568 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 68, NO. 2, FEBRUARY 2021 EMB
—o——

Flexible and Expandable Robot for Tissue
Therapies — Modeling and Design

Mohamed Atwya ®, Can Kavak

Abstracit—Objective: Implantable technologies should be
mechanically compliant with the tissue in order to maximize
tissue quality and reduce inflammation during tissue recon-
struction. We introduce the development of a flexible and
expandable implantable robotic (FEIR) device for the regen-
erative elongation of tubular tissue by applying controlled
and precise tension to the target tissue while minimizing
the forces produced on the surrounding tissue. Methods:
We introduce a theoretical framework based on iterative
beam theory static analysis for the design of an expandable
robot with a flexible rack. The model takes into account
the geometry and mechanics of the rack to determine a
trade-off between its stiffness and capability to deliver the
required tissue tension force. We empirically validate this
theory on the benchtop and with biological tissue. Results:
We show that FEIR can apply the required therapeutical
forces on the tissue while reducing the amount of force it
applies to the surrounding tissues as well as reducing self-
damage. Conclusion: The study demonstrates a method to
develop robots that can change size and shape to fit their
dynamic environment while maintaining the precision and
delicacy necessary to manipulate tissue by traction. Signif-
icance: The method is relevant to designers of implantable
technologies. The robot is a precursor medical device for
the treatment of Long-Gap Esophageal Atresia and Short
Bowel Syndrome.

Index Terms—Flexible robot, expandable robot, robotic
implants.

NOMENCLATURE

Fi., F1, Worm screw radial and axial force components,
respectively.

Fo, Fo,.  Rack tangential and radial force components.

F3,., F34,  Axial force acting on the rail and Static/kinetic
friction force between the rack and rail.

R, Vertical reaction force of the rail on the rack.

Fy. Desired tension force in the esophagus.
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My, M;  Bending moment acting on the rack as result of force
F, and the reaction moment.

Rs5., R Horizontal and vertical reaction forces of the fixed
support on the rack.

Rse Reaction force of the fixed support on the esophagus.

T DC gearmotor torque.

Sy DC gearmotor torque safety factor.

Wsws bsr Static worm/rack and static rack/rail dry friction
coefficients.

dq Reference diameter of the worm screw.

Qn, Y Normal pressure angle and the reference cylinder
lead angle of the worm screw.

Nr Efficiency of the worm screw and rack gear

configuration.

[. INTRODUCTION

ISSUE healing and regeneration are lengthy and physio-

logically demanding processes that do not always follow a
smooth physiological path (i.e., healing); undesired pathologies
can also develop, from simpler forms like tissue strictures to
complex ones like neoplasms [1]. It is not uncommon for
these postoperative complications to require follow-up medical
procedures and even surgery.

For such cases, long-term treatment is required and this
entails a need of sustainable medical assistance.For instance,
long-gap esophageal atresia (LGEA) is a congenital defect in
which a section of the esophagus, 3 mm or more in length,
is missing. Currently, the most popular LGEA treatment, the
Foker technique, consists of attaching sutures to the end of the
esophageal stubs, looping them around the ribs, and tying them
off at the child’s back. The sutures are then tightened for weeks
to encourage tissue to elongate, after which the gap is closed
by surgery. During treatment, the baby needs to be sedated, and
frequent X-rays is required to monitor tissue elongation [2].

To avoid cases of morbidity in this otherwise successful
treatment, it would be ideal to have a robotic implant that resides
inside the body, mounted on the esophageal stub. This implant
could mimic the Foker technique until the tubular organ is
fully reconstructed. Implantable technologies that can operate
in the long term inside the body and provide on board clinical
feedback until the tissue heals can facilitate long-term therapies.
Such robotic implantable devices not only could complement a
surgeon’s capabilities but could also provide specific actions and
assessments that are usually not available to surgeons, such as
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assessments of tissue mechanical properties, which are impor-
tant cues to evaluate healing. These devices can deliver effective
therapy at all times during treatment through their ability to
operate autonomously [3], which is impossible in typical forms
of clinical practice. Robotic implantable technology also has
the potential to adjust and customize treatments, depending on
the target tissue and patient state. Lastly, treatment costs can be
dramatically reduced, as part of the treatment can be carried out
at home.

While robotic implantable devices can bring significant treat-
ment outcomes, clinical challenges associated with their long-
term use do exist. Foreign bodies, including any implant, gen-
erate inflammation and scarring that reduce treatment effec-
tiveness. Furthermore, evidence suggests that an inflammatory
reaction to a foreign body is exacerbated by the mechanical
mismatch between the implant and the biological tissues in its
proximity [4]-[6]. These studies encourage the development of
more compliant and soft implantable devices. The design of
any robotic implantable device must take all these challenges
into account. This paper addresses this challenge by developing
a flexible and expandable implantable robot (FEIR) that can
conform to surrounding tissues to induce less scarring, while
conducting regenerative mechanical work.

[I. RELATED WORK

In recent years, we have seen a recognition of the need for
and potential of flexible and soft devices to be used in safe and
conformable medical interventions. These developments range
from smart materials for stents to novel implantable sensors
and actuators. Stents made of nitinol exhibit self-expansion
due to mechanisms of shape memory and super-elasticity [7].
Xu et al. developed a soft membrane equipped with arrays
of multi-functional sensors and electronic and optoelectronic
components that can be placed around the heart to acquire
physiological information about the heart’s function [8]. Roche
et al. developed a soft sleeve to support heart function by
activating embedded pneumatic actuators that can act as a bridge
to transplant for patients with heart failure [9]. A smartingestible
robot that can unfold in the stomach can act as a therapeutic
patch for peptic ulcers [10]. These technologies demonstrate
unprecedented capability for restoring the function of an existing
organ.

Mechanical stimulation has been recognized as promoting
tissue regeneration and healing [11], [12]. The existing cel-
lular [13] and clinical evidence [14] has been translated into
robotic technologies, taking advantage of the precision of ma-
nipulation available in the field. Cezar et al. developed a magne-
tized hydrogel substrate that showed improved skeletal muscle
regeneration in a pig model when the hydrogel was actuated
through remote magnetic fields [15]. Our group has recently
developed a robotic implant for esophageal tissue growth with
applications for LGEA [16]. The robot, attached to the tissue
with two rings, mimics the Foker technique by gently pulling on
the tissue using a direct current (DC) motor. We demonstrated
in vivo a 77% of tissue growth over nine days [17]. While tissue
lengthening mostly stemmed from cell proliferation, one third of

the new tissue constituted collagen. Advancing this technology
should thus maximize the ratio of muscle cell to collagen.

In this paper, we advance robotic implant technology with
the key feature of mechanical compliance with the surrounding
tissue. The contributions of this paper are as follows: (1) a
theoretical framework to establish the design of a rack and the
optimization of its geometrical (e.g., area moment of inertia)
and mechanical (e.g., Young’s modulus) properties, in order to
determine the operational range of implant bending and tension
force application in line with clinical requirements; (2) experi-
mental validation of the theoretical modeling; (3) development
of an implantable expandable robot with a flexible rack that
meets the clinical requirements of tissue growth for the treat-
ment of LGEA; (4) an experimental investigation of the effect
of the mechanism’s flexibility in reducing damaging forces to
the robot’s encapsulation and to the surrounding tissue, while
maintaining the required regenerative force on the target tissue.

[ll. IMPLANT REQUIREMENTS AND DESIGN
A. Requirements

Our in vivo studies [17] have revealed unrecognized chal-
lenges owing to the fixed design of the implant operating over
the long term in a harsh in vivo environment.

a) Implant flexibility: the robotic implant must be mechan-
ically compliant (flexible) with the surrounding soft tissue.
We have ascertained in our previous work that tissue fibrosis
occurred at a notable level due to the contact forces between the
rigid implant and tissue [17]. A flexible robotic implant should
inflict less damage to the surrounding organs and minimize fi-
brotic response [4]. The flexibility feature is even more essential
for an implant that operates in the chest cavity, where the organs
are vital and tightly packed, and there are considerable dynamics
due to lung inflation and heartbeat. In addition, the flexibility of
the implant should help maintain the integrity of the elastomeric
encapsulation of the robotic implant [17]. Because the robot
is near the ribs, the ribs are prone to cause the encapsulation
to deteriorate over time due to the shear stress exerted on the
elastomeric encapsulation.

b) Tension force in tissue: based on our previous work, the
robotic implant must be capable of applying a tension force to
the tissue of up to 2.00 N.

c¢) Tissue elongation: the robot needs to provide approx-
imately 100.00 mm tissue displacement capability, which is
sufficient for LGEA [18], [19].

d) Fault-tolerance: the robotic implant should also be resilient
to fault in order to guarantee its long-term use, which can range
from weeks to months of treatment.

In this study, we aim to address the first three of these
challenges.

B. Implant Design

Based on the above design requirements, we advance our
robotic implant [17] with a flexible rack. The FEIR consists
of four modules: two identical rail assemblies, a flexible rack,
and an encapsulation sleeve as shown in Fig. | and Fig. 2. Each
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Proximal esophageal pouch

Flexible robotic implant

Elastomeric sleeve

Distal esophageal pouch

- Skin entry site
V\ Temporary percutaneous lead
to system controller

Fig. 1. lllustration of the flexible robotic implant attached to the esoph-
agus of a baby with esophageal atresia.
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Force sensor
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Attachment ring
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biocompatible seal

Biocompatible
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(b)

Fig. 2. Overview of the key flexible robotic implant parts; (a) Inner
components and (b) Implant and elastomeric sleeve.

rail houses a DC gearmotor with an encoder, a worm screw, a
force sensor, and aring for tissue attachment. The implant design
features identical rails which provide redundant mechanisms to
facilitate redundancy-based fault-tolerance (this topic is beyond
the scope of this study). The electronic design is presented in
Section IX-A of the Supplementary Material.

The implant attaches to a tubular tissue using two attachment
rings through sutures. The bidirectional DC gearmotor and worm
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Fig. 3. lllustration of the FEIR and

encapsulation.

the proxy elastomeric

screw configuration allow the rails to move across the flexible
rack, increasing the distance between the two rings and applying
tension to the tissue. The tension and elongation are monitored
via the force sensor and encoder, respectively. The implant is
encapsulated in a biomedical-grade elastomeric sleeve to shield
the electrical components [17] (Fig. 2(b)). The encapsulation
is wrinkled such that it does not apply a resistive force to
FEIR as it expands to its maximum length (Fig. 3). In this
study, the encapsulation is addressed through a proxy that is
sufficient to test the effect of flexibility on its integrity. In the
subsections below, we present the details of the FEIR design and
development.

A flexible rack was used to ensure that the implant would
comply with the dynamics of the surrounding tissue to avoid
applying excessive stress to the organs in its proximity. The
details of the rack are presented in Section V. Two identical
U-shaped rails, also referred to as the main and mirror rails,
guide the rack displacement. The U-shape of the rail enables
housing an extra length of rack while reducing the overall length
of the robotic implant.

The dimensions of the rail are as follows: height = 67.35 mm,
width = 38.51 mm, and thickness = 15.30 mm. The overall
length of the robot is 135.00 mm (when the two rails are in
contact), and the width is 35.00 mm; these dimensions are
35.00% and 16.00% larger than their respective counterparts
in [17]. The weight of the implant prototype is 45.00 g. With this
design, the maximum usable rack length and tissue elongation
ranges between 23.00 and 230.00 mm, depending on the rack’s
material and geometrical design parameters.

The tension force applied to the tissue by the implant is
controlled via a proportional-integral (PI) controller. The FEIR
and an elastomer esophagus phantom were modelled and sim-
ulated to aid in choosing the proportional and integral terms
of the controller (see further details in Section IX-E of the
Supplementary Material).

IV. FLEXIBLE RACK AND TISSUE TENSION MODELING

Although flexibility is desired to ensure the implant’s me-
chanical compliance with the target and surrounding tissues,



ATWYA et al.: FLEXIBLE AND EXPANDABLE ROBOT FOR TISSUE THERAPIES — MODELING AND DESIGN 571

RE)el R.Sm
’& A 1
F43; '
"
4y
Fo, \ng
Tissue | l H—\ F,
Fosp, "le -
F4x
F3$ " Ymaz

(a) (b)

Fig. 4. A free body diagram of the FEIR model: (a) the forces on the
DC gearmotor, right-hand worm screw, flexible rack, rigid fixed and rails,
and the esophagus (side view schematic) and (b) the rack slope/implant
bend angle (6) and rack deflection (vmax)-

the bending of the implant reduces the maximum tension force
and tissue elongation length. Therefore, a trade-off between
flexibility and the maximum tension force/elongation length
is necessary to meet the clinical requirements of LGEA. We
introduce a model based on an iterative beam theory static
analysis to provide a theoretical framework for the choice and
optimisation of the geometrical and mechanical properties of the
rack in order to satisfy the clinical requirements.

We approximate the esophagus as an Ecoflex phantom with
a tubular hollow shape. The silicone-made phantom only sim-
ulates the elastic deformation of the tissue, and not the tissue’s
growth (i.e. the phantom stretches but does not grow over time).
Therefore, the phantom only simulates the esophagus from its
resting state to its maximum elastically deformed state. In this
study, modelling/simulation beyond the elastic region assumes
that as the phantom grows in length, the Young’s modulus
does not change. The esophagus phantom is characterized in
Section IX-C of the Supplementary Material.

We approximate the maximum FEIR-induced tissue tension
(F4z) via a non-linear hyper-elastic model of the esophagus
phantom. The hyper-elastic model approximates the phantom
as a Neo-Hookean solid to find the phantom tension (}Z}) asa
non-linear function of the phantom strain (Eq. 1). Note that the
vector notation — will be omitted from the text for clarity.

As Fig. 4 shows, when the tissue is under tension, the tension
F, applies a bending moment, My, on the rack. If the implant
is rigid, then 0 is constantly 0.00° and the change in length of
the rack () is equal to the change in length of the phantom

L, ra(0) = S. However, when the implant is flexible, it bends
as a function of the bending moment (/) which acts on the
rack during expansion (Fig. 4). If the implant bends during the
expansion period, the displacement between the two attachment
rings (i.e., the tissue change in length) is less than the rack
expansion length. In other words, the implant forms an arc with
a certain arc length (S) and the tissue is elongated to the chord
length (Ly ¢ra), Where Ly, orq < S. Consequently, the maximum
tissue tension (Fy,) also decreases as a function of the implant
bend angle.

— E - 1
A O A

where £, is the phantom’s Young’s modulus, A, is the phan-
tom’s cross-section area perpendicular to the tension force, and
A is the natural strain (stretch).

? _ Lp,c’rd (9 ;

. 2
Lpo
—
where L, o is the phantom’s original length and L,, .4 is the
phantom’s change in length which is a function of the implant

bend angle 6 .
%
N=1+7¢, (3)
where € is the strain.

From Eq. 1, it is necessary to optimize the trade-off between
mechanical flexibility (/) and the maximum tissue tension and
elongation possible (Fy, and Ly, .rq(¢)). In the following sub-
section we model the flexible rack in order to quantify L,, ..4(6)

and the resultant Fy,, as as a function of flexible rack parameters.

A. Flexible Rack Model - Beam Spring Behavior

The rack is assumed to be a dynamic cantilever beam (i.e.
a beam that changes length over time) with homogeneous and
isotropic properties. The theory of bending moments (Euler-
Bernoulli beam equation) is utilized to compute the maximum
rack deflection at the free end (point My in Fig. 4), the slope at
the free end, and the maximum tissue elongation. The assumed
cantilever beam is a dynamic system that increases in length
with a varying slope over time. A simple approximation could
be to assume that the L, ..q (tissue elongation length) is the
arc length (S) minus the rack deflection at the free end Yiax
(Fig. 4). With those assumptions, the flexible rack is modelled
by Eq. 4 and 5 to compute L, ¢ and 6. Note that we denote the
slope of the cantilever free end () as the implant bend angle.
The computed Ly, .,.q and 6 values are then used to approximate
the tissue tension via the non-linear phantom model (Eq. 1).

The static analysis is solved iteratively where for each rack
expansion step (pre-defined) the bending moment, implant bend
angle, slope deflection, phantom elongation length, and phan-
tom tension are computed. The initial values of the iterative
solution are 0 = Ly, orq = My =7 = Fyp =S = 0.00 (i.e. no
rack expansion).

— —
LP,CTd = ? — Ymax> (4)
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where S is the curvilinear abscissa of the rack and 7, is the
rack deflection at the free end.

= _Mos
B
where . is the rack material Young’s modulus, and I, is the
moment of inertia.
The maximum rack deflection (v,ax) and the bending mo-
ment (M) are given by Eq. 6 and Eq. 7, respectively.

., _MoeSoes

Ymax = Trlr’ (6)

&)

]\75 = 95]?1> o) (Sin (arctan (18.00/27.50)) + cos (?)),
(N

where z is the distance between the center of the attachment ring
and the center of the rack base (in terms of thickness).
Assuming the rack is a rectangular beam, the area moment of
inertia (/,-) is given in Eq. 8.
3
L= ®)
12.00

where b and & are the width and thickness of the rack base,
respectively.

B. Structural Analysis of the Flexible Rack

We modelled the mechanical behavior of the rack using the fi-
nite element approach (FEM) on ANSYS to analyse its structural
stability. The following assumptions were made when simulat-
ing the rack in ANSYS: (1) the rack material is isotropic, (2)
the rack material is incompressible, (3) the simulation includes
linear effects, and (4) the material is hyper-elastic and follows a
neo-Hookean model. In this modelling, a 10 Node Tetrahedral
Structural Solid was used. The simulation setup and results are
shown in Section V-D.

C. Actuation Modeling

In this subsection we introduce an actuation model in order to
determine the desired gearmotor torque (71") based on the FEIR
maximum tension requirement (Fy,) and the worm screw and
rack force components. The FEIR model mainly consists of a
fixed support, a rigid rail, a flexible rack, and an esophagus, as
shown in Fig. 4. The flexible rack and esophagus are attached
to the fixed support from one end. The opposite end of the
esophagus is attached to the rigid rail. The rigid rail slides across
the fixed rack via the DC gearmotor to apply tension on the
esophagus phantom.

In our model, the redundant rail is assumed to be a fixed
support to which the flexible rack and esophagus are attached
(Fig. 4). The rack-rail interface was empirically measured to
have a dry static friction coefficient of 0.20 and was assumed
to have a dry kinetic friction coefficient of 0.20. The worm
screw—rack interface was assumed to have a dry static friction
coefficient of 0.50 and a dry kinetic friction coefficient of 0.50.
Friction between the tissue and implant encapsulation surfaces
was ignored as it is relatively negligible. It was also assumed that

the FEIR weight would be supported by the connective tissue
that joins the surrounding organs.

The tangential force of the worm screw and the axial force
of the rack, Fi, Fb,, are given by Eq. 9. Assuming the worm
screw and gearmotor are rigidly connected, the axial force of the
worm screw and tangential force of the rack, F,, Fy;, are given
by Eq. 10. The radial force components of the worm screw and
rack, F,., F5,, can be calculated as in Eq. 11.

2T
Flt:sz:df' (9)
1
2T cos oy, COSY — [hgqy SIN
Fip = Fy = ————t 2 P )
1 COS Qupy SIN Y + [Lgqy COSY
2T in o,
Fi, = Py, = e (11)

‘dy COS Ot SINY + flgu COSY

The mechanical efficiency, 7),., of the worm and rack depends
mainly on the gear-tooth lead angle and the coefficients of
friction; it can be determined by Eq. 12:

COS Qi — sy tany
COS Qyy, + fgw COLY

Ny = (12)
The tension in the esophagus, F},, can be calculated as
follows:

F4a::F3w_F35k- (13)

Assuming the gearmotor and rail are rigidly connected and
that the rack does not bend, the axial force acting on the rail,
F3,, is equal to the axial force of the worm screw, F},, which
is given by:

2T CcOS Qtpy COSY — fhgy SIN7Y

F?m::Fl:c:i

. 14
d1 COS Qup SIN Y + fLgy COS Y a4

The static friction force, F34, between the rack and the rail
is given by Eq. 15:

I, = /J/STRSy- (15)

Substituting the tangential force component Fi; into Eq. 11
gives:
sin ay,

or
" dy cOSQu, SinY + fig, COSY

Ry, (16)

Substituting the vertical reaction force of the rail on the rack,
R3,,into Eq. 15 gives the static friction force, [y, as a function
of the gearmotor torque, 7', (Eq. 17).
2T
dy cos a, siny + flgy cosY

sin o,

Fssp = psr (17)

The axial force acting on the rail (F3,) and the friction be-
tween the rack and the rail (Fj) are then substituted into Eq. 13
to give the desired gearmotor output torque, 7, as a function of
the desired tension force and the gearset specifications (Eq. 18).
A torque safety factor (Sy = 2) is added to Eq. 18 to account
for unanticipated operating conditions.

_ SpFugdy COS Qpy SIN 7Y + flgqy COS Y

T - - .
2 COS Oty COS Y — [hgay SIN Y — Lhgy SIN Oy

(18)
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Fig. 5. Theoretical maximum tissue tension at S = 100 mm and cor-
responding implant bend angle as a function of rack flexibility.

V. THEORETICAL RESULTS

In this section, we present the theoretical results to assess
the feasibility and performance of a flexible rack. There are
two primary sets of design variables that dictate the implant
performance (maximum tension force and tissue elongation
length) with respect to the clinical requirements of the implant;
(1) rack base area moment of inertia and Young’s modulus and
(2) rack and worm screw teeth geometries.

A. Rack Base Design

Fig. 5 shows the model theoretical maximum tension force
achieved by the implant and the corresponding implant bend
angle as a function of the rack flexibility (Young’s modulus)
and area moment of inertia [, (Eq. 1 and 5). As hypothesised,
when the rack is more flexible (i.e. smaller F,. and I, values) it
bend bends more and results in a smaller tension force. We chose
to use an I, = 3800 MPa (3D printed Polylactide, PLA) and an
I, = 5.33 mm* to achieve Fjy,, < 2.40 N. Even though Fy, =
2.00 N is the requirement, F;,, < 2.40 N was chosen as a safety-
factor. 3D printed PLA was chosen as it is a readily accessible
material and is sufficient to demonstrate the contributions of the
the theoretical framework developed and the flexible rack.

B. Rack and Worm Screw Teeth Geometry Design

The rack and worm screw teeth geometries (d;, v, and av,)
along with the required tension force (Fy, = 2.00 N) define the
necessary actuation torque (Eq. 18). To achieve the implant’s
compact gear configuration (i.e. gear-meshing, Fig. 2), the worm
screw diameter d; must be larger than the motor thickness,
but not too large as it has an inverse relationship with the
achievable force Flj,. Therefore, the diameter was chosen to
be d; = 13.00 mm.

The rack and worm screw teeth geometries were chosen
(y = 3.00°, and v, = 14.50°) based on practical standards to
maximise the achievable tension force, reduce backlash, and
achieve a self-locking actuation mechanism (Section IX-B of

.8
AVAVAVAVAN

25

(®

Fig. 6. Flexible rack dimensions in mm units; (a) front view and (b) side
view.
TABLE |
WORM SCREW AND RACK FORCE RESULTS
Parameter Notation  Value  Unit
Desired tension force in the esophagus — Fjy, 2.00 N
Torque safety factor Sy 2.00 -
Desired gearmotor torque T 16.10 Nmm
Worm tangential force Fry 1.24 N
Worm axial force Fiz 2.11 N
Worm radial force Fy, 0.56 N
Rack tangential force Foy 2.11 N
Rack axial force Fou 1.24 N
Rack radial force Fo, 0.56 N
Efficiency worm/rack N 8.96 %
Reference cylinder lead angle y
3000 [Ep—— -74000 .............. 12000
Z 1 : . :
&

=3

=

.2

g 35 L _ _ 1
e

o e

g | | | TTTmre--a
wn

2 3} j
E o
BT

S | e,
g 25 1 I 1 I

14.5 16.5 18.5 20.5 22.5 24.5

Worm screw normal pressure angle o ©)

Fig. 7. Theoretical maximum tissue tension at S = 100 mm for differ-
ent pressure and lead angles, for a worm screw diameter d; = 13 mm
and maximum actuation torque 7" = 16.1 Nmm (assuming no rack bend-
ing).

the Supplementary materials). The dimensions of the flexible
rack are shown in Fig. 6.

Table I provides the results of the actuation model (Eq. 9 to
18) and concludes that a torque of 16.10 Nmm (with a safety
factor Sy = 2.00) is required to achieve Fy, = 2.00 N tissue
tension force for the chosen rack and worm screw teeth ge-
ometries. Note that the typical worm screw geometry ranges are
~ = [3.00,12.00]° and v, = [14.25, 25.00]° and that increasing
either parameters leads to a decrease in achievable tension force
(forafixed d; = 13.00 mm and 7" = 16.10 Nmm and assuming
no rack bending Fig. 7). The actuation model result shown in
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Fig. 8. Theoretical tissue tension and corresponding implant bend
angle as a function of rack elongation length and Young’s modulus.

Fig. 7 demonstrates that the chosen gear geometries produce the
largest maximum tissue tension Fy, = 4.00 N.

C. Theoretical Implant Tension Performance

Once the FEIR design variables (i.e. rack and worm screw
design) are determined, the theoretical tissue tension and implant
bend angle can be found at each incremental rack expansion
length S = [0, 100] mm via Eq. 1 and 5. Using a PLA rack
(E, = 3800.00 MPa) with I,, = 5.33 mm*, v = 3.00°, a,, =
14.50°, and d; = 13.00 mm the theoretical tissue tension and
implant bend angle are shown in Fig. 8. We also show how
the tension and implant bend angle vary for if the Young’s
modulus value is varied but the geometrical variables are kept
fixed (Fig. 8). The Figure demonstrates that initially at small
elongation lengths the tissue tension increases at a steep rate
relative to larger elongation lengths (Fig. 8). Contrarily, the
implant bend angle increases gradually at small elongation
lengths until it reaches an approximately constant rate of change
at larger elongation lengths. The theoretical maximum tissue
tension and implant bend angle at S = 100.00 mm for the
PLA rack (E, = 3800.00 MPa) are 2.43 N and 31.59°. At the
low Young’s modulus value (£, = 1800.00 MPa) the implant
bends significantly more and results in a significant tension
drop. At the large Young’s modulus value (F,. = 5800.00 MPa)
the implant is less flexible and only provides a marginal ten-
sion increase. Therefore, a Young’s modulus in the range of
FE,. = 3800.00 MPa provides a trade-off between flexibility and
the attainable tension tension.

D. Structural Analysis Results

We conducted tests for structural deformation and stress of
the flexible PLA rack using the numerical model developed in
ANSYS. We tested the rack with the conditions of a simply-
supported beam, where a shearing load was applied at the middle
of the rack S = 50.00 mm, with both ends of the rack modelled
as fixed (three-point bend test). We considered the off-track
length of the rack to be the maximum at S = 100.00 mm, where
it is the least supported by the rails. The three point bend test
and the shear force location and direction (on the rack base plane
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Fig. 9. Structural analysis results of applying 5.00 N to the middle of

the PLA rack; the top diagram shows the stress distribution and the
bottom diagram shows the rack deformation.

in the positive x-axis direction shown in Fig. 9) were chosen to
model the rack bending direction that occurs due to the tissue
tension and ring placement as the FEIR expands.

The shear force was set to w = 5.00 N as the maximum axial
load on the rack to apply 2.00 N of tissue tension was computed
to be 2.11 N for the FEIR model; the FEIR rack would thus
experience 4.22 N (double the worm axial force due to the
presence of two worm screws in the FEIR, Table I). The ultimate
tensile strength (UTS) and Young’s modulus of the 3D printed
PLA were set to 3800 MPa and 53.00 MPa, respectively. The
Poisson’s ratio was assumed to be 0.36. The rack dimensions
are provided in Section V-B and Fig. 6 of the supplementary
materials. The simulation was subject to the boundary conditions
in Eq. 19.

w(0) = 0.00m, w”(0)=0.00 Nm,

w”(100.00) = 0.00 Nm, w"(50.00) = 5.00 N, (19)

where w(0.00) is the rack deflection at the fixed end, w”(0.00)
is the the bending moment of the rack at 0.00 mm, w”(100.00)
is the the bending moment of the rack at 100.00 mm, and
w™”(50.00) is the shearing force on the rack at 50.00 mm.

The stress distribution and maximum deflection of the PLA
rack are demonstrated in Fig. 9. The maximum stress and
maximum deflection are 25.43 MPa and 1.85 mm, respectively.
Therefore, the maximum stress value 25.43 MPa indicates that
PLA is structurally stable material for the flexible implant as it
has an UTS of 53.00 MPa.

VI. EXPERIMENTAL RESULTS

In the following experiments we validate the implant’s capa-
bility of achieving 2.00 N of tissue tension and 100.00 mm tissue
elongation, as well demonstrate the benefits of using a flexible
rack.

A. Experimental Setup

During the experiment, the robotic implant was suspended in
the air (unless otherwise stated). Data communication between
the implant and a PC was via a serial communication interface.
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Fig. 10. Theoretical and experimental tissue tension (a) and corre-
sponding implant bend angle (b) as a function of rack elongation length
using a PLA rack. The experimental results are the mean and standard
deviation of three experimental tests.

A graphical user interface (GUI) displayed the sensor readings
in real-time and allowed force and displacement commands
to be sent to the implant. The experiment was performed on
an esophagus phantom made by casting Ecoflex 00-30 from
Smooth-On Inc. (Section IX-C of the Supplementary materials).
Data analysis was carried out in MATLAB, and a moving
average filter was applied to the force and implant bend angle
signals in Figs. 10, 11(c), and 11(d).

We used a permanent magnet brushed DC (PMDC) gearmotor
(Kingly Gear Co., Ltd) with stall, rate-load, and maximum effi-
ciency torques of 245.00, 29.00, and 21.80 Nmm, respectively.
The PLA rack was 3D printed (Printer Original Prusa i3 MK3)
with an infill solid density of 70.00% and a layer height of
0.20 mm. The worm screw, rails, and hinges were 3D-printed
using the Mojo Printer-Strastasys with an infill solid density of
100.00% and a layer height of 0.127 mm.

A resistive flex sensor (FSL0095103ST, Spectra Symbol) was
placed between the rack and the rails to measure the implant
bend angle (note that the stiffness of the resistive flex sensor
is negligible and is therefore omitted from the mathematical
model in Section IV-A). Raw data was collected from the sensor
bent at different angles, and a sixth-order polynomial model was
utilized to compute the angles. Using the flex sensor, the implant
with the PLA rack was found to be capable of bending within
the range of —35.00 to 35.00°.
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Fig. 11. Bending of the implant with an adult swine esophagus to
simulate an external disturbance: (a) the robot is bent inwards +15.00°
(decreasing tension); (b) the robot is bent outwards —15.00° (increasing
tension); (c) the closed-loop force control results for the esophagus
phantom; and (d) swine esophagus result.

B. Experimental Implant Tension Performance

In this subsection, we experimentally determine the maximum
tissue tension applied to the tissue via the FEIR using a PLA
rack. In order to measure the maximum tissue tension, the two
gearmotors were powered on in opposite directions, increasing
the tissue length by 88.10 mm. The experiment was repeated
three times and the mean =+ standard deviation of the tissue
tension and implant bend angle were computed. Note that zero
point calibration was applied to the experimental implant bend
angle curve shown in Fig. 10; the resting state bend angle (2.03°)
was subtracted from the implant bend angle values. The dead
zone (0.00, 10.50 mm) in the theoretical tissue tension values
represent the slack in the tissue phantom when the implant
was fully retracted. As shown in Fig. 10, the tissue tension
and implant bend angle both increase over-time. The implant
bend angle appears to reach a steady state value from 70.00 mm
while the tissue tension value continues increasing until the
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maximum elongation length. This is hypothesised to be due to
the difference between the force required to elongate the tissue
phantom and the force required to bend the FEIR. After the FEIR
expands by 70.00 mm at an approximate 20.00° implant bend
angle, the force required to bend the implant further (>20.00°) is
more than the force required to expand the implant and elongate
the tissue phantom further (>70.00 mm).

Note that as the implant expands to increase the tissue tension,
it naturally bends inwards (positive bend angle). The implant
achieved an average tissue tension Fj, =2.94 N at a bend
angle 6 = 21.73°, and therefore satisfied the implant design
requirements. From Fig. 10, the experimental and theoretical
tissue tension values are within reasonable agreement with a
root-mean-square error (RMSE) of 0.26 N. However, the implant
bend angle results have a RMSE 0f 4.97°. The mismatch between
the theoretical and experimental implant bend angles is hypoth-
esised to be due to the assumption that the rack’s theoretical
model is a rectangular beam with a homogeneous and isotropic
Young’s modulus as in Section IV-A, while the 3D printed
rack is likely to have a smaller anisotropic and inhomogeneous
Young’s modulus. Additionally, the standard deviation values of
the implant bend angle indicate inaccuracies of the resistive flex
Sensor.

C. Implant Recovery From Bending Disturbance

Although flexible actuators are more prone to external distur-
bances, the force control developed (see Supplementary Mate-
rial, Section IX-E) yields a flexible implant that actively copes
with external disturbances. We determined that the bending of
the FEIR could stem from two main sources; namely, the cou-
pling between the soft tissue and the flexible rack and the curving
of the patient’s torso while wearing the implant. Consequently,
the flexible robotic implant can bend inwards (Fig. 11(a)) or
outwards (Fig. 11(b)). In the case of an inward-disturbance, the
force exerted on the esophagus is reduced; ideally, then, the
implant should elongate further to compensate for the lost tissue
tension. In the case of an outward disturbance, the force acting
on the esophagus will increase, so the implant should retract to
reduce the tissue tension. As the outward disturbance increases
the tissue tension beyond the desired set-point, it poses the risk
of tearing the tissue. Our previous studies have shown that swine
esophageal tissue shows no obvious damage from application of
forces as high as 4 N in bench top tests [16]. In this subsection we
carry out a qualitative experiment using the PLA rack to verify
the implant’s disturbance rejection capability.

We performed two experiments: one on adult swine esophagus
and one on a phantom esophagus (Ecoflex 00-30) to verify
whether the PI controller could successfully reject disturbances.
The swine esophagus was brought frozen from a slaughterhouse,
after which it was placed in saline solution and stored in a
refrigerator at 2.00 °C for 24.00 hours before being used. The
two experiments involved setting the tissue tension to 0.50 N,
a set-point arbitrarily chosen within the 2 N range. Once the
implant reached steady state, it was manually bent inward and
outward, and the tissue tension set-point tracking performance
was monitored, as seen in Fig. 11(a)). The implant’s distur-
bance rejection performance is reported in Fig. 11(c) for the

esophagus phantom and Fig. 11(d) for the swine esophagus.
As shown in Fig. 11(c), at 32.00 seconds, the robot reached
the force set-point (0.50 N); at 52 seconds, the robot was
bent outwards. Consequently, the tissue tension increased, and
the implant successfully retracted to reduce the force back to
set-point. When the robot was released at 57.00 seconds, the
tissue tension became smaller than the set-point; accordingly,
the implant expanded to increase the force. Furthermore, the
implant was bent inwards at the 75.00*" second and released
at the 80.00'" second, mirroring the behavior described above.
The results in Fig. 11(d) demonstrate the same experiment and
results on the swine esophagus.

This experiment has shown that the FEIR is capable of
maintaining the desired tension force in the esophagus and
associated tissue length in the presence of positive and negative
disturbances. In Section IX-F of the Supplementary Material,
we carry out a quantitative experiment to measure the implant’s
recovery time from disturbances.

D. Encapsulation Fatigue Life

As the implant dynamically changes its size, shape, the encap-
sulation experiences shear forces from the skeletal system, such
as the ribs, when the implant resides in the chest cavity. In this
subsection, we experimentally verify the effects of the rack flex-
ibility on the fatigue life of an elastomeric sleeve proxy using a
rack proxy. We tested the fatigue life of the miniature elastomeric
sleeve with the two rack types (PLA and ABSplus), using the
experimental setup and procedure described in Section IX-D of
the Supplementary Material. We ran three experimental trials
per rack type and measured the number of strokes required to
break the elastomeric sleeve. The elastomeric sleeve broke af-
ter 5.07 - 10° £ 1.32 - 10® and 21.10 - 10® £ 1.37 - 10° strokes
using the PLA and ABSplus racks, respectively. From the re-
sults, as the rack’s flexibility increased, the fatigue life of the
encapsulation sleeve was improved. It is hypothesised that the
fatigue life improvement is due to a reduction in the shear force
applied to the encapsulation sleeve (i.e. the more flexible the
rack, the easier it deflects away from the force, the smaller the
shear force).

The ABSplus rack, being more flexible, deflected the most
under shear, and thus its encapsulation sleeve fatigue life was
the longest. However, as the PLA rack is less flexible, the
encapsulation sleeve was found to degrade and reach failure
at a higher rate than ABSplus. Overall, this result suggests that a
flexible implant increases the protective sleeve fatigue life. The
ABSplus material was not chosen for the rack as it would require
the rack base to be larger in order to achieve the same tension
force provided by the PLA rack.

E. Implant-to-Tissue Contact Force Versus
Rack Flexibility

An effective implant would minimise its pressure on sur-
rounding tissue to reduce inflammation. To quantify the effect
of the rack flexibility on the contact force between the implant
and surrounding tissue, the experimental setup shown in Fig. 12
was developed. Two foam blocks (surrounding-tissue phantoms)
were placed at the sides of the implant; each was fixed via two
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Fig. 12.

Experimental setup to quantify the effect of rack flexibility on the contact forces between implant and surrounding tissue at varying

deflections via a foam tissue phantom and force sensing resistors. (a) initial state using the PLA rack at 44.00 mm expansion. (1) shows the
surrounding-tissue phantom, (2) is the rotary-based deflection mechanism, and (3) shows the force-sensing resistors. (b) final state using the PLA
rack at 44.00 mm expansion and 30.00 mm implant deflection. (c) final state using the PLA rack at 80.00 mm expansion and 30.00 mm implant

deflection.
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Fig. 13.  Experimental contact force between implant and surrounding-

tissue phantom as a function of the implant deflection for the ABSplus
and PLA racks. Cross marks represent data points, and solid lines are
fitted exponential lines to the data points.

elastic bands. The top and bottom of the implant were covered
with acrylic sheets. A nylon threaded rod (M8) with arectangular
acrylic face was utilized to deflect the implant center by up to
30.00 mm in 0.625 mm increments from the esophagus phantom
side. The implant-to-tissue contact force was tested at 44.00 mm
and 80.00 mm rack extension (Fig. 12) using the flexible PLA
rack. Additionally, for a rigid implant benchmark, a 2.00 mm
steel bar was tested at 80.00 mm extension in place of the rack.
Finally, force-sensing resistors (FSRs) were placed between the
implant rails and the surrounding-tissue phantoms to measure
the contact force at each implant deflection increment. The
results of this experiment are presented in Fig. 13. One-term
power series models were fitted to each data set, as shown in
the figure. As hypothesised, the rigid implant (steel 80.00 mm)
yielded larger contact forces than the flexible implant (PLA
44.00 and 80.00 mm), as shown in Fig. 13. Consequently, a
flexible implant would inflict less harm to the surrounding organs
and minimize the undesirable fibrotic response.

For the flexible rack, the 80.00 mm implant expansion length
resulted in a smaller implant-to-tissue phantom contact force
compared to the 44.00 mm expansion length. The decrease in
the implant-to-tissue phantom contact force is attributed to the
fact that as an implant expands, the implant as a whole becomes
more flexible. However, at high implant deflection values, the
flexible rack at 80.00 mm expansion resulted in larger contact
forces compared to 44.00 mm expansion. This is due to the fact
that at 80.00 mm expansion, the implant is more flexible and
bends significantly resulting in a smaller contact surface area
between the implant rails and the surrounding tissue phantom
(Fig. 12(c) on the left side). The smaller contact surface area
leads to a higher contact force registered by the localized force
Sensor.

The change in the contact surface area indicates that for
excessively flexible racks the implant would bend significantly
and is likely to show a localized implant-to-tissue contact force
peak. Therefore, when designing a flexible implant with rigid
parts, the flexible element (i.e. rack Young’s modulus and area
moment of inertia) must be designed based on a trade-off be-
tween the implant’s flexibility and its capability of maintaining
adesired and safe shape. A more accurate tissue phantom and an
array of sensors would give more insight into the contact force
distribution.

VII. DISCUSSION

We investigated the properties of the flexible rack via the
theoretical and numerical models and showed how the rack ma-
terial and geometrical parameters affect its flexibility, rack stress,
implant bending, and tissue tension. By utilising a rack with a
Young’s modulus of 3800.00 MPa and an area moment of inertia
of 5.33 mm* and an actuation rate-load torque of < 29.00 Nmm,
the flexible implant was experimentally validated to bend up
to +35.00°, elongate tissue by 100.00 mm, and apply up to
2.94 N tension force, thus satisfying the clinical requirements
for LGEA.

While the literature provides no measurement of the con-
tact forces between the stiff implant and the surrounding
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biological tissue, there is increasing evidence that mechanically
compliant devices reduce these forces [4], [6]. Accordingly,
we incrementally improved the stiff implant design from [17]
via one-directional mechanical compliance (in the XY plane
in Fig. 9) using a flexible rack. We experimentally validated
in Section VI-E that the one-directional compliance of the rack
reduces the 2D forces on surrounding tissue. In vivo, the implant
will be fixed on the tissue in order for the compliant face of the
rack to bend with the spine. The actual validation of the effect of
the flexible robot on tissues and measurement of robot-tissue
interface forces will be carried out in vivo as future work.
Although our group is currently investigating a completely soft
robotic implant [20], the flexible implant is closer to clinical
translation. While we envisage that the current FEIR can be
implanted in eight-year old patients [16], miniaturisation will
broaden the application of the device. The design of the FEIR
inherited the overall tissue attachment features from our previous
robotic implant [17] and thus the in vivo device implantation and
extraction will be carried out in the same way.

Future work includes the exploration of durable gear and
rack (yet flexible) materials and device miniaturisation. We have
chosen PLA to demonstrate the modelling framework and the
benefits of implant flexibility, but in a clinical setting it will be
necessary to miniaturise the device and analyse material prop-
erties such as bending-strength, mesh stiffness, elastic modulus,
coefficient of thermal expansion, and friction characteristics.

The theoretical framework proposed in this work enables the
design and simulation of the FEIR with miniaturisation (smaller
1,.), flexibility (smaller I,. and E,.), tissue tension force (Fy, >
2.00 N), and gear material properties requirements. For example,
if the rack was to be machined from the more durable Polyamide
66 (F, = 3100 MPa) then an I, = 6.15 mm* would be nec-
essary to achieve Fj, < 2.40 N. For Polyacetal-Copolymer
(E, = 2600 MPa) an I, = 7.33 mm* would be required. In
terms of miniaturisation, a smaller actuator with less torque can
be utilised and the flexible rack and actuation models can be
utilised to find the suitable rack material and teeth geometry. The
theoretical model of the flexible rack in Section IV-A makes a
simple approximation about the tissue elongation length which
can be improved via continuum mechanics.

VIII. CONCLUSION

We introduced a flexible and expandable implantable robot
along with a theoretical, numerical, and experimental framework
for the design, mechanics optimization, and analysis of the FEIR
to meet the essential clinical requirements of tissue health and
ability of therapeutic treatments, defining the next generation of
healthcare technology.

We have shown that by using a flexible rack, the implant can
flex to accommodate external disturbances from body dynamics,
reduce the implant-to-surrounding-tissue contact force, elongate
the encapsulation sleeve fatigue life, and actively control the
tissue tension in the presence of tension deviations. The mechan-
ical compliance and active recovery from bending disturbance
are essential features to accommodate volume changes inside
the body and body postures and subsequently reduce the body’s
inflammatory response and avoid tissue damage. The implant’s

flexibility reduces the encapsulation’s deterioration rate from
mechanical wear. The mathematical models proposed are widely
applicable and provide a flexible theoretical framework to select
the best design parameters suited to an application. In the LGEA
treatment, the theoretical framework can be applied towards
clinical-grade FEIR design in terms of miniaturisation and im-
plant material properties.
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