiration, as well as to provide feedbattking the
training session (74). Another solution was alsespnted in
(75), where a modular casted intestine was predefige
system was fabricated with an extra-soft silicdaeoflex 00-
30) and made airtight. The device can be repogitidhrough
an electromechanical system, but it also presehts t
possibility of replicating the peristaltic motior a specific
portion, thanks to a pneumatic sleeve, sequentaiiyated.

Cardiovascular system

Within the cardiovascular system, dynamic versiofhs
valve phantoms were developed in order to simupate
operatively mitral and tricuspid repair outcomeseTfirst
version (76) of a patient-specific model was depetbbased

PU spray deposition (SEETHAN 4709, See-Plastik GmbPf? TTE mitral valve images collected from 10 sutjec

Seeshaupt, Germany) in order to obtain an air-t)Bt0.6
mm thick coating. The diaphragm was, instead, coottd
out of a latex cloth (Suter Kunststoffe, Fraubrumn€H),
which, due to a higher material elasticity, allowfed large
target motion. A tumor was positioned within theds and its
motion was studied. Different typologies of tumaxgre
manufactured: two were constructed from wooden rgshef
30 and 60 mm of diameter sliced into 1 cm thickkslifor
sandwiching of radiochromic film, while for
visualization in MRI, an alternative spherical cilne tumor
(60 mm in diameter) was also modelled (Plastic I8glFritz
Minke, Germany). The phantom was pressurized fatigw
user-defined breathing patterns, allowing the wfstboth
regular and irregular breathing patterns from satad or real
sources. Three imaging and tracking modalities Hasen
tested using the phantom: 4DCT, MRI and the CalypBEe
transponder motion tracking system. The main litita
encountered was the time-consuming nature of fosirdetry
in this phantom, due to the large number of vaealb be
explored, and thus the authors suggested the fpasgsbility
to include a remotely resettable dosimeter. Destfitie
consideration, the device presented convincingluépes for
being utilized to test new devices like 4DCT, suefanaging,

easie

successively transformed into 3D models through 3be
Slicer software. The 3D models were then translatéal a
mold, and a tissue-mimicking silicone was castamb{Eex 00-
30) reinforced by gauze fabric, to create realistiturable
leaflet material. Chordae were replicated, withided nylon
thread (77), see Figure 7. The models were thesrtiws in a
heart phantom simulator, and the behavior was cosdpaith
patient-specific data, before and after mitral ealepair. The
same workflow was then presented in the case cdigpid
valve pre-operative simulation and planning (78)tHis case
TTE images were employed. The results, howeveicéted
that still some manufacturing issues should be esfa#d to
improve the models, as neither TEE nor TTE imagmsdc
consistently capture the leaflet or papillary ditaent points
of the chordae tendineae, forcing the authorstimate these
locations, and thus impacting on the final resulishough
preliminary, this study showed the potentiality die
presented workflow to practice valve repair preapeely,
shedding the light towards the simulation of comple
anatomical pathologies that could not be otherwissely
observed.
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2.2. Active simulators
Many research efforts were dedicated to the devedop
of synthetic simulators of those human organs thia
characterized by a motility, such as the peristalbintractions
of the gastro-intestinal tract, the respiratory iomtof the
diaphragm and the lungs or the heart pumping.

Sensory organs

While most of the synthetic organ simulators weseclas
platforms for the medical training and the testiofgnew
medical devices, active facial skins able to repoedhuman-
like facial expressions were introduced in humansait
robots not only to improve the non-verbal commutidca
with humans, but also to enable their interactiath vthe
environment, through a soft skin that can sensehtand
proximity (79). To replicate human facial expressicand

Figure 8 Face robot having a soft mouth with embedded soft

artificial ~ facial muscles, capable of generating facial
expressions. Courtesy of Dr. Ryuma Niiyama, University of
Tokyo.

emotions, the skull of a humanoid robot can be m/dy a
soft and actuated elastomeric skin that is pultechfspecific
control points and directions. The distributed attus should
be small and compact to be integrated in the sifuhie robot,
easy to be finely controlled and have short respainses, in
the range of few milliseconds. Different actuatiirategies

pneumatic actuators, such as McKibben actuatocseased
not only the robot biomimetics but also the ovenraliiot safety
and acceptability, promoting a tighter human-rabtgraction
(79).

For the robot communication based on optical ppies,
but also in several other fields of applicationclsuas

were explored in literature. The humanoid robott thaonsumer electronics and medical diagnostics, alplnses

demonstrated of being able of basic face moven{eptning
and closing of the eyes, smiling) had a cable-drig&in
whose cables were pulled by a piezoelectric m@&6y.(The
miniaturized motor allowed high resolution in despément,
fast response, and high force per unit area, leutittor is still
an additional rigid element. The robot Mark | intsigd rigid
air cylinder type actuators and both the dimensanbweight

with tunable focus characteristics are desirabke.atidress
this need, lenses made of smart materials ablesjpond to
mechanical, magnetic, optical, thermal, chemickgctecal,
or electrochemical stimuli are intensively studied(86) the
potential of a different class of ‘smart’ materigdsdevelop
electrically tunable optical lenses with simple arampact
structure, low weight, high response speed, and gower

of the robotic head were excessive with respee lmman consumption are shown. The optical device is irgbby the
head (15 kg and 1.5 times larger) (81). Later, upgraded architecture of the crystalline lens and ciliarystie of the
version Markll had a silicone face skin moved HMyuman eye. It consists of a fluid-filled elastornetens
miniaturized Shape Memory Alloys (SMAs), that werthtegrated with an annular elastomeric actuatokimgras an
electrically driven. The robot generated six typibaman artificial muscle. Pieroni et al., described a dgufation to
facial expressions (surprise, fear, disgust, arggness, and obtain compact electrically tunable lenses entiralyde of
happiness) through a SMA arrangement that was regpisoft solid matter (elastomers) (87). This was agiteby
from the anatomy of human facial muscles and ttieéctions combining the advantages of the Dielectric Elastome
of contraction. The employed SMA actuators satisfiee Actuation (DEA) technology with a design inspirey the
application requirements of displacement and forc&gcommodation mechanism of reptiles and birds. Béwerin
contracted quickly (1 s) but needed 8 s to recoieiorced (88) the deformation of the tunable soft lens isiaeed by the
cooling through a small fan was introduced to geind the actuation of DEAs, mimicking the change of the aoef
problem, getting a 2 s recovery time, but the @mtion phase profile of the human eye to achieve remarkable Ifteragth
was slowed down too. In addition, it was challeggii® variations. All these studies are of paramount irtgee
geometrically arrange all the components in thellsklso since tunable lens technology inspired by the humanhas
positioning the SMA actuators without touching eatier's opened a new paradigm of smart optical devicea foariety
(82). To overcome these limitations, in later vensi of this of applications due to unique characteristics suash
robot, the McKibben actuators were selected (83)e Tlightweight, low cost, and ease of fabrication over
similarity of McKibben actuators to muscular fibexrsd the conventional lens assemblies.

bioinspired disposition (84) underneath the elastamnskin

of the robot face allowed a realistic simulationsdf facial Digestive system

expressions which resulted easy to be recognizeubyan o what concerns the digestive system, severaamin
beings (85), see also Figure 8. The introductiorlefible  gjmylators were developed to replicate the anatany the
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the human anatomy of the tongue, the pharynx, ethtynx.
A wire-driven mechanism constituted by sixteen DGtans
deforms the synthetic silicone conduct. The inesiteda wires
were positioned around the conduit to mimic théoacdf the
human muscles involved in the pharyngeal swallowing
process. In particular, the tongue position wadrotied by
two wires connected to the hyoid bone, while thngte shape
was determined by three additional wires, connetbethe
tongue center point and tip (96). The cable-drigetuation
strategy was implemented in the Swall-E simulat®r)(
Figure 9, and very recently in a robotic tongue vahg
contraction and bending capabilities (98). Swali€ a
complex and robust system with high spatial (0.028) and
temporal (20 ms) resolution. In addition to the mment of
the base of the tongue, it also reproduces impbrtan
physiological mechanisms occurring during the phgeal
swallowing, such as the epiglottis tilt, the largagelevation
and the vocal folds opening and closure. In adualjtit is
designed to simulate a respiratory air flow, taadtudy the
interaction between the respiration and the swatigw
dynamics. For the simulation of the tongue movenard
interaction with the surrounding anatomical stroesy a
pneumatic actuation was also explored. A soft ricliohgue
made from three layers of patterned silicone toatere
inflatable chambers (99) was controlled by an ojziéu
electrical and pneumatic circuit to achieve typitahgue
motions, such as roll-up, roll-down, elongationpare, and
twist. In (100), a robotic tongue made by castifigae was
Figure 9 Swall-E system. Courtesy of Yo Fuijso (INSERM UMR-S  deformed by applying both positive pressure anduvacto
1121 ‘Biomaterials and Bioengineering’, Strasbourg University), the inner pneumatic chambers. The tongue is irerte rigid
Zierre_t ’)j"’h":dg:”_ t(_ENTDDjp"’(‘;TVeT"Z Str":bouggsltj”"";“"ty and sensorized system that simulates the oral ycaitl
ospital) an ristian Debr) epartment, rasoourt .
Uni\f)ersity Hospital and /NSERI)\lﬂ UMR-S 1221 ‘Biomaterials ang measures both the palatal pressure exerted bythebotic
Bioengineering’, Strasbourg University). tongL.Je.an.d the bolus veloqty, through an uItraqunmbg. A
key limitation of the described models is the urgiblpgical
movement of structures such as the tongue, théhagog and tongue and palate surface texture, and the lackatifa
the stomach. lubrication (90). Besides some models replicatebeability
Test set up and simulators that can reproducetysiglogical ¢ the tissue, such as the contact angle betweléra snd
movements during swallowing and digestion, a’l‘éngue surface of approximately 50 deg (100), éadism of
concurrently measure parameters of interest, ssitheaforce ihe swallowing simulation would be further incredsy the
applied by the tongue on the (89,90) are of paeicuinioduction of lubricating films that have the dhagical and

importance to give a mechanistic explanation to&sBMWIVO  yripo|ogical properties of the human saliva. Vezgently, the
observations (91) and also for the developmentezittnents concept of a pneumatic tongue based on inflataiblé a

for patients with disfunctions related to the digasprocess, -gnnected chamber was further explored in (10lydesy up
such as dysphagia (92). The Cambridge Throatisahemical 5 32 chambers. In (102), the pneumatic actuaticas w
system in which the bolus dynamics matdmesvo data (93). ombined with SMAs to achieve not only tongue eltian

A flat and deformable polyethylene membrane waachtd 5,4 contraction, but also curling, and demonstgatine
to a rigid structure that represents the upperathemd the capability of grasping objects and liquids with @imum
pharynx. The bolus propulsion induced by the tong@s ,qume of 13 ml.

simulated by a rigid roller that, attached to aofeing shaft, | the swallowing process, the bolus is displagedfthe
was moved by a set of hanging weights (94). Howegermoyth to the stomach through the peristaltic actibrthe
realistic representation of the tongue is desiral98), yscular bundles constituting the esophagus. Aaghemyeal

considered the fundamental role that the tongu@esid jmpairment that leads to ineffective swallowingkisown as
movement have during swallowing. The dynamic V'de&ysphagia: it can be caused, for instance, by benig
fluorographic swallowing study simulation systemnauces

10
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Figure 10 The RoSE system, a biomimicking soft robotic
esophagus, developed for testing in vitro endoprosthetic stents
for dysphagia management. Courtesy of Dr. Dipankar
Bhattacharya and Prof. Peter Xu, University of Auckland, New
Zealand.

esophageal strictures from various injuries, esgeah
cancer, esophageal perforations, or distressingrupatency.
Depending on the severity, different solutions available
from nasopharyngeal feeding tubes to surgical ctimes and
esophageal stenting. Understanding the pumpingomaif
this organ is of valuable importance, to develdgrahtive
solutions or test the present ones before impliamntat

Different esophageal simulators tried to replicadbe
peristaltic motion of the organ. Although, the eayd
technologies were mostly pneumatic (103-107), (18&)
(109-111), a similar motion was also implementewubh
cable-driven technologies, as it is in the cas8wdéll-E (97)
or through magnetic technologies (97).

The Robotic Soft Esophagus system, i.e. ROSE, is

pneumatic device able to replicate the peristaitition of the
organ by coupling the activation of inflatable mndn

sequence (103). Each ring (104) is composed ofedimiatic
chambers, positioned around a cylindrical tubey talele to
inflate radially restricting the canal upon preszation. The
actuator is reinforced externally by an Acriloré@rbutadiene

styrene (ABS) casing to avoid outward expansionjlewvh

enhancing the inward one. The body of the actuatas

manufactured through lost-wax casting techniquesh w

Ecoflex 00-30, eventual connections were sealdéaalswith
Sil-Poxy glue (Smooth-On Inc.). The luminal condsibf 18
mm internal diameter has a thickness of 8 mm, Hanbers
are 10 mm in height and are discretized by 5 mrsilaone
rubber, in total 12 actuated rings compose theadveystem,
its characterization is presented in
Further modelling improvements and insights on ghngle

ring-shaped actuator were presented in (107). Th8ER
system, see Figure 10, was also tested for syothelus

swallowing and as pre-clinical simulator
implantation (105), however future studies will @stigate the
interaction with artificial saliva and embed a &thable
sensor to close the control loop and measure radésisure
and conduit strain. Based on the same design, Ruérta et
al. (112), recently presented a study aiming at Xhey

11

(106

before nste

visualization of the bolus flow through the esoptedract, to
understand the system dynamics during the swallpwin
action. The work confirmed the presence of exteradiiow

as the bolus is stretched and compressed duriigiaisis.

A similar design approach was presented by Essat. et
(109) for pumping applications. Initial versions dtis
peristaltic pumping device were fabricated withlatdble 8
foam rings (FlexFoam-it VI and X, Smooth-On Inc.)
reinforced with polypropylene tape. The study régda 50%
radial contraction at 0.8 bar at 0.4 Hz, while atessure of 1
bar and frequencies of 0.5 to 0.55 Hz contractiorise range
of 60% could be achieved. However, to overcome lllitya
issues, a silicone-based version (Ecoflex 00-5@)prasented
in (110), with an elliptical lumen to improve radéantraction
ratios. For this reason, occlusion rates up to %9w8ere
achieved as well as 15,000 cycles were sustairstdad of
the previous 500. Finally, the biomimetic devicd X} was
tested to evaluate flow characteristics and efficye of
pumping, although the scope of the work was naige the
device as simulator, the achievements could beedtdelp
in any case to the biomedical field.

The same applies to the work of Li et al. (108)gevehthe
swallowing was replicated through a fluidic robgtided
through a compliant tubular structure. The struetis a
double-layered capsule, made of silicone rubbee. Mbtion,
however, in this case, is guided through a linesation body.
The device was tested to measure the pull-off foaté with
air and water as driving media.

The esophageal peristaltic motion was replicated wiith
di?ferent actuation technologies. Good performanaese
obtained with a magnetically actuated silicone tube
embedding metal particles (110). The tubes weredated
with PDMS mixed with metal particles from 50 to 75%
metal particles, both with circular and elliptidabes. The
presence of the metal particles allows lumen gtricivhen
magnetic field is present.

The cable-driven Swall-E system (97) simulated athg

eristaltic esophageal motion with synthetic bddased orin
vivo timings reported in normal swallowing studies. The
clinically relevant data that are obtained coulduee the
number of animal experiments, as well as the disodnof
patients with swallowing disorders.

For the simulation of the food digestion processha
tomach, dynamic models such as the Gastric Dagesti
imulator (GDS) (113) and the Human Gastric Sinoulat

(HGS) (114) were developed. The biochemical prezesse
represented but neither the stomach anatomy naiitsndg

realistic (115). Indeed, the compliant and consgamioving

nature of the organ makes the shape definitionlemgihg.
Real imaging data of different digestive phasesaiokd
through computer tomography gastroscopy are netateal
morphological representation of the organ as cisseossible
to reality (116). An anatomically accurate stomathulator
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made from silicone was developed for the validataord
testing of surgical robotic devices (117). The niodan
deform and contract through a cable-driven systenstituted
of four miniature wires positioned around the owterface of
the stomach phantom, but the simulated motion igrlpo
realistic. The mechanical peristalsis of the hursi@mmach is
the Antral Contraction Wave (ACW), a cyclic decreasthe
diameter of the organ (118). SoGut is a unique Efotic
gastric simulator able to simulate the ACW throuthie

The pneumatic actuation and the use of soft midegave an
optimal haptic perception, that was evaluated user study
with ten colorectal expert practitioners on reattiime,
pressure level, pressure quality and similarityateeal case.
The described sphincter model replicates the pregzofiles

of real patients, that were obtained from the actafe
manometry exam. Future developments of the pneamati
driving circuit will also allow the simulation o&ét dynamics
(129), such as the fast movements associated ndthatural

sequential activation of modular ring-shaped pnédimmacough reflex.

actuators that radially contract, covering the nemfliaverage
amplitude of displacement and force that charastethe

human stomach contractions (119). Preliminary ssidi

Respiratory system
Moving the attention to the respiratory systemt salfotic

focused on the actuator design and theoretical Higl€120)  diaphragm and lungs simulators were studied. Thaam
(119). A custom-made soft sensor was integratedire inner respiration is the result of a complex mechaningraction
surface of the actuator without affecting the aftiua petween the diaphragm, lungs, pleural space andnadal

compliance (121). The sensor is an elastomer filleth
electrically conductive carbon particles; the eieat
resistance variation of the sensor was relatechéoradial
deformation of the actuator, enabling closed-loamtiol.
Also, a model-enhanced control scheme for pre@séral on
the contraction of a ring-shaped pneumatic actuasor
described in (122). In the SoGut platform, the &tifin
sequence of the ring-shaped actuators can be cabediin
time and space to simulate both healthy and disegastric
motility in a repeatable and quantitative mannewiver, the
limited number of actuated modules restricts thetreation
at discrete points. In future developments, theahress of
the ACW can be improved by increasing the number
actuators (123). Very recently, a bellow-drivert gofeumatic
actuator with self-sensing capabilities was degigrte
replicate smooth muscle contraction in the gasttestinal
tract (124). The occlusion ratio of a human stomactium
and the peristaltic waves were simulated with gleimodule

The diaphragm is the biological structure that, mgv
downward, decreases the pleural pressure to belev t
pressure at the airway opening, thus driving tihfoai into

the lungs. Simultaneously, the abdominal presswge i
increased. From a clinical perspective, the plewaad
abdominal pressures are the most important ouraipeters
during respiration (130), but volume changes arso al
significant (131) and lead to internal organs mosets.
Interventional radiologists recognize that the motduring
respiration is a challenge for the targeting oésidn during
diagnosis and radiation therapy (132). Deformalnfege
registration algorithms are used in adaptive raahaherapy,
&hd dynamic physical simulators with different cdexgy
have been developed for their evaluation and védidaA belt
with inflatable air bags, commonly used for theda@ressure
measurement, was tied around a dummy torso in which
anatomically accurate organs made from different ge
mixtures were accommodated (132). This simple machh

(125). However, the development of a complex stdmagpparatus could produce deformations in the supgrierior

simulator that mimics natural movements by intdgeat
several actuation modules is a future challengé)(12

For what concerns the synthetic sphincters, thesiphly
simulators that incorporate the anal sphincter tamel
replicate the haptic feelings are highly benefittalearn the
medical skills needed in the digital rectal exartiorg a
physical exam for the first inspection of coloréctand
prostate abnormalities. In (127), an anal sphinsteulator
whose tone was motor-controlled by pulling and asieg
cables wrapped around a silicone model is preserited
significant friction between cables and siliconed dhe non-
uniform application of force around the openingyHiighted
the intrinsic limitations of the cable-driven siratdr, with
respect to a more realistic pneumatic model (128eed, the
action of the two natural muscles that are symrmestyi
wrapped around the anus was replicated by two iwibgntly
actuated pneumatic chambers, integrated in a raykired
sphincter model made of different stiffnesses@ilerubbers.

12

(SI) direction only, with limited controllabilitywhile the
internal organ deformation during respiration isnpbex and
multidirectional forces are needed. The respiratootion is
also recognized as the main cause of misdiagnasis a
insufficient treatment of needle-based interverdifor liver
cancer, the second leading cause of death worldAR®). In
(134), a synthetic liver is positioned on a rigldtp moved by
3D-printed bellow-shaped soft pneumatic actuatotk m the
Sl and anterior-posterior (AP) direction. Differeaspiratory
patterns with variable breathing depths and speeeie
replicated with acceptable accuracy and repeatghllut the
liver deformations that arise from the interactiaith the
surrounding natural tissues and organs is not septed. The
diaphragmatic movement was also replicated by amply
pressure to a phantom torso constrained betweigaddnd a
translating rigid plate, that was displaced by aclmamical
piston (135) or a stepper motor. However, thegerigsmatch
between the mechanical characteristics of the hemegus
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Alveolar networks of the lung replicated in surrogate

SRSL deformations comparable to real lung tissue

Figure 11 Soft surrogate lung developed to predict injury risk
upon traumatic events. The image shows the comparability of
results in terms of deformation between natural lung tissue and
the surrogate model. Republished from (139).

liver-supporting soft material and the natural abda (136).
In addition, at the interface with the rigid platésger liver
deformations were observed if comparedntgivo data from
4ADCT (137). Very recently, the function and motiohthe
natural diaphragm were recreated by introducingpuarsoft
robotics technologies. A respiratory simulator ¢itated by
an active soft robotic diaphragm was presented 38). The
phantom can reproduce the patient-specific bregtirintion
when synchronized to real-time data acquired from
sensorized belt worn by the patient, but the sitoula
actuation, material, and multiscale structure coddd
improved. The active diaphragm structural complexitas
increased in (133) by combining vacuum-actuatedt s
actuators with bending and contracting pneumattaaors
and elastic wires. In this MRI-compatible soft rtibo
platform, the diaphragm displaces in both SI andi&€ctions
a synthetic liver, but the simulated motion pattdeviated
from the modeled one at fast respiration speedgrégent,
the accurate simulation of the diaphragmatic motianing
respiration with a soft robotic diaphragm, alsoaasting for
the interaction with the abdominal organs and &ssis still
an open challenge. In (130), a high-fidelity angmmorphic
model that combines advanced robotics and org&ssud is
presented. The anatomically accurate diaphragm rfrade
elastomeric and thermoplastic materials is conedt®
several McKibben actuators that, when activatectesge the
pressure changes that cause the organic lungglateimnd
deflate, during both regular breathing and diseatsds. This
benchtop model, being anatomically and physioldlyica

13

accurate, represents a vast improvement over prevmdels
and can be used not only as a relevant testbechdoel
devices, but also as a research tool to elucidatdamental
physiological concepts of human respiration. Aduhl
advances could be made by further increasing tyeghdagm
biomimicry, by developing an actively contractingifecial
diaphragm whose mechanical properties, such dsestf and
thickness, could be independently varied to repdica
pathologic changes too. In addition, the replacenahn
organic lungs with robotic lungs would be highlysttable, to
avoid the complex management of natural tissuest@adgly
improve the usability and durability of the respirg
simulator. In 2019, a soft robotic surrogate lungsw
developed by Ranunkel et al. (139), see Figur@hé.authors
worked on the replication of clusters of artificaVeoli, able
to mimic their dynamic basic movement, to underdtéme
damaging nature of local defects caused by ocalusio
overdistension. The alveolar structure presenteds wa
simplified to a 5x5 network of cubic elements, edstith
silicone rubber. The elastomeric material was chobg
comparing Ecoflex 00-10, Ecoflex 00-30, Dragon S30rand
50 to elastin and collagen mechanical propertied, fanally
Ecoflex 00-30 was selected as falling in the cdrstmess-
strain range. The device was tested in pressurtgnel
measurements, to assess the ventilation behavéor)uing
compliance, and strain measurements were usedutly st
pathological conditions. Finally, blast injury siesl to both
biological and nonbiological samples were performed
Despite some limitations in terms of geometricahptexity
and fabrication techniques, the results show eragpng data,
that could bring to the future development of asyate lung
model accelerating the progress of therapeuticoaedentive
irgerventions for lung diseases.

Cardiovascular system

For what concerns the cardiovascular system, many
6?search efforts were dedicated towards the demedap of
cardiac simulators for various purposes, such adicae
training and cardiovascular devices testing anddatbn.
Dynamic heart simulators were developed for thédasibn
and optimization of different cardiac imaging tercjues, such
as myocardial scintigraphy (140), US (141,142) dyiclamic
single photon emission computerized tomography )143
These simulators create a cardiac-like beating anobtly
cyclically varying the pressure inside the ventidcicavities,
and no soft actuators are employed. In (144), tavigrdtricle
phantom made by casting PVA is described. A puésati
hydraulic pump inflates and deflates the ventricheat
simulates the apical twist observed in the natuealt through
the arrangement of two PVA layers with differenastic
properties in a spiral pattern. This twisting veidr simulator
can cover the twisting range of normal and ischeneiarts,
but not all peak values that are clinically repdrtindeed, in
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the natural heart, the peak systolic twist valudetermined

combustion-powered soft pump made with a

from the clockwise rotation of the heart base ahd ttemperature vulcanizing silicone, but the systeficieficy

counterclockwise rotation of the apex, a defornmatizat is
challenging to be mimicked in a physical simulgtbt4). To
realize simulators for the medical training on atbvey heart,
cable-driven (145) and cam-follower mechanisms (14é&e
introduced. In (147) and (148), the PVA-based pbranis

fixed at the base and moved at the apex by andaixein by a
servo motor. However, the applied translation antdtion to
the apex is poorly accurate, resulting in ejecfiantion lower
than physiologic (147) and flow patterns that anailar but

not directly comparable to tha vivo blood flow (149). The
development of myocardial structures that are baftalso
active, enabled the simulation of realistic pumpsdod

volumes and aortic pressures (150). In (151), thecardium
of the cardiac phantom is constituted by two layefs
elastomeric membranes, and it is deformed thronghimatic
inflation and deflation. For the preclinical tegfinof

intracardiac devices and the simulation of
interventions with high degrees of realism (152)egmatic
soft artificial muscles were employed in the desigrhigh-

fidelity heart simulators. A left ventricle simutatbuilt with

latex rubber and helically oriented McKibben actust
mimicked the natural heart motion of both axiahsiation
and apex rotation (153). A natural heart contractias also
achieved by a biorobotic hybrid heart that presertiee
organic intracardiac structures of a porcine helwot

substitutes the natural myocardium with a soft tm®ystem
made with fiber-reinforced soft pneumatic musclés4j.

medicaimulator

demonstrated to be low (157), and thermal and mecala
damage were registered after 30,000 combustioresytb8).
Besides efforts are still necessary to increaseptimaping
capabilities in physiologically relevant conditionfspressure,
the pneumatic actuation is employed in dynamic &ous of
the entire heart or of a single ventricle, thatropee way
towards their application as mechanical assistiveorgan
replacement devices too. In (159), a left ventriokede of an
artificial myocardium created combining McKibbetifigial
muscles with a silicone embedding matrix is desttibrhe
actuators are arranged as the sub-epicardial ¢tdiylee natural
muscular fibers and the resultant soft structupicgates both
apical and basal rotations of the heart. A foametdseart
constituted of two ventricles was pneumaticallyven and
presented as a possible implantable prostheticssistive
device in the near future (160). Also, a biomimetardiac
in which the artificial ventricle made of
thermoplastic elastomer and polyurethane is defdrinean
inflatable artificial myocardium has possible apation as an
artificial heart, if the materials employed for tfabrication
are modified to be medical-grade (161) and sfihé device
design is optimized to increase its pumping capas!
Indeed, for the concrete evaluation of an artifician as a
clinical option for the replacement of the natuvegan, the
artificial system must satisfy the physiological nimium
requirements in terms of functionality, in additioo the
system safety, biocompatibility and durability.

However, the employed actuators generate lower!| axia

contraction and higher radial expansion comparedht®
natural cardiac muscle fibers, thus future improgeta in
contractility are expected to further enhance thetion
fidelity.

In the last decade, different driving principles reve
investigated for the development of soft peristaffumps
whose performances are comparable to the natueat,tie
first instance for simulation purposes, but alseiganing the
future applicability as artificial hearts for orgassistance or
even replacement. Soft peristaltic pumps were ededly
disposing tubular modules in series, whose indiaid
contraction is induced by the application of a negnfield
(155) or a voltage (156). A two-module dielectrierigtaltic
pump which consists of short tubular pumps madstégking
dielectric membranes demonstrated a high energgitgeiit
is quiet, light weight and can be operated at piggically
relevant frequencies (1.5 Hz). However, the low/fiate of
2.5 L/min at outflow pressures that are even faues less
than physiologic, together with the required higtividg
voltage, highlight that there are still many chagles to be
faced before considering the use of Dielectric tBlagrs as
active elements for the application in an artificreart.
Moreover, the combustion of gases was explored &or
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Artificial organs

The following paragraph reviews artificial orgaresbd on
soft robotics technologies, with reference to tbéofving
order of anatomic systems: sensory organs, uriegsyem,
respiratory, and cardiovascular system. The liteeatesearch
was focused on the artificial soft systems thatistended to
substitute the organ for aesthetic purposes onlh(as in the
case of a prosthetic eye and ear), but also onastificial
organs that aim to restore the functionality of thetural
counterpart.

u

Sensory organs

Among the sensory organs, orbital exenterationtpesss
is used for the psychological and cosmetic rehakiin of
those patients who experienced eye and orbitakotstoss.
Indeed, the absence of an eye is both physicallg an
psychologically traumatizing and can severely daffdte
human interactions. In (162) a complete static tatbi
prosthesis made of a silicone elastomer was pregerit
consists of fixed eyelids, an ocular prosthesiserinsand
artificial eyelashes. Three case series of thréema were
analyzed with a minimum follow-up period of 6 masith
demonstrating an efficient, standardized, reprddaci

room
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Figure 12 Orbital prosthesis. Republished from (163).

exenteration prosthesis. The prosthesis was produsieag a
fabrication workflow based on 3D scanning, compatieled
design, 3D printing, and silicone casting. This qadure
requires a high level of expertise and long proiductime.
While, in (163) an improved protocol that is bathé-saving
and accessible in the personalized fabricatioiliobse facial
prosthesis for diverse facial defect cases wasldped, see
Figure 12. The procedure was the combination off&al
scanning, digital reconstruction, and innovatiorratlitional
silicone prosthesis production using the reprodacibajor
mold and multiple prototypes. This resulted in ecusate and
personalized facial prosthesis with accessible aast short
production period. The silicone orbital prosthestsulted
from such protocol was validated on a 71-year-otzman

seeded onto the scaffold aimditro cultured for three months,
cartilage frameworks with patient-specific ear-ghapere
generated and then implanted to reconstruct aaricldive
patients with the longest follow-up time of 2.5 yeaVhereas
in (167), the auricular model was implanted suboetasly in
nude mice, showing a great prospect in the clirdpalication
of auricle regeneration. A novel strategy to engirauricular
cartilage using Silk Fibroin (SF) and PVA hydrogeas
reported in (168). In this study, different hydrtsgevith
various ratios of SF and PVA by using salt leachsilicone
mold casting, and freeze-thawing methods were ooctsd.
Based on the cell viability results, the authorsid a blended
hydrogel composed of 50% PVA and 50% SF (P50/35bgt
the most suitable hydrogel among the fabricateds.oi@
intact 3D ear-shaped auricular cartilage formedvaigks after
the subcutaneous implantation of a chondrocyteese&D
ear-shaped P50/S50 hydrogel in rats. The histadbgitalysis
showed a mature cartilage with a typical lacunarcstire both
in vitro andin vivo.

Urinary system

In the urinary system, the artificial bladder ahd trinary
sphincters have been considered. The bladder anatifies
are of paramount importance to remove unneces$aigs f
from the body: the ability of collecting and voidirurinary
fluids in a correct manner is fundamental to hefintaining
internal chemical homeostasis and prevent damaggeo
body. However, diseases such as cancer, neurologica
disorders or other pathologies can cause the pantia
complete loss of bladder sensitivity and detrustivation. In
the most severe cases, radical cystectomy is tldes¢gndard,
and the entire organ is removed. The restoralsdfuibctions

patient who had been diagnosed with squamous d&ll €ither done by urinary system diversion or organ

carcinoma of the right frontal sinus.

In the auditory system, the human ear is made ¢alar
cartilage with excellent mechanical strength, hosvewnce
injured, its lack of intrinsic self-repair and regeative
abilities make self-healing difficult. Recent dey@inents in
material science, bio-fabrication, 3D printing, amdvitro
tissue engineering techniques make it possiblestigd and
fabricate a human ear-shaped cartilagetro, for its clinical
application (164). In (165), a bionic ear was gatest via 3D
printing of a cell-seeded hydrogel matrix in theatmmic

replacement with autologous tissue from the intestrhese
methods, however, significantly reduce the qualityife. In

2021, Pane et al. presented an artificial bladgstesn able to
mimic the bladder functions (169). The device isdzhon a
folded pocket realized with thermo-sealed polyptepg
sheets, whose walls are reinforced with acetatetshi
provide stability; the maximum volume of the pockst
260 ml. Due to the inextensible nature of the pogckiee
sensing relies on magnetic distance measurementsavAl

sensing strategy was proposed, that combines leigsits/ity

geometry of a human ear, along with an intertwingligital fri-axial magneto-resistive sensors witharmr

conducting polymer consisting of infused silver oparticles.

electromagnetic coils, supplied with on-board etauts. The

This method allowed the production of the biologicadevice was tested to assess its sensing capabititiero, and

electronic, and structural components of the biongan in a
single process. In other studies (166,167) CT sogrand 3D
printing were employed to tackle the fabrication af
biodegradable scaffold, replicating the exact auaic 3D
structure symmetrical to the patient's healthy eard
possessed good mechanical properties. In (1663r #iie
autologous chondrocytes derived from microtia tzagé were
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successively implante@x vivo within the pelvic cavity.
Although further studies are needed to incremerd
sensitivity, especially during the last 60 ml fillj, this is the
first soft robotic artificial bladder that couldlfig substitute
the natural counterpart.

Among the pathologies associated with the uringsgesn,
urinary incontinence is a severe and incident patiyothat
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causes high discomfort and serious psychologigalid@tions

to the patients. A wide range of surgical interiamd are
available, but in the most severe cases the imgiant of an
artificial sphincter is required (170). For the ragement of
urinary incontinence, the most common technicalr@ggh

consists in the implant of a controllable artificephincter
that, placed around the urethra, squeezes anceetha canal
to either maintain continence or allow urination7I}L

Common complications related to the clinical tratish of

these devices are mechanical failures and uretansades,
such as external surface erosion or atrophy of drea
surrounded by the device (172). A preliminary stadythe
use of electroactive structures made from sevaiallayers
of silicone was presented in (173). The materist fasponse,
low dissipation factor, adequate mechanical progerand
biocompatibility make it a valid candidate for thetuation of
an artificial sphincter, but a validated device dsh®n this
technology is still missing. A hydraulic actuatiomas

employed to realize an artificial urinary sphinateade of an
inflatable silicone cuff, a silicone fluid reservoand an

Digestive system

In addition to urinary incontinence, fecal incowrtirte is a
very debilitating condition that strongly affectetquality of
life. In the past, for the most severe cases thatdcnot be
treated with tissue repair techniques, the cologtgian
opening in the large intestine with an attachedrogtsystem)
was the only option. The introduction of artificianal
sphincters opened novel clinical perspectives. &udl bands
can be positioned around the anal tract, and tlzy e
hydraulically operated to open and close the luroktthe
bowel, thus restoring continence. The Artificial an
Sphincter (AAS) is totally implanted and composéd coft
anal band, a silicone balloon as fluid reservaid a valve,
both the latter are manually controlled. Howevie, tlinical
trials revealed that technical and surgical conapidns
occurred in almost 50% of the involved subjectsaddition,
the manual handling of the device resulted to bg déficult
for some patients, that experienced pain and reduihe
support of their relatives (175). The most studied tested
artificial sphincter is the fluid-driven Action Nsphincter

implanted pump, to displace fluid between the finsb (176), a device that received the FDA approvald@Rbut it
components and, consequently, open and close #tarar was recalled in 2011 due to failures of the contuahp. The
lumen, in the area in which the soft cuff is pasied (172). exact life expectancy of this device is still unimo There are
The effectiveness of this device was demonstriatedro and patients with functioning devices for more thanyears after
ex vivo, on fresh pig bladders. The low complexity and theplantation, while 27% of the subjects involvedtfie study
simple operation principles guarantee reliabiliyhile the required early device explant for malfunctioningfeiction,
integration of a magnetic switch allows easy cdntrgain, and erosion of the soft band into the anahté177).
However, the magnetic switch could be operateddactally The latter, together with the ischemic injury of thowel, are
by the presence of an external magnetic field ameschot recognized as device-related complications thatamrehers
allow modulation of the pressure exerted by thef.clif solved by minimizing the pressure that the softdbapplies
addition, no shrewdness is presented to minimieedévice on the bowel (178) and by changing the squeezirgharésm
related risks of tissue erosion and atrophy. iheivo tests from radial to sandwich, to avoid buckling of tigstie (179).
conducted on an artificial urinary sphincter actdathy The sandwich mechanism was employed in an ariificia
artificial muscles made of SMAs demonstrated tha tsphincter made of SMA ribbons and silicone shedth &
strategy presented by the authors solves the mmetiolayered structure. At body temperature, the flatpshof the
problems of device biocompatibility and accept@pi(74). SMA ribbons close the lumen, while, upon heatihg, shape
Indeed, three cuffs were placed around the uretiwmd change into arc enables the opening of the intstanal. The
independently and sequentially activated to maintadilicone sheets are medical-grade cushions thatceethe
continence but at the same time avoiding permanesthra compressive stress to the tissues and ensure therma
compression. A remarkable advantage of this salusathe insulation. The introduction of a temperature sivesireed
possibility of tuning the pressure of the cuffeaftnplant, so switch and of a mechanical hinge, to maintain thieirster
that the minimum pressure needed to maintain centi@ is open without using any power supply, solved theviptesly
employed. The active cuffs are made by SMA (NiTINOLreported issue of tissue burning (180). The aidifisphincter
that can be repeatedly activated at low energyscdst functionality and safety was confirmed by three thenn

addition, all the components are covered by a laf/eredical vivo experiments on goats, and the clinical trials yeeto
grade silicone to increase the biocompatibilitytref surface come.

of the device in contact with the natural tissuas #uids. The

device was tested on sheep animal models for awelip Respiratory system

period of three months after implant, and long-témvivo Looking at the respiratory system, the trachea, ltmgs
studies are planned. This first phase of animaterpentation and the diaphragm substitution with artificial angaare still
was conducted by using a percutaneous energy éra@sid a open challenges. Human trachea can be affectecbvgres
transcutaneous system is planned to be integratibe future giseases that require a tissue reconstruction avithlogous
version of this device for clinical evaluation. tissue or an allogenic tracheal transplant. Howeatasresent,
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they often result into difficult adaptation, lackfanction or
limited biocompatibility. The necessity of a defineé and
biomimetic solution is thus crucial.

Although, tissue engineering techniques are fundahéo
develop this specific organ, due to biocompatipiigsues
(181), the design principles,
modularity, or smart structures strongly remindtloé soft
robotics standards. Indeed, the main challengertsaarch
groups faced was the reproduction of the concuprdence

PDMS-based microfluidic artificial lung, comparinigs

performances to other state of the art alternatives
(197,200,201) and to the NovalLung iLA Membrane
ventilator.

The substitution of the natural diaphragm with an
as variable compkandmplanted artificial diaphragm to restore ventiati was

investigated by a single research group and destith(202).
As active element, an electroactive elastomerietshas used
and held flat by a more rigid silicone frame. Beflements

of circumferential compliance and longitudinal exdibility,
fundamental to develop a biomimetic tracheal segmen

were covered by a thin film of biocompatible silen while a
peripheral material was used for suturing the deva the
To obtain these properties, modular approaches hese residual natural muscle. In the human body, thptdi@gm is
presented: alternating rigid and soft rings. In2j18artilage flattened when it is contracted. This creates ared=e in
was alternated to a porous PSeD/Polycaprolactoi@i)(P pressure in the chest with respect to atmosphet¢haniungs
biomaterial, successively stacked onto a silicamteetand inflate. During exhalation, the diaphragm relaxasd it
implanted for vascularization. A similar approachasw assumes a dome shape that forces the air out bfrigs. The
employed also in (183) where the best performintjo raartificial diaphragm based on the electroactiveypurs
between rigid and soft rings was investigated lih same substitutes only half of the natural diaphragm leades intact
Hydroxyethyl Methacrylate (HEMA) hydrogel but difemt the vessels. When a voltage is applied, the electire film
moduli. The material was successively modified@df-co- expands and the positive abdominal pressure pughes
MMA) hydrogel as it was demonstrated to have lowepwards, causing exhalation. The removal of theagel
cytotoxicity (184). Porous bellows structures waredelled brings the film in its rest and flattened shape] #re lungs
(185) and tested (186) with a polymer blend of paly inflate. The described device is powered transadasly,
lactide-coe-caprolactone) (PLCL, molar ratio, 60:40) andsing an implanted induction coil. The animal siebnducted
gelatin (from porcine skin, G2625-500G, Sigma AdtifiMO, on a dog showed that the artificial diaphragm deforas
USA). Carbon nanotubes PDMS-based tracheal praesthesxpected, but further optimizations are neededdrease the
were investigated in (187-189). A different desigohnique displacement capabilities of the electroactive fémd thus
was suggested in (190) where the 3D-shape of #Huhéal achieve the required minimum levels of ventilation.
tube was obtained by folding a hydrogel-laden pagith
origami techniques. While in (191) 3D-printed Theptastic Cardiovascular system
Polyurethane (TPU) scaffolds were fabricated arstietiin In the cardiovascular system, soft artificial heatieart

vitro ein vivo to determine performances: after 16 weeks R@lves and vessels were studied. At the state efath the
stenosis, tissue granulation or detachment wereroed. most advanced prosthetic soft heart device is ampatcally
For what regards the lungs, in the most severescaise driven total artificial heart. This device is intied to replace
lung transplant is still the only effective treatmh¢192). Due poth natural ventricles with two soft chambersyated by an
to the shortage of donors, 150,000 Americans dézyeyear expansion chamber placed in between (203). Duystpke,
from this disease, as only 2,000 lung transplartperformed the expansion chamber is inflated, pressing thedfom the
annually. While waiting for a donor, extra-corpdregyytificial ventricles towards the natural outflovessels. The
membrane oxygenation, nowadays, is the only viaki@fiation of the expansion chamber causes the sieapeery
alternative, although it presents some drawbacla) as the of the soft structure and the consequent pasdiiregfof the

need of high levels of systemic anticoagulation #redhigh
risk of bleeding. For this reason, since the e&000s,
microfluidic-based artificial lungs have been sedli These
devices typically offer the potential to drastigaticrease the

ventricles. The softness of the employed silicoratemal
enables a biomimetic movement of the entire strectt
every heartbeat that excludes the formation of dgunds of
the flow. For this reason, this device is evaluatedless

ratio between the gas exchanging membrane surfeeeaad

blood volume, together with a more biomimetic bitee® and less amounts of anticoagulants are expected teeded
design (193). Although not based on common sofbtiob as pharmacological treatment. The most recent mesea
technologies, the usage of PDMS to create gas pgt\wfocused on the device optimization in performancel a
alternated to layers of blood microchannels, urkerthe durability. Besides progresses were made with spethe
potentialities of the microfabrication approachehin the previous work (203), the cardiac output of both tight and
field (194). The Potkay research group presentéigrdnt the |eft ventricle in physiological conditions ktib not meet
works on the topic (195-198) and Thompson withenshme the clinical requirements for implant (204). Moreoythe
group, presented in (199) the optimization of agk&rlayer flow rate of the two ventricles is not equal (319%nin and

thrombogenic than the traditional and rigid arifichearts,
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2% over 3 months and a great biocompatibility, when
interacting with human fibroblasts.

Active soft robotic artificial valves have been @stigated
to guarantee the best possible match and anchbetvwgeen
the implantable artificial valve and the patientip§207,208).
Both the above-mentioned solutions are based onrpatic
actuating technologies. In (207), the authors arealythe case
of a tri-leaflet valve and a pneumatic anulus. Tinedelled
valve is made of polymeric material PVA-reinforcedth
bacterial cellulose nanofibers which mimics theiveaheart
valve tissues, while the anulus is designed asgshaped
PneuNet, casted in silicone rubber (modulus 43 ERare A
hardness 30 A), chosen for its comparable stretiityato the
valve material. The configuration of the ring isckuto
increase the radius of 10% when activated. In (2iD8jead,
an inflatable stent manufacturing is presented, and
successively tested as transcatheter tricuspidevabpair

Figure 13 Transcatheter tricuspid valve repair device, based device in (208), see Figure 13. The device wasdatad by
on pneumatic actuating technology. A) depressurized state B) thermo-sealing using a heat press sheet of TPUh wit
pressurized state C) unpressurized state positioned in a 3D sacrificial film of PVA. The PVA film served to odin the
printed patient-specific model D) pressurized state within the pattern for the inflatable channels, and thus \nmesssively

model, with a better anchoring. Courtesy of Dr. Amir Ali Amiri
Moghadam, Kennesaw State University, and Prof. Bobak
Mosedegh, Weill Cornell Medicine, USA.

dissolved in water. The sheets were then rollenlantylinder
and glued to secure the edges together. The ftelealve
was then constructed from three pockets integratea a
2.45 L/min for the right and the left ventricle spectively). cylindrical structure. PVA was used to create thelets, and
For the clinical applicability of the device, thight-left to prevent the bonding between the top TPU layer the
balancing is an aspect of major concern since are&sed middle one. Finally, they were rolled into a cylardand
output of the right ventricle relative to the leéntricle causes attached to the patterned base. The base was tésted
an excess of blood volume in the lungs, called palany understand its pull-out force against pressure,lewitfe
edema. In addition, since a device longevity ofesalyears complete device into physiological flow simulatbhe device

is required, both the design and the employed riaddervere was successively tested in terms of anchoring pedaces
optimized. The finite-element method was introduttechake also in a 3D-printed tricuspid anulus, obtainedtiygh CT
design modifications that minimize local stressebjle a scanimaging (208). Although some studies arersditiessary
custom made high-temperature vulcanizing siliconas wto provide stability to the device once implantezhd
developed for the fabrication of the device by dtjen guarantee full biocompatibility, these studies sedwelevant
molding in metallic molds. Indeed, the employed eniats and promising soft robotic alternatives to artdicivalve
and the manufacturing technique are key aspects disigns.

determining the durability of a soft artificial trean (205), a

device based on the same pumping mechanism butofiade Assistive Devices

extremely durable hot vulcanizing rubber by rubber
compression molding demonstrated its functiondtiy one
million cycles.

The described soft artificial hearts were testedbench, by

using experimental setups that replicate the campé and solution, transplant is still the preferred optidrherefore,

the hydraulic resistance of the human circulatidowever, A
. ) . . researchers presented works where the artificigcdecould
before moving towards animal experimentations, dhes_ . ; : A
. . aﬁsm the function of an organ, instead of fullpstituting it.
devices must be optimized and demonstrate bot

functionalities and durability that meet the claic
requirements.

Small caliber vascular grafts were presented ir62The
study reports good mechanical properties, sometiaies
superior to the ones of natural vessels, a masddager than

Soft robotics technologies found application alsothie
assistive field, for both sensing and actuatiorbsHtuting an
organ with an artificial device is, indeed, an ertely
challenging task, and even if in some cases it isable

Sensory organs

Within the sensory organs, artificial skin devicesd
artificial skin devices and synthetic eyes werespréed as
assistive systems.

Artificial skins were developed for various apptioas,
such as wearable devices and sensorized skinsidorobot
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interaction with the environment. Rigid transistoosmtaining
single-walled carbon nanotubes (SWCNs) were emlikade
an elastomeric matrix to create a conformable edaat skin
(E-skin) that can sense and map the temperatuwenacting
objects (210). In another work, the carbon nanctubere
added to the polymeric network of a hydrogel toriave the
temperature sensitivity of the material and creae
temperature sensor (211). Atrtificial skins that sanse force
and pressure were created by dipping tissue papees
SWCNs solution and then embedding the obtainedttstre
in a thin layer of PDMS (212). The device had héghsitivity,
rapid response time, low power consumption (aroLddV)
and it demonstrated the usability as a large-aresspre
sensor (212). Several works focused on the devedoprof
artificial skin devices that can sense both steasid pressure
(213) by using ionic hydrogels for their similarity human
tissues. Indeed, hydrogels are soft water-baseckriakst
which generally exhibit low interfacial tension tvitvater,
resulting in biodegradability and good biocompéitii
However, in environments with different temperasuend
humidity levels, the hydrogels can suffer from dgyior
freezing below 0 °C (212). As for the practical bggdion of
the E-skin, the stability in time is a fundamenmgduirement,
together with the fatigue resistance and stretdibabin
addition, the self-healing capacity is a highly idede
property to increase the device similarity to hurskin (213),
(211). A biocompatible and stretchable polyacryldeni
hydrogel containing lithium chloride salts as aiégoronductor
was applied on the human skin as a 2D patch thatused to
perceive various motions, such as tapping, holdinggging
and swiping (214). The extrusion-based 3D printiog
hydrogels enabled the creation of a fingertip whic
spontaneously heals after mechanical damage anderee
the exact location of repetitive touches, with awedent
spatial resolution of 2 mm (215). Very recently,eth
optimization of this hydrogel composition with tadédition of
the organic solvent ethylene glycol provided botbrag-term
stability of the device (over 1,000 hours) and ayview
freezing point (below -40 °C) (216). In 2021, th
biocompatibility of ionic skins based on conductiwalrogels
was perceived as an aspect of paramount importamads
the development of assistive devices with a highllef tissue
integration (217). The last frontier of the E-sldrrepresented
by a bio-inspired and 3D-printed hydrogel in whicl
biomimetic gradient channels allow the transport
substances from non-living interfaces to the hurbady
(218). The described ionic skin showed excelle
biocompatibility and stability on human skins in laent
conditions. Future goals will be the creation afrasslinked
network structure to recreate the elastic fibroetsvork of the
human skin, to further increase the mechanical |afityi
between the artificial and the human skin.

19

In (219), a human machine interface between hurges e
and a soft biomimetic lens was developed, which nvamly
composed of electroactive polymer films. The depetb
biomimetic lens contained multiple separated DEndil
actuation of which were controlled by Electroocukbgghic
(EOG) signals. EOG signals reflect the change ettdtal
potential difference between the cornea and théaofundus
of eyes, which is closely associated with the epgements.
Because of the use of soft materials, the relativenge of
focal length of the developed lens could be aselag 32%
through deformation, which was comparable to thi&tonan
eyes. The system developed in this work has thentiat to
demonstrate the use of EOG signals to controlreafthines.

Digestive system

For the assistance of gastrointestinal tubular msges the
esophagus, assistive devices for mechanotherapynaaiat
the esophageal tract repair, were developed (22],Zhe
long gap esophageal atresia is a congenital diefedtich the
esophagus presents a gap of 3 cm or more, thagmethe
bolus from reaching the stomach. In the nowadaiscel
practice, the issue is solved by making an incisiothe back,
place sutures in the lower and upper end of thargrgnd
increase the length of the tissue incrementallytemgioning

>

Figure 14 Soft assistive device for the esophageal tract,
composed of two pneumatic strands providing different
motion patterns upon pressurization. Courtesy of Dr. Eduardo
R. Pérez Guagnelli, Dr. Joanna Jones and Dr. Dana Damian,
University of Sheffield, UK.
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it externally to the body, monitoring the procelssotigh X-
ray imaging, while the patient is sedated in intemsare. First
in (220) and successively in (220), the authorgpsed a
device able to stimulate tissue growth, that colle
potentially used as implant in assisting or substiy the
motion of tubular organs as stomach, intestinesopkagus.
The device is a helically coiled soft actuator, posed of two
pneumatic strands that due to their orientationsome wall
reinforcements is able of both axial and radialasgion, see
Figure 14. The main advantage of this solutiorlated to the
modularity and multifunctionality of the device, kiag it
easily adaptable to a large number of pathologiaaks. The
pneumatic strands, indeed, depending on the otientaf the
channel profile, are able to provide different rmntoutcomes.

Respiratory system

When assisting respiratory failure, the standardtinent is
aiding the patients with traditional mechanicaltdators that
might be connected to their mouth or through aheastomy.
However, there are several associated comorbidaied the
quality of life is strongly affected by the limitedotility. In
the human body, the 70% of respiration is driven thy
repetitive movement of the diaphragm, thus a pwrehanical
action can be assisted or even substituted by itgrasoft
robotics systems. Very recently, a diaphragm assistem
that works as an implantable ventilator was presbimt (227).
The system consists of two McKibben actuators plamethe
native diaphragm and anchored at their extrentiti¢ise ribs,
in an AP direction. With pressurization, the actustshorten

After being modelled in ABAQUS, the designed chdnnend push the diaphragm downward, assisting inspirat his

profile is obtained by constraining the castedceile body
Ecoflex 00-30, through laser-cut polyester sheatstpd with
uncured Ecoflex 00-10. The different strands, 12amng, are
assembled with uncured Ecoflex 00-10, after beioted
around a cardboard cylinder. The axial actuatioandber
expands to displace adjacent chambers, increakmgutial
size of the actuator. The radial actuation chameéribits
laterally emerging bubbles from the unconstrainectisns,
yielding radial expansion of the actuator. The petedent and
the interdependent characteristics of the actuatere
evaluated in three sets of experiments, evalugtiagsure and

innovative concept was tested in a live porcine ehahd
demonstrated the ability of augmenting relevantriceetof
ventilation, such as the peak inspiratory flow ahd tidal
volume, that is the volume of air of one singleabhne Future
works are directed towards the device optimizaaowd the
integration of a portable pneumatic pump and cosiystem,
opening novel clinical options that could change life of
patients affected by respiratory failure.

Cardiovascular system
Soft robotics technologies breathed a new life altmthe

force displacement characteristics. The achievede®are field of cardiac assist devices. The available Yiekar Assist
ranging up to 3 N against spatial constraints wiressurized, pevices (VADs), indeed, still present problems tedato
and maximum extension of the axial actuation chamizes bleeding and blood damage. For this reason, theldement
evaluated as 35% of its initial length. Althoughtifier studies of non-blood contacting passive, and/or active ceviable to
will be needed to better control the interdependsmaf the reshape the failing hearts represented a promistagnative.
chambers to maximize their capabilities, the ressgem to be Although devices as CorCap (228) were previoustietimed
promising towards the development soft robotic v&ctito achieve this goal, they did not become of widesg use.

implants. The introduction of novel fabrication techniques amaterials
' represented therefore a new starting point foffisild. Some
Urinary system devices aimed at restraining passively the heaomgéry

Within the urinary system, devices aiming at assisthe
bladder sensing and voiding functionalities werespnted. In
(222), an ultra-compliant device based on carbamndes
was studied and tested to sense the volume mattificaand
send stimuli to activate the voiding functionalily.(223) and
(224) a device based on SMA actuators was designed
optimized to improve the emptying: a flexible 3Drped vest
surrounded the bladder, and SMA springs were @b
generate compression in an efficient manner. Afassani et
al. (225) successively developed a solution thahkined
SMA-based actuation and a capacitive sensor, abtketect
filling and voiding phases. The system allowed &g ratio
ranging from 71% to 100%, without restraining tiEng. A
thermo-responsive system was presented by Yang ietthis
case based on a hydrogel reinforced by a silk clchff
manufactured in a balloon-like shape (226). Theagewas
testedin vitro andin vivo, on a rabbit.
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while adapting their properties at the differentdiac cycle
phases (229). More frequently, instead, the asgistevas also
active: in (230) authors reported a magneticallyuaed
assistive device mounted onto a 3D-printed patce #b
improve the ejection fraction of 37% in the lefintgcle and
63% in the right one. Another actuating principlaswnstead
used in (231), where the authors presented a isditxased
material embedding electrothermally-responsive rfibe
(Dragon Skin 10 with silver coated nylon yarn, $ihés
Trading, USA). This solution was tested in termpdssure
generation ability on a lamb heart. A device sunding the
heart and providing assistance was developed alsbldr
Murray in (232). The authors presented a patieatifio
design of a buckled-foam actuator: MRI and CT inzagere
used to obtain a 3D-printed model of the studiearthé\fter
developing a mold, polyurethane foam (Flex Foantlitand
V, Smooth-On Inc.) was casted and coated by a oous
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layer of Vytaflex 20 (Smooth-On Inc.), the foam vimskled
to amplify its compressive effect. The device watuated
through a pneumatic line. Another pneumatic dicartdiac
compression device was developed by Roche et38) (Zhis
device was based on the use of McKibben artificiakcles
(234), disposed in a bioinspired manner, to refditae heart
motion (235). The main issue encountered was thplowg
and synchronization with the native heart, sephrate
investigated in (236). The same problem was ingattd also
for an intracardiac device (237). Although basegoaumatic
muscles (238), this device was intended to be impthwithin
the failing ventricle: the inflation of the actuataring closer
the ventricular walls, decreasing the internal wodu It was
designed for right heart failure (239), but alsstee for left
heart failure (239, 240), to demonstrate its cdjteds.
Another example of intracardiac device, was studigd
Gharale et al. (241) where a polyurethane ballamtetgoes
inflation/deflation cycles to improve the ventriaulejection
fraction. All the presented devices highlight nevagened
possibilities that soft robotics actuation techigids
demonstrated within the assistive field. Althougme issues
frequently related to interfaces between artifisigdtems and
failing organs need to be solved, the proposedtisoki
introduced a revolutionary approach to importaotidical
problems that are still waiting to be untangled.

Discussion and conclusions

In the past years, growing interest started toaiseind soft
robotics technologies applied within the biomediéald.
Indeed, the use of additive manufacturing techrsqu
combined to new actuation strategies, enabled
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Figure 15 Distribution of the analyzed articles that were
published between 2011 and 2021, divided per category
(static/dynamic simulator, artificial organ, and assistive device).

The combination of deformable materials with spgec$oft
actuator typologies also enabled the developmensodf
dynamic simulators. Besides decreasing the oveuatiber of
animal studies, these systems aimed also at fully
understanding the dynamics of specific active osgarg. the
esophagus or the stomach, or the implications dfamnmn
passive ones, as the lungs or the heart valves.higrest
number of analyzed articles (98 out of 219 belomghis
category.

The success reported by these dynamic systems] plage
way towards the development of a new generatiompfants:
complex soft actuated devices, as assistive mesimaniand
artificial organs, that for the first time were @g®d to be in
€lose contact with body tissues.

theThe introduction of deformable structures and bioetic

development of innovative systems with unprecedkentmotions, enabled to obtain encouraging results itlespe

properties.  High-fidelity = patient-specific
bioinspired actuation patterns and artificial degicable to
enhance or fully substitute the diseased countegrar just
some examples.

As visible in Figure 15, the number of studies premg
soft static simulators started to increase in 2@§ore that
year, many researchers tried to replicate tissumitking
properties or specific organ geometries by usirighaf-shelf
deformable materials, as fabrics, sponges, or dadlo
combined to restraining rigid elements. Lately, téasl,
computer-aided design and 3D printing techniquaebled the
modelling and fabrication of patient-specific pr@ans, with
materials of tunable mechanical properties aiming
guaranteeing deformations and elastic responseakadinto

phantamsearly stages of research. However, these systemsrajly

lack of biocompatible interfaces, usually leadingrélevant
and hardly controllable immune responses. Moreaveich
more information could be acquired, and a bettantrob
strategy could be implemented by embedding relizioift
sensors. To date, however, very few technologieswaailable

to monitor specific parameters without impeding or
restraining the overall range of motion, therefamkso
decreasing the average life of such devices.

These considerations are reflected also into theérman
technological readiness level (TRL) of the presgrsteidies,
which generally stands underneath 4. By takingimsion
faom the TRL levels, it was possible for each organ
categorize the systems in terms of Level of Develept

the natural counterparts. The use of casted polgmeiLoD) as in Figure 16. This additional parametdows a

materials, such as elastomers and hydrogels, bettemefore
of widespread use for the design of platforms fargial
rehearsal, despite some common challenges in &lmicas
the correct alignment of parts, or the difficulti@sretrieving
high-fidelity models of moving organs.
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more specific description level, tailored on theplagation
field. Level 1 corresponds to articles where basinciples
are observed, in terms of soft component developmen
(material, actuator or sensor); Level 2, insteattpduces a
soft system demonstrated as proof-of-concept wéstst
conducted in a laboratory environment; Level 3 gsou
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Figure 16 Level of development (from 1 to 4) of each artificial organ.

while the color scale indicates the soft robotic relevance.

devices tested in relevant environments withvitro tests,
while Level 4 articles report demonstrations thioug vivo
studies. The dimension of each marker in Figureid6
proportional to the number of articles referringhie specific
organ and its position is related to its LoD. Mastthe
analyzed articles are clustered between LoD 2 and
underlining that soft robotics technologies ark istian initial
developmental phase, but they are starting to agpro
differentin vitro evaluations.

In the same figure, the color of the marker ikdith to
another parameter: the Soft Robotic Relevance (SRR)e
reported study. Each analyzed article was, indassigned
with a score from 1 to 3, corresponding respectitell only
for the use of soft deformable materials, 2 forehgineering
of particular material properties and 3 for thesprece of a
deformable matter,
technology. The displayed color therefore was olstziby
mapping the ratio between the articles with SRRtB respect
to the total of the specific marker, within a cotmale (as in
Figure 16).

This parameter allows to distinguish not only tiyaamic
organs from the static ones, as the latter williobsly have a
lighter color (lower number of articles with SRRuedjto 3),
but also the organs for which the soft roboticsuatibn
technologies enabled a higher LoD device, asiit the case
of the sphincters or the assistive devices fohtert.

In parallel, the diagram unravels the current dewelental
trends, i.e. cardiovascular devices, and the ohasdo far
were not yet widely investigated, but with highetal to be
developed with soft robotic technologies, i.e. ti@phragm.
In addition, the diagram shows that, among the rggaith
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The dimension of circle is proportional to the number of articles,

potential of reaching the higher level of developmelso
considering the strong contribution of the soft aotids
technologies (as highlighted by the SRR index) tiénother
hand, the soft robotics contribution to the develept of the
organs whose primary function
pBocesses such as during digestion (i.e. stomagdr, &nd
kidney) is limited.

Focusing on dynamic systems, their distribution agnhe
different levels of development in terms of presédractuating
solutions is depicted in Figure 17A. This diagraomfams
that most of the analyzed articles are categonwéitin LoD
2 and 3. In parallel, however, another importafdrimation
can be retrieved: the most common soft actuatitategty is
the fluidic one, with a particular preference farepmatic
systems. This activation methodology is widely emgpt in

actuated through a soft actgatiall the considered device categories (syntheticukitors,

artificial organs, and implantable assistive desjcé®n the
contrary, the second most preferred actuation fgalen the
electromechanical one, is usually employed justase of
dynamic simulators. In fact, this more traditiorrabtion
strategy employs cables and/or motors, that allendiscrete
activation of specific parts of the systems or rthmierall
reorientation in space, however resulting unsuiablterms
of implantability.

The least common actuation strategy is instead ostian,
present just in LoD 2. While this approach is veffgctive in
terms of response time and induced deformatias difficult
to control, and it is associated to high tempestmd loud
operational conditions. Technologies based on ritatt
activation as electromagnetic, electrothermal aiadlectric
strategies are, instead, unusual, but more constantmber

maximum LoD 3, the ones that have motility as primaamong the different levels of development. Theydprihe

function, such as the tongue and the heart, haeatgr
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general advantage of direct activation throughtatecurrent

involves biochemical
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or voltage, but they have some drawbacks (e.gvilhess and development of smart structures, characterizednhlyeelded
relatively high current of electromagnet, low eiffieccy and actuation and tunable mechanical properties, &s it the
difficult temperature management of electrothernfagh natural systems. Other soft actuation solutionstesd,
voltages of dielectric actuators) that prevent therhe more frequently introduce rigid interfaces that limitethoverall
widely adopted. performances of the devices. One of the main limg of
It is worth to mention that the use of SMAs, anothaoft fluidically-actuated robots is still, howevéhe need of
electrically activated strategy, was found in tighlest LoD 3 bulky external supply systems that on the one haight
and 4, especially for the development of bladdesistise enable the development of simulators, but on theranight
devices. restrain the implantability of artificial organs darassistive
One of the reasons behind the extensive use didluidevices. The main intrinsic limitation of fluididgldriven
strategies in all the levels of the developmensides their systems is represented by the fluidic source. Softlic
intrinsic safety, is the wide range of availablehigological actuators are generally studied without considetirag the
implementations, as visible in Figure 17B. By takim transductor (from electric to mechanical domain)oisated
consideration all the fluidic technologies, botlepmatic and remotely. There are several alternatives, sucloagpressed

hydraulic, at least 5 types of systems were idedtif fluid reservoir, monoporpellent decomposition, and

Frequently, the conceived devices are based oadtuation miniaturized sytems, but the main solution adofgedar is
of a deformable membrane able to displace upstill an off-board compressor. This representsraléunental
pressurization: they represent 35.5% of the totahlver of issue for implantability, leading to solutions whethe
fluidic solutions. In parallel, however, also Pnat® and implanted system is transcutanously connected texsernal
fiber-reinforced actuators as inverse pneumaticahessor fluidic source. However, this implies limitationsportability.
McKibben actuators are common, due to their rena@wn&his challenge in future could be overcome by juinforces
muscle-like characteristics (23.7% in both casPguches, with the microfluidic field knowledge, enabling tdesign of
actuated foams, or other solutions are insteadesepting a smart deformable structures powered by lower pressand
minority (6.6%, 5.3% and 5.3% respectively). Itherefore high-efficiency flow profiles.

evident that fluidic solutions were confirmed tothe most  Another field that might fruitfully contribute towds the
investigated soft actuation technology. The maiasoa development of successful soft implants, is thesuts
behind this trend lies not only in their ease ibrfeation and engineering one, potentially enabling the genenatiaf
implementation, but also in the possibility of juxploiting biohybrid devices able to couple bioinspired magicand
the deformability of materials. Indeed, they allothhe biocompatible interfaces.
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Figure 17 A) Actuation strategy distribution among different levels of development B) Distribution of fluidic actuation strategies
(hydraulic and pneumatic) in the sub-categories (deformable membrane, pouch, PneuNet, foam, fiber-reinforced).
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Studies in material science ranging from biomakeria

soft polymers are therefore fundamental for theriiof soft 9.
robotic biomedical applications. Indeed, althougke tmost

commonly employed elastomers for 3D printing aggilans

enabled the fabrication of high-fidelity phantormsgme
specific mechanical properties of natural tisstiéscannot be

replicated, leading at lack of realistic feelingridg testing. 11.

Moreover, self-healing materials still present bimpatibility
issues, that prevent their use in the developmkassistive
devices or organs able to repair themselves upmtuineL

Despite these challenges, the soft robotics fisldstill 12.

providing, year after year, innovative solutionsingportant
biomedical problems, giving new perspectives tofile. In

future, a deeper connection with other cutting-edggearch
areas as material science and tissue engineeririd enable

the development of extremely realistic phantoms and.

biohybrid artificial organs, potential game-charggsolutions
in the medical robotics field.

Supplementary Material 15.

Table SSS - Static Synthetic Simulators

Table DPS - Dynamic Passive Simulators

Table DAS - Dynamic Active Simulators

Table AO - Artificial Organs 16.

Table AD — Assistive Devices 17
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