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Abstract

Background: Hollow, bendable manipulators can advance implant delivery in minimally

invasive surgery, by circumventing the drawbacks of straight-line delivery and fostering

single-port approaches. Variable stiffness manipulators are sought to be safe and

effective.

Methods: We designed and experimentally assessed a cable-driven articulated/

continuum manipulator, devised for cardiac valve delivery. Positioning and stiffening

were teleoperated, based on cable shortening. Stiffening was parameterized by using

the leading tension (LT, ie, tension of the cables driving bending). We assessed posi-

tioning (repeatability/reversibility along eight/two bending directions) and stiffening

(eight bent configurations).

Results: We achieved good repeatability and reversibility (mean errors <1% and

1.5%, respectively, of the workspace characteristic length). Stiffening was effective

(up to 9-fold increase, depending on pose). Stiffening was linearly correlated

(R2 = 0.92) with LT for all the considered configurations.

Conclusion: We accurately positioned and effectively stiffened the manipulator in

several bent configurations. The proposed stiffness modulation strategy can be

extended to other manipulators.

1 | INTRODUCTION

Minimally invasive surgery (MIS) simultaneously demands enhanced

access to the target anatomy and effective actions on the surgical tar-

get.1 A number of bendable manipulators were proposed for interven-

tions when the target is not in straight-line access. Commonly, a

distinction is made between articulated systems (manipulators com-

posed of discrete rigid links connected by joints2,3) and continuum

systems (manipulators typically featuring an elastic structure,4 whose

deformed shape can be swept with continuous tangent frame5). In

addition, a few “hybrid” articulated/continuum designs have been

recently proposed. The manipulator in Kato et al6 introduced rigid

links connected by rolling joints around a cylindrical elastic backbone.

An elastic tube surrounded by rigid vertebras also acting as wire

guides was similarly introduced in Li et al7: the vertebras formed rota-

tional joints (friction-based sliding), and the authors proposed to insert

a rigid tube within the aforementioned elastic one in order to also

control the length of the bendable section. A different embodiment

was introduced in Hong et al,8 with the continuum backbone provided

by a couple of elastic tubes passing through the links (connected by

ball-socket joints), perpendicular to the passages of the actuation

wires, thus only allowing for planar bending. Finally, a further embodi-

ment was proposed in Zhao et al,9 where the continuum backbone

was provided by elastic push/pull tubes/rods external to an articu-

lated chain of links (connected by revolute joints). Relative sliding with

respect to the continuum backbone was used to continuously change

the stiffness of the complete system. Therefore, in some cases, the

articulated/continuum design was purposely introduced for locally

tuning the manipulator stiffness, since continuum manipulators can

allow for enhanced safety and adaptability when interacting with ana-

tomical structures, yet at the cost of reduced effectiveness and

stability.
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As a matter of fact, controllable stiffness mechanisms are receiv-

ing growing attention, and different strategies were proposed based

on the variation of the geometrical/material properties of the manipu-

lator (involving, eg, material phase transition,10 or structural interac-

tions between system components, such as for jamming) or on

actuation-related aspects (including, eg, pressurization and variable

impedance mechanisms).11 Cable tensioning, which falls within the

latter class, may be regarded to as a popular strategy, yet it still poses

issues especially for joint design.12 To the best of our knowledge,

manipulator stiffening based on cable tensioning was quantitatively

addressed by a limited number of studies. Among them, a model was

introduced in Loschak et al13 for the stiffening of a catheter com-

posed by a series of bead-shaped vertebras connected by ball-socket

joints and containing four pull wires. More in detail, the model related

wire tension to the frictional moment occurring at the spherical joint

contact and permitted to estimate the stiffness of the catheter in the

straightened pose. Furthermore, the stiffening of an articulated

manipulator was considered in Kim et al.14 Its links, designed to also

vary the neutral line based on the pose, contained two couples of

pulling wires, and the stiffness of the manipulator in the straightened

pose was studied as a function of the wire tension. Additional stiff-

ness measurements were performed in Shiva et al15 by considering

the effect of cable shortening on a pneumatically actuated soft mate-

rial manipulator. The same tensioning was applied to all the cables,

thus introducing some pose variation because of the intrinsic manipu-

lator compliance. The same tension increasing was imposed on all the

wires when also stiffening the hard material articulated systems in

Loschak et al13 and Kim et al14; besides being functional to analytical

derivations, that stiffening strategy was only validated on straightened

poses. Of course, it is of interest to also introduce an effective strat-

egy for stiffening bendable manipulators, and in particular hollow

manipulators functional to implant delivery, in more generic poses.

In this framework, and still considering cable-driven manipulators,

we addressed stiffening (through the same actuation cables) for generic

configurations. To the purpose, we introduced a simple cable shortening

strategy for reaching a certain pose and for stiffening. This strategy was

implemented and experimentally illustrated through an articulated/con-

tinuum manipulator. More in detail, we originally introduced an articu-

lated structure made of hollow links, devised as a prototype for implant

delivery in aortic heart valve minimally invasive surgery. As part of that

developmental step, we introduced a coil spring internal to the links, thus

obtaining an articulated/continuum manipulator; while being functional

to valve delivery, the spring provided an elastic backbone also allowing

for enhanced positioning. Indeed, we experimentally assessed both the

positioning and the stiffening performance of the manipulator, consider-

ing several poses and stiffness probing force directions.

The rest of the paper is structured as follows. Section 2 frames

the surgical scope considered for developing the manipulator and

describes its design and control, as well as the experiments devised to

assess its performance. Section 3 reports the related results, which

are discussed in Section 4 together with concluding remarks. Comple-

mentary details functional to the presentation flow are reported in

Appendix, for ease of readability.

2 | MATERIALS AND METHODS

2.1 | Reference application and main scope

Minimally invasive aortic valve surgery was considered as a reference

treatment, since it is the golden standard for low/intermediate-risk

patients suffering from aortic stenosis, which is a high impact valvular

heart disease.16 The considered MIS approach is currently performed

via a 40-60-mm incision on the chest wall; after establishing the

heart-lung machine, the malfunctioning valve is removed, and then an

artificial valve is implanted via transaortic methods.17 Several artificial

valves are commercially available, including the INTUITY Valve System

(Edwards Lifesciences Corporation, Irvine, CA, USA) and the Sorin

Perceval (Sorin, Saluggia, Italy) shown in Figure 1A. Their size is cho-

sen based on patient-specific anatomy. Figure 1A reports relevant

diameter ranges for the valve prior to release (indeed, release also

triggers a passive radial expansion, eg, of crimped components, aimed

at suitably engaging with aortic vessel walls). The considered commer-

cial valve systems are manually delivered, mostly through straight, rel-

atively rigid introducers (also shown in Figure 1A) that do not permit

to bend and enter from a safer region based on patients' anatomy,

and the straight-line access to ascending aorta may damage the sur-

rounding thorax bones, thus implying extended healing periods.17,18

In order to overcome the aforementioned drawbacks, we

envisioned valve deployment through a single-port, variable-stiffness,

bendable hollow manipulator. To ice break design, in collaboration

with cardiac surgeons, we first considered in more detail the two main

options currently performed for the chosen MIS intervention, namely,

right anterolateral thoracotomy and upper hemi-sternotomy (see

Figure 1B). For mini-thoracotomy, the incision is performed on the

right chest wall (in particular to open a port through an intercostal

space), while for hemi-sternotomy, the incision is in correspondence

of the sternum. In both cases, a surgical retractor is used to allow the

valve introducer to be inserted. We then derived relevant size and

bending specifications by accounting for both access options, based

on the anatomy shown in Figure 1B (provided by medical collabora-

tors after reconstruction from computed tomography data). In particu-

lar, we chose a 20-25-mm reference diameter for the manipulator

working channel, to allow for Sorin Perceval S valves to be used, and

we verified by CAD simulations (SolidWorks, Dassault Systemes, MA,

US) that a 130-150-mm reference length was suitable for reaching

the surgical target. Moreover, we derived the need to bend the

manipulator by nearly 115 and 80 deg for mini-thoracotomy and

hemi-sternotomy, respectively (see Figure 1B). Finally, we comple-

mented the above specification with a lower-bound estimate of

0.2 N/mm for the sought manipulator stiffness. Such a figure was

obtained by considering a tip displacement on the order of 1 mm in

correspondence of a force of 0.2 N, based on the weight of the afore-

mentioned commercial valve including the associated cartridge. In

fact, the considered MIS approaches do not imply load specifications

due to contact between manipulator and tissue.

From a wider perspective, we envisioned a two-phase procedure,

as sketched in Figure 1C,D. The manipulator is preliminarily fastened
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to a common holder such as a Martin's arm (MARINAMEDICAL, FL,

US), and it is manually gross positioned by a surgical operator so as to

enter the keyhole defined by preoperative scans. Hands-on gross

positioning was considered valuable by cardiac surgeons for reducing

procedural times. During phase-I (shown in Figure 1C), the manipula-

tor is kept in a relatively compliant state and is teleoperated by the

surgeon to be fine positioned at the target site based on live endo-

scopic images taken at the manipulator tip. The manipulator

approaches the target region with its tip, where the valve is mounted.

When positioning is considered satisfactory, the surgeon commands

the beginning of the next phase by pressing a button. During phase-II

(shown in Figure 1D), the manipulator is stiffened while still allowing

F IGURE 1 Aortic valve surgery: current valve systems and minimally invasive approaches, and envisioned two-phase procedure based on the
proposed manipulator. (A) Illustrative commercially available valves and related introducers. (B) Access port and anatomy-based constraints for
manipulator motion, for both mini-thoracotomy and hemi-sternotomy. (C) The manipulator is teleoperated by a surgeon to the desired pose
(potential contacts with tissues are mitigated by the relatively compliant status of the manipulator). (D) When the surgeon gives an input
command, the manipulator is stiffened so as to keep the desired pose; afterward, the valve can be delivered (inset). MIS, minimally invasive
surgery
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for teleoperation. Indeed, based on many inputs from cardiac sur-

geons, an autonomous procedure would not bring clinical benefits,

whereas a surgeon-in-the-loop is strongly desired, since it permits to

adaptively fine-tune the procedure. Once stiffened, the manipulator

serves as a valve delivery port. Manipulator retrieval is accomplished

by cable loosening to phase-I, followed by teleoperated steering

aimed to extraction.

For completeness, let us mention that for high-risk patients suf-

fering from aortic stenosis, transcatheter aortic valve implantation/

replacement represents the current golden standard.19 This procedure

is performed on a beating heart (no need for a cardiopulmonary

bypass): a transcatheter valve is mounted and crimped onto a delivery

catheter, which is typically inserted from a leg, a shoulder, or through

the chest, and which is guided over the wire up to the implant site.20

Therefore, the manipulator we proposed for MIS (thoracotomy and

hemi-sternotomy) is not intended to advance the aforementioned

catheter-based approach: differently, it is intended to be used for

moderate-risk patients. Finally, let us mention that complementary

multi-port approach are being investigated, eg, using the da Vinci sur-

gical robotics system, for which dedicated tools seem to be

sought.21,22

2.2 | Manipulator design and control

First, an articulated structure made of 25 hollow links (ϕout = 28 mm,

ϕin = 23 mm) was introduced, interleaved with 1 DoF pin joints alter-

nately rotated by 90�, thus allowing the manipulator to achieve 2 DoFs

bending (Figure 2). The revolute axes implicitly introduced a 2D refer-

ence frame useful for identifying the bending direction. The links were

designed (Figure 2A) for the manipulator to achieve 84� bending when

consistently compacting a set of alternative joints (axial bending) and

119� when consistently compacting all the joints (cross-axial bending).

Each link held four pair holes (ϕ = 1.1 mm) for the passing through

actuation cables, three slots for camera wires (the slots being shaped

to easily insert the wires and hold them in place during operation),

and a hole for an additional cable functional to valve deployment. A

stainless steel coil spring (ϕout = 21.6 mm, ϕcoil = 1.6 mm, by

Metersprings srl, Italy) was inserted in the central passage of the

manipulator. The spring free length was 5 mm larger than the overall

length of the articulated structure, so that it was slightly com-

pressed upon assembly. In this way, an articulated/continuum

device was obtained. Let us remark that the spring was introduced

for two reasons: to enhance reversibility/controllability (by miti-

gating the hysteretic behaviour of cable-driven articulated

systems) and to support valve deployment by a corkscrew move-

ment.23 The actuation cables were devised to have one end con-

nected at the force sensor and the other end to the actuating

motor. In order to get small turning radius (2.8 mm) when routing

the cables back at the distal link, braided fishing lines

(ϕ = 0.18 mm, Carson, Italy) were selected (Figure 2A). For com-

pleteness, let us mention that three cameras (ϕ = 2 mm, by FISBA

AG, Switzerland) were considered for future integration.

Actuation and sensing units were integrated at the manipulator

base (Figure 2B). One end of each actuation cable was pulled by a bru-

shless DC servomotor (Faulhaber 2250BX4, Germany) able to provide

up to 25-mNm torque and high-resolution positioning (3000 incre-

ment/turn). The other end was connected to a force sensor (LSB200

by Futek, CA, US) able to read up to 44.5 N and fixed to the base

frame. More in detail, the motor torque was transmitted to a

ϕ = 13-mm pulley through a 1:10 ratio worm gear (RS Components

srl, Italy), which also supported the possibility to effectively transfer

external actions toward the force sensors by virtue of its locking

back-drivability. The four actuation subsystems (each consisting of

servomotor, wormgear, and pulley) were assembled so as to obtain a

compact (10 × 10 × 15 cm) actuation unit; the sensors were corre-

spondingly integrated in a sensing unit close to the manipulator proxi-

mal section (Figure 2B).

As for fabrication, casing structures for the motors and the sens-

ing unit were 3D printed (VisiJet M3 crystal), whereas titanium

(Ti6Al4V) links were obtained by metal sintering (DMLS/SLM by ZARE

srl, Italy) leading to a robust yet lightweight (<2 kg) prototype. Let us

observe that titanium is biocompatible, being in particular inert to

bodily fluids and tissues (in fact, it is used by world's top medical

device manufacturers for a variety of applications). Moreover, also the

stainless steel chosen for the coil spring can be made biocompatible

(the so-called surgical stainless steel) by standard passivation pro-

cesses enhancing its corrosion resistance. Finally, also the polymer

chosen for the casing structures is biocompatible24 (and several ther-

moplastic polymers commonly used for medical devices, eg, PLA and

ABS, can be equivalently used25,26). However, the considered proto-

type was not intended for in vivo pilot studies on humans. Finally, it

may be worth remarking that no critical or specifically severe require-

ments (eg, tolerances) are needed for fabricating/assembling the pro-

posed mechatronic systems, so that conventional machining is

expected to lead to reliable implementations.

As regards control, leading cables (LCs) were those driving bend-

ing during phase-I (positioning), and following cables (FCs) the others

to be released. As illustrated in Figure 3A, for axial bending, there was

one LC and three FCs, whereas for cross-axial bending, there were

two LCs and two FCs. The labels (LCs/FCs) defined during phase-I

were kept during phase-II (stiffening) for convenience.

During phase-I, the surgeon teleoperates the manipulator by

means of a joystick (Figure 1C). Their directional input is used by

the controller (Arduino Mega 2560 Rev3) to identify the LC(s) and

the FCs, based on a registration between the 2D reference frame

of the joystick and that one identifying the manipulator bending

direction. Such a registration was performed once, at the beginning

of the surgery by Martin's arm quick adjustment knob. The user

direction commands shorten the LC(s) by directly actuating motor

speed(s), namely, by scaling a reference rate (350 counts/s) based

on the direction cosines of the bending direction. Meanwhile, the

controller is keeping the FCs tension to a set value by PID closed

loop control (Figure 3B). The set value is small enough (0.6 N) for

the FCs to oppose a small resistance to the LC(s), while preventing

them to become slack.

4 of 15 TAMADON ET AL.



F IGURE 2 Manipulator design (schematics).
(A) Articulated/continuum structure with revolute
joints (with pin connection) and a coil spring.
Passages for actuation cables are also annotated
(by overstepping the distal link for ease of
representation). (B) Overview showing both the
actuation unit and the sensing unit; key related
components are annotated (whereas the cap is
omitted for ease of representation)
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As anticipated, the chosen stiffening strategy was based on

increased frictional effects on the manipulator structure, as induced

by cable tensioning. More in detail, increased tension results in higher

contact forces/torques between the links, whence higher frictional

actions that hamper relative sliding at the joints, thus increasing the

bending stiffness of the whole manipulator. The stiffening command

that ignites phase-II shortens the LC(s) by an amount Δl at a given

count rate, as described above. For a generic pose, this causes a light

manipulator displacement, which in our system is manually compen-

sated by the surgeon-in-the-loop (Figure 3C) up to a chosen tolerance.

In the envisioned clinical scenario, compensation is carried out with

the help of the endoscopic view; in the carried out experiments, we

leveraged the auxiliary external sensor introduced to assess the posi-

tioning performance (see Section 2.3), for ease of development. Incre-

mental stiffening is achieved by iterating the stiffening step at hand.

Consistently with the major role played by the LC(s) in the proposed

strategy, we defined a corresponding leading tension (LT) as follows:

for axial bending, the LT is that one of the LC; for cross-axial bending,

the LT is given by the square root of sum of the squared LCs tensions.

As a working hypothesis, we introduced the LT as a relevant parame-

ter to be correlated with stiffening, as described in Section 2.3 (consis-

tently, the Δl values specifically adopted in the experiments are not

relevant per se; anyway, we adopted 1.7 mm for poses closer to the

workspace boundary and 3.4 mm for poses farther from it).

F IGURE 3 Manipulator control
(schematics). (A) Definition of leading/
following cables for both axial and cross-
axial bending. (B) Control scheme for the
positioning phase, leading tensions (LTs)
are monitored by tension sensors and
closed loop control is introduced for the
following cables, based on direct
measurement of the related tension.

(C) Control scheme for the stiffening
phase (manual adjustment for the
following cables, based on estimated
deviation of the manipulator pose from
that one defined at the end of the
positioning phase)
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2.3 | Experimental assessment

Positioning performance was quantitatively assessed by tracking the

manipulator tip through the Aurora (NDI Medical, Canada) electromag-

netic tracking system (ETS). For ease of processing, both the ETS and

the Arduino controller (5 V TTL serial communication) were connected

to Matlab (The Mathworks, MA, US). Motor rotations, cable tensions,

and tip position readings were recorded and rendered through a single

GUI, serving as a unified reference for all the measurements.

Repeatability was assessed by considering eight bending directions;

for each of them, the manipulator was bent up to approaching the

workspace boundary. More in detail, starting from an upright pose

(manipulator axis coincident with the z-axis), the manipulator was com-

manded bending along four axial directions (ie, along the x- and y-axis)

F IGURE 4 Manipulator. (A) Full view
also showing the actuation unit.
(B) Experimental setup for positioning
tests also showing the electromagnetic
tracking system (ETS). (C) Experimental
setup for stiffening tests also showing
the auxiliary force sensor mounted on an
industrial robot. The arrangement shown
in the main frame of the subfigure was

used for the x-stiffness; the arrangement
in the inset was used for the z-stiffness
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and the four cross-axial directions (ie, bisecting the x- and y-axis). For

each direction, we defined an array of equally spaced encoder values

(200 for axial and 400 for cross-axial bending), and we measured the

associated tip positions over four repetitions. For each encoder value,

we computed the average tip position, thus obtaining an average

TABLE 1 Manipulator repeatability dREP (mean ± SD distance,
over the entire array of encoder values for each bending direction,
between each measured tip position and its corresponding average
position; consistently with the definition of the average trajectory,
repetitions were aggregated)

dREP (mm)

Plane 1, dir. +y 0.72 ± 0.40

Plane 1, dir. −y 0.46 ± 0.32

Plane 2, dir. −x + y 0.92 ± 0.63

Plane 2, dir. +x − y 1.26 ± 0.42

Plane 3, dir. +x 0.78 ± 0.56

Plane 3, dir. –x 1.30 ± 0.72

Plane 4, dir. +x + y 2.26 ± 0.89

Plane 4, dir. –x − y 1.78 ± 0.76

TABLE 2 Manipulator reversibility dREV (mean ± SD distance,
over the entire array of encoder values for each bending direction,
between a couple of corresponding points along the forward/
backward path)

dREV (mm)

Plane 3, dir. +x 2.68 ± 1.89

Plane 4, dir. +x + y 3.18 ± 1.51

F IGURE 5 Positioning test results: graphical rendering complementary to Tables 1–3. (A) Repeatability assessment: 3D-view of the average
tip trajectories (dashed). Bending planes are also shown, together with an approximate representation of the manipulator workspace.
(B) Reversibility assessment: 3D-view of illustrative couples of corresponding points along the forward/backward path. Bending planes are also
shown. Bottom insets: snapshots illustrating manipulator pose along the round paths (the second and the penultimate are corresponding poses).
(C) Comparison between the experimental positions and those predicted by the kinematic model (in Appendix), for all the selected checkpoints
(such an assessment was complementary to the main characterization, since we did not pursue model-based autonomous control). LT, leading
tension
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trajectory. We then defined the repeatability figure of merit by comput-

ing the distance dREP (mean ± SD over the entire array of encoder

values, by aggregating the four repetitions) between each measured tip

position and its corresponding average position (we aggregated the

four repetitions because the average trajectory was defined by taking

them altogether).

Reversibility was assessed by considering two bending directions,

one axial and one cross-axial. For each direction, the manipulator was

commanded a round path (up to approaching the workspace bound-

ary), and tip positions were recorded in correspondence of a set of

equally spaced encoder values (200 for axial and 400 for cross-axial

bending). We then defined the reversibility figure of merit by comput-

ing the distance dREV (mean ± SD over the entire array of encoder

values) between each couple of corresponding points (one along the

forward path, the other on the backward path).

Tip trajectory was also compared with that one predicted by a

simple kinematic model based on the assumption of negligible cable

extensibility. The model is reported in Appendix, for ease of readabil-

ity. Such an assessment, enabled by coil spring integration, was com-

plementary to the main characterization, since we did not pursue

model-based autonomous control. Using the data gathered through

the repeatability tests, we first selected four checkpoints for each of

the eight bending directions: specifically, we selected those encoder

values respectively associated with a LT of 1.0, 1.5, 2.0, and 2.5 N

(below the 2.9 N upper value causing the manipulator to approach the

workspace boundary). We selected the checkpoints based on the LT

in order to introduce a common reference for both axial and cross-

axial directions, also in view of the stiffening experiments described in

the following paragraph. For each checkpoint, we run the model based

on cable shortening (derived from encoder values), thus obtaining a

predicted tip position, and we finally computed the distance dMOD

between the predicted and the experimental positions (mean ± SD

over the four experimental repetitions).

Stiffening was assessed by considering eight manipulator poses:

four poses along an axial bending direction and the other four along a

cross-axial bending direction. We defined the poses at hand through

the aforementioned checkpoint values of the leading tension, ie, for

LT0 (subscript 0 is here added for convenience) equal to 1.0, 1.5, 2.0,

TABLE 3 Distance (dMOD) between the experimental positions and those predicted by the kinematic model (mean ± SD over four
experimental repetitions)

dMOD (mm) Checkpt.LT = 1[N] Checkpt.LT = 1.5[N] Checkpt.LT = 2[N] Checkpt.LT = 2.5[N]

Plane 1, dir. +y 2.94 ± 1.74 8.81 ± 1.07 7.92 ± 1.54 8.28 ± 0.83

Plane 1, dir. −y 4.88 ± 0.58 8.98 ± 0.66 7.54 ± 0.15 7.64 ± 0.45

Plane 2, dir. −x + y 0.77 ± 0.7 4.22 ± 0.7 5.59 ± 1.31 7.42 ± 0.31

Plane 2, dir. +x − y 1.44 ± 0.22 2.15 ± 0.93 4.45 ± 0.94 6.51 ± 1.03

Plane 3, dir. +x 4.52 ± 1.00 6.83 ± 1.06 5.82 ± 0.85 5.27 ± 0.56

Plane 3, dir. –x 3.38 ± 1.29 8.44 ± 1.52 8.06 ± 1.97 5.71 ± 1.43

Plane 4, dir. +x + y 2.26 ± 1.45 5.38 ± 2.71 6.20 ± 1.30 8.89 ± 1.71

Plane 4, dir. –x − y 2.82 ± 0.97 4.37 ± 0.84 5.97 ± 0.87 6.19 ± 1.67

Abbreviation: LT, leading tension.

F IGURE 6 Manipulator configurations considered for the
stiffening tests (the corresponding checkpoints are a subset of those
in Figure 5C; the corresponding leading tension prior to stiffening is
consistently labelled as LT0)

TABLE 4 Initial stiffness of the poses selected for the stiffening
tests (kz0 being mainly ruled by the manipulator metallic structure)

kx0 (N/mm) ky0 (N/mm) kz0 (N/mm)

Checkpt. A1(LT0 = 1 [N]) 0.04 0.04 4.01

Checkpt. A2(LT0 = 1.5 [N]) 0.07 0.05 3.01

Checkpt. A3(LT0 = 2 [N]) 0.08 0.08 2.24

Checkpt. A4(LT0 = 2.5 [N]) 0.98 0.10 0.99

Checkpt. CA1(LT0 = 1 [N]) 0.05 0.04 4.52

Checkpt. CA2(LT0 = 1.5 [N]) 0.07 0.08 3.80

Checkpt. CA3(LT0 = 2 [N]) 0.14 0.12 2.03

Checkpt. CA4(LT0 = 2.5 [N]) 0.31 0.21 1.41

Abbreviation: LT, leading tension.
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and 2.5 N, respectively (both the straightened and the maximally bent

configurations were not considered because of their relative minor

interest in the application scenario). For each pose, we performed the

activities described below. Once tip position was recorded, we first

measured the initial stiffness. To the purpose, we displaced the

manipulator distal section by means of a three-axis force sensor

(Nano 17 ATI Industrial Automation, NC, US) mounted on an industrial

robot (MELFA S-series, by Mitsubishi Electric, Japan). We pushed the

said distal section by 1, 2, and 3 mm along the x-axis, by recording the

corresponding forces through the external sensor, and we obtained

the stiffness along the x-axis (kx0) by linearly fitting the corresponding

trend. We repeated the same procedure for obtaining the stiffness

along the y-axis (ky0) and the z-axis (kz0) (we halved the displacements

when probing along the z-axis since the manipulator structure was

responsible for an increased stiffness for most cases). We thus

archived the stiffness figure of merits (kx0, ky0, and kz0) associated

with the starting tension LT0. We then issued the stiffening command,

and we compensated the induced displacement: pose recovery was

considered achieved for tip positions within 1 mm from the original

recording. We then measured the current leading tension (LT1) and

stiffness (kx1, ky1, and kz1) as described above. We issued three addi-

tional stiffening commands so as to obtain in total four sets of mea-

surements, ie, up to LT4 and (kx4, ky4, and kz4). Finally, we assessed

the stiffening trend by linearly fitting the points on the stiffness/LT

plane thus obtained.

3 | RESULTS

The manipulator is shown in Figure 4. In particular, Figure 4A also

shows the actuation unit (and the connection to the holder), whereas

Figures 4B and 4C illustrate the experimental setups used for posi-

tioning and stiffening tests, respectively.

The eight bending directions selected for assessing repeatability

are shown in Figure 5A: Planes 1 and 3 were for axial bending and

Planes 2 and 4 for cross-axial bending. The average tip trajectories are

shown in Figure 5A, while the associated metrics (dREP) are reported in

Table 1. For reference, an approximate representation of the manipula-

tor workspace is added still in Figure 5A, as obtained from the CAD

model by parameterizing each of the two sets of parallel joints through

a single angle (two-parameter sweep). The two bending directions

selected for assessing reversibility are shown in Figure 5B. Selected

couples of corresponding points (one along the forward path, the other

on the backward path) are shown in Figure 5B, while the associated

metrics (dREV) are reported in Table 2. For reference, some snapshots

describing manipulator pose along the two round paths are added still

in Figure 5B. The average tip trajectories introduced in Figure 5A are

individually represented in Figure 5C: on each of them, the mean exper-

imental positions associated with the selected checkpoints are marked

(crosses). The corresponding predicted positions are also marked

(squares). The derived distances (dMOD) are reported in Table 3.

Based on the considered results, the manipulator exhibited good

repeatability and reversibility: the corresponding errors in Tables 1

and 2, respectively, are considerably smaller than the typical length

scale of the workspace (whose span is around 200 mm, as shown in

Figure 5A). These results were mainly due to coil spring integration

(by removing the coil, we also experimentally observed the occurrence

of poorly repeatable and hysteretic behaviour). The continuum back-

bone ideally provided by the coil spring also favoured the reasonable

agreement between the experimental trajectories and those predicted

by the kinematic model, despite its inherent simplifications.

The manipulator configurations adopted for the stiffening tests are

illustrated in Figure 6, where the checkpoints Aj and CAj (j = 1,…, 4) are

associated with axial and cross-axial bending, respectively. In particular,

F IGURE 7 Stiffening test results for axial bending. The stiffness
versus leading tension trend is shown; its non-dimensional form aims
to highlight the stiffening effect. Symbol kj shortly represents (kxj, kyj,
and kzj), namely, all the measures at step j (j = 1,…, 4), the specific
stiffness value being identified by the legend marker. The figure
reported in parentheses close to each marker denotes the goodness
(R2 value) of the corresponding linear fit. A schematic of the stiffness
probing directions (through the related forces Fx, Fy, and Fz) is added
for readability
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A1 and CA1 were associated with LT0 = 1.0 N and so on up to A4

and CA4, which corresponded to LT0 = 2.5 N. The corresponding

initial stiffness values are reported in Table 4, for completeness.

Consistently with physical intuition, higher LT0 values cor-

responded to stiffer configurations along both x- and y-axis (kx0

enhancement in A4 being due to the directly opposing reaction of

the metallic structure). Still in agreement with physical intuition,

kz0 was ruled by the manipulator structure rather than LT0, with a

stronger opposing reaction in A1 and CA1, ie, closer to the

straightened configuration.

The results of the stiffening tests for axial and cross-axial bending

are shown in Figures 7 and 8, respectively. A non-dimensional

representation of the stiffness-LT trend was purposely introduced in

order to focus on the stiffening effect produced by cable tensioning.

Each point in Figures 7 and 8 was obtained by linearly fitting a

series of force-displacement experimental points (see Section 2.3): the

related goodness-of-fit (R2) was 0.93 ± 0.08 for axial bending and

0.92 ± 0.07 for cross-axial bending. Please notice that the LT/LT0

span in Figure 7 (Figure 8) decreases when passing from A1 (CA1) to

A4 (CA4) due to the trivial scaling effect of LT0 and because of the

increasingly reduced margin with respect to the workspace boundary.

Noticeably, the resulting stiffening trends in Figures 7 and 8 could be

suitably approximated by linear fitting (see also the R2 values therein),

featuring some deviations just close to the workspace boundary. Let

us remark that similar trends for the x- and y-stiffness in cross-axial

bending were obtained, as expected by symmetry. Furthermore, as for

the x-stiffness, a more pronounced trend in axial bending was

observed, consistently with the fact that the whole tensioning action

contributed to stiffening. On the other hand, for cross-axial bending,

only a component of the tensioning effort acted along the x-axis,

owing to the definition of LT. In addition, the relatively pronounced

trend observed for the y-stiffness in axial bending was due to the fact

that, for that specific loading condition, the probing force was elon-

gating all the tendons, whereas some of them were partially unloaded

for the other loading conditions. Finally, the relatively less pronounced

trend observed for the z-stiffness was trivially because the z-stiffness,

in dimensional terms, was systematically the highest one, because of

the dominating contribution to stiffness brought by the manipulator

structure. For completeness, let us also mention that manipulator

stiffness after the fourth stiffening step was above the considered ref-

erence value (0.2 N/mm), and higher values can be achieved by taking

additional steps.

4 | DISCUSSION AND CONCLUDING
REMARKS

We introduced a novel cable-driven articulated/continuum manipula-

tor, whose design was steered towards single-port minimally invasive

aortic valve surgery in collaboration with cardiac surgeons, based on

anatomical/procedural constraints relevant to state-of-the-art MIS

approaches such as mini-thoracotomy and hemi-sternotomy. How-

ever, in order to obtain results potentially useful for a wider class of

payloads/implants, we deliberately confined our attention to “basic”

positioning and stiffening performance (without adding clinically rele-

vant tasks). Given the basic requirement of having to deploy a “stan-

dard payload” such as a cardiac valve through a hollow bendable

structure, we introduced a design concept integrating established

mechanical components: a rigid articulated structure and a continuum

coil spring (also useful to valve release). The articulated structure was

functional to resist pose distortion when tensioning the cables for

stiffening, while spring elasticity was expected to mitigate the hyster-

etic behaviour of cable-driven articulated manipulators. Moreover, we

integrated actuation and sensing units at the manipulator base, by

implementing a double routing of the cables that provides two main

F IGURE 8 Stiffening test results for cross-axial bending. The
stiffness versus leading tension trend is shown (the non-dimensional
form aims to highlight the stiffening effect). Symbol kj shortly
represents (kxj, kyj, and kzj), namely, all the measures at step j (j = 1,…, 4),
the specific stiffness value being identified by the legend marker.
The figure reported in parentheses close to each marker denotes the

goodness (R2 value) of the corresponding linear fit. A schematic of
the stiffness probing directions (through the related forces Fx, Fy, and
Fz) is added for readability
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advantages over traditional, single routing. First, it permits to double

the pulling force at the manipulator tip, overall resulting in higher stiff-

ness for a given tension in the actuation cables. Second, it permits to

achieve a space-efficient assembly, since both sensors and actuators

can be packed in a compact unit located at the proximal end of the

system, with stationary sensors relative to the unit case. Conversely,

single cable routing traditionally implies to locate the sensors on slid-

ing stages at the proximal end (also functional to cable shortening),

thus generally increasing the size of the related unit.27

Furthermore, we originally proposed a systematic methodology

for assessing manipulator performance for positioning and stiffening.

As for positioning, the effectiveness of the proposed integration was

experimentally confirmed: the mean repeatability and reversibility

errors were below 1 and 1.5%, respectively, of the workspace charac-

teristic length. As for stiffening, once defined the leading cable(s), we

introduced the original concept of LT by assuming it could properly

parameterize stiffening. This working assumption was experimentally

corroborated: we observed a strong correlation (linear trend) between

LT and stiffness for all the considered manipulator poses. This

extends, eg, the observations in Kim et al14 which were based on a

straightened pose only. Let us remark that we measured manipulator

stiffness with respect to a “world frame,” instead of a “body frame”

(in particular tip tangent frame), because the related information is

equivalent in the absence of preferred manipulator poses in the world

frame.

Although cable slacking during positioning was avoided through a

PID controller fed by tension sensors (pre-tension strategies could be

alternatively used28), in this study, the manipulator was not tension

controlled. We effectively stiffened the manipulator in between two

times (as, eg, for kz in CA4) and nine times (as, eg, for ky in A1), based

on relevant margins from the initial pose to the workspace boundary

and on potential contributions by the structure itself, yet in the carried

out experiments, the LT was essentially a readout parameter. How-

ever, our results suggest that the LT could be a relevant parameter for

developing tension control, at least for applications where stiffening is

a main target. Additional characterization of the cable mechanical

properties and further application-specific requirements may put addi-

tional constraints; hence, based on the preliminary results of this

study, we do not lay any strong claims in this regard.

The potential for translation should be assessed based on clini-

cally representative experimental conditions. As for safety, the rela-

tively compliant manipulator status during positioning is expected not

to induce damage upon potential contact with tissue. Moreover, the

possibility to separately actuate each cable also coupled with the fact

that each pin joint allows for a single degree-of-freedom over a span

constrained by design, permits to smoothly vary the manipulator pose,

thus reducing the potential for abrupt and unsafe contacts with tissue.

Additional safety margins could be gained by considering upper ten-

sion limits when implementing tension-based control, as well as cable

redundancy, yet at the cost of increased complexity. However, stron-

ger claims should be based on further tests also involving biological

tissues. Furthermore, a comprehensive assessment of the proposed

design should also consider effectiveness and reliability when

delivering the valve. Leveraging the positive feedback gathered by the

medical doctors collaborating to this study, also based on complemen-

tary tests carried out on surgical phantoms, specific ex vivo tests

should be performed to the purpose.

We are also aware of the fact that our results do not immediately

translate to applications for which autonomous manipulator control is

sought (we deliberately assumed a surgeon-in-the-loop because of

the targeted surgical procedure). For those cases, either model-less29

or model-based control approaches could be pursued. Model-based

approaches, in particular, would benefit from the development of a

stiffening model also accounting for frictional effects,30 which are

complex to model even for simple contact geometries13 and sensibly

depend on the specific manipulator.6 An additional limitation of our

study is due to the fact that we used an auxiliary external sensor for

compensation during stiffening: a stronger demonstration should be

based on image processing, by leveraging the tip cameras integrated

in the manipulator.

Nevertheless, the proposed manipulator design could be adapted

to different workspaces and further payloads, and it could be scaled

down for additional minimally invasive surgery applications. More-

over, the stiffening strategy based on the LT concept originally pro-

posed here could be extended, also considering that it readily applies

to systems with a different number of cables. Hence, this study took a

positive step towards positioning and stiffening of bendable manipula-

tors for delivery in minimally invasive surgery.
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APPENDIX A

Leveraging coil spring integration, we introduced a simplified kinematic

model for the articulated manipulator structure, based on the assump-

tion of negligible cable extensibility. In particular, we assumed that

shortening of a single leading cable (LC) induced a uniform rotation in

the associated joints. Moreover, we assumed two LCs to act indepen-

dently from each other, for simplicity. In particular, when shortening

two LCs, we assumed that each LC shortening induced a uniform rota-

tion in the associated joints (as above), regardless of the other.

Let us consider the serial manipulator schematic in Figure A1A,

where frames {Fi} with i = 1, 2, …, NF (NF = 26) are attached to the links.

Frame {F1} aligns with the “world frame” {F0} by means of a translation

by lbase along the z0-axis. Tip frame {F26}, which was also defined based

on the ETS sensor geometry, aligns with {F25} through a translation by

ltip along the z25-axis. For the other frames, both a rotation and a trans-

lation (by length l, as determined from the link height) are involved. The

first revolute joint rotates about the y1-axis, and this similarly applies to

all the “odd” joints. The second revolute joint, instead, rotates about

the x2-axis, and this similarly applies to all the “even” joints.

For ease of presentation, let us first consider axial bending, either

associated with the x- or y-rotations. Upon shortening the relevant LC

by an amount 2s (while consistently releasing the corresponding FC), the

manipulator bends by an angle θ resulting from the uniform rotation θ/N

of the N (N = 12) associated joints. With reference to the sketch shown

in the inset of Figure A1A, the following analytical relation between cable

shortening and bending angle can be derived from elementary geometry:

θ sð Þ=N � sin−1 s
Nr

� �
, ðA1Þ

where r denotes the radial distance of the cable passageway (and half

shortening appears due to double cable routing). Let us then consider
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a more general case involving both x- and y-rotations, with associated

joint rotation angles θx and θy, respectively. By hypothesis and based

on Equation (A1), these angles can be obtained from the

corresponding LC shortening 2sx and 2sy as follows: θx = sin−1(sx/Nr)

and θy = sin−1(sy/Nr). The pose of the manipulator tip is then obtained

by standard kinematics as follows:

0
26T =

0
1T Tx Tyð Þ12 25

26T, ðA2Þ

where

0
1T =P lbaseð Þ=

1 0

0 1

0 0

0 0

0 0

0 0

1 lbase

0 1

2
66664

3
77775,

Tx =Rx θxð ÞP lð Þ=

1 0

0 cosθx

0 0

−sinθx 0

0 sinθx

0 0

cosθx 0

0 1

2
66664

3
77775

1 0

0 1

0 0

0 0

0 0

0 0

1 l

0 1

2
66664

3
77775,

Ty =Ry θyð ÞP lð Þ=

cosθy 0

0 1

sinθy 0

0 0

−sinθy 0

0 0

cosθy 0

0 1

2
66664

3
77775

1 0

0 1

0 0

0 0

0 0

0 0

1 l

0 1

2
66664

3
77775,and

25
26T =P ltip

� �
=

1 0

0 1

0 0

0 0

0 0

0 0

1 ltip

0 1

2
66664

3
77775:

The theoretical positions compared with experimental data in

Figure 5C were computed by using Equation (A2), as a function of

the shortening (2sx and 2sy) derived from encoder values, and based

on the following parameter values: r = 13, lbase = 6, l = 5.5, and

ltip = 3.5 mm.

As remarked in the main text, the reasonably good agreement

between kinematic model predictions and experimental results was

favoured by the continuum elastic backbone provided by the coil

spring. Consistently with this observation, we leveraged the presence

of the spring in order to also introduce a simplified model linking LC

tension and manipulator bending angle, based on the assumption of

negligible frictional effects. For simplicity, we only considered axial

bending, as detailed below.

As above, let us consider a manipulator that bends by an angle θ

when shortening/releasing the relevant LC/FC by an amount 2s.

Recalling Equation (A1) and observing that for the bending angles of

interest θ/N � 1, we preliminarily adopt a simplified mapping

between θ and s, namely, θ = s/r. Let W = W(s) denote cable tension-

ing work and U = U(θ) the elastic energy stored in the spring. Consis-

tently with the assumption of non-dissipative motion, the energy

balance then reads:

W=U, ðA3Þ

where functional arguments are omitted in view of the aforemen-

tioned mapping (ie, either θ or s can be adopted as convenient).

The elastic energy at hand can be expressed as follows (by adopting

a linearly elastic approximation consistent with the proposed modelling

framework):

U θð Þ= 1
2
kbθ

2, ðA4Þ

where kb denotes the bending stiffness coefficient. For a coil spring with

meandiameterϕ, coil diameterϕcoil, n coils, Young'smodulus E andPoisson's

ratio ν, the bending stiffness is given by kb = Eϕ
4
coil= 32n ν+2ð Þϕð Þ.31 In our

F IGURE A1 (A) Schematic of the frames introduced for the
kinematic model. The joints alternately rotate about the x- and y-axis,
and their rotation angle is derived from the shortening of the relevant

leading cables. Inset: bending angle (θ, top) and joint rotation angle
(θ/N, bottom) derived from cable shortening (2s), for axial bending.
(B) Assessment of the leading cable tension model: theoretical trend
versus experimental data (sensor readout values) obtained from axial
bending positioning tests (bending planes are shown in Figure 5)
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case, ϕ = 20mm, ϕcoil = 1.6mm, n = 18, E ≈200GPa, and ν ≈0.332 so

that kb ≈50Nmm.

During positioning, the FC tension was kept to a set value

T0 = 0.6 N, while the LC tension increased with pulling. Let us adopt

for the LC tension the following submodel:

T ξð Þ= T0 + αξ, ðA5Þ

where ξ represents cable shortening, and α is a suitable constant to be

determined. Cable tensioning work then reads:

W sð Þ=
ð2s
0

T0 + αξ−T0ð Þdξ=2α s2: ðA6Þ

By substituting Equations (A4) and (A6) in Equation (A3), while

also exploiting θ = s/r, we get α = kb/(4r
2). Upon substitution in Equa-

tion (A5), we finally obtain the sought expression for the LC tension,

here expressed as a function of θ:

T θð Þ= T0 +
kb
4r

θ: ðA7Þ

By virtue of the assumption of negligible frictional effects, we

compared the LC tension predicted by Equation (A7) with

corresponding sensor readout values, recorded during axial bending

tests. The considered assessment is shown in Figure A1B, where

minor differences between x- and y-bending are likely due to slight

asymmetries introduced by prototyping/assembly. Remarkably, also in

this case, we achieved a reasonably good agreement between model

predictions and experimental data in spite of the many simplifications

introduced for ease of analytical derivation.

Overall, the developed models complement the carried out exper-

imental characterization of manipulator positioning performance. In

spite of the underlying simplifications, both models quantitatively sup-

port manipulator development; nevertheless, they are reported in this

Appendix in order to keep the main presentation flow consistently

focused on the core objectives of the study.
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