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Abstract—This paper presents the concept design of a modular
soft manipulator for minimally invasive surgery. Unlike traditional
surgical manipulators based on metallic steerable needles, tendon-
driven mechanisms, or articulated motorized links, we combine
flexible fluidic actuators to obtain multidirectional bending and
elongation with a variable stiffness mechanism based on granular
jamming. The idea is to develop a manipulator based on a series of
modules, each consisting of a silicone matrix with pneumatic cham-
bers for 3-D motion, and one central channel for the integration of
granular-jamming-based stiffening mechanism. A bellows-shaped
braided structure is used to contain the lateral expansion of the flex-
ible fluidic actuator and to increase its motion range. In this paper,
the design and experimental characterization of a single module
composed of such a manipulator is presented. Possible applications
of the manipulator in the surgical field are discussed.

Index Terms—Fluidic actuation, granular jamming, minimally
invasive surgery (MIS), soft robot, variable stiffness.

1. INTRODUCTION

NCREASING interest in minimally invasive surgical proce-
dures has led to the development of surgical instrumentation
that can reach the surgical target from multiple small entrances
(laparoscopy), or several tools can be inserted from a single
access (single-port laparoscopy) or from natural orifices as in
natural orifice translumenal endoscopic surgery (NOTES) [1].
All three approaches fall under the definition of minimal ac-
cess surgery (MAS), in which generally rigid or semirigid tools
are used to reach the target area. However, the passage toward
the surgical target can often be obstructed by other organs or
anatomical structures. This, together with the reduced dexter-
ity of the instruments, represents an important limitation in the
execution of many surgical procedures.
MAS can benefit from the introduction of robotic technolo-
gies; for example, in terms of restoring the intuitiveness of
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the procedure and providing additional tip dexterity, as demon-
strated by the success of the DaVinci surgical robot [2]. This
robot mimics the structure of a standard laparoscopic instru-
ment, which is based on a rigid long shaft, and the surgical tool
is placed on the tip and oriented with an articulated wrist.

Articulated flexible instruments are highly dexterous in reach-
ing a specific body region from a remote access and thus have
been proposed for operating in the heart [3], throat [4], [5], brain
[6], or abdominal organs, through a single-port access [7] or a
natural orifice [8].

In order to carry out a surgical intervention, conventional min-
imally invasive surgery (MIS) often requires the use of multiple
dedicated instruments such as dissectors, grippers, retractors,
and cameras [9]. In fact, even a single and simple surgical task
requires the simultaneous use of two or more of the above instru-
ments. The integration of multiple instruments or functionalities
onboard the same tool introduces technical challenges, particu-
larly when surgical retraction is needed. Retraction is necessary
in order to expose the surgical target when it is located below
an organ or collapsed tissues, which need to be lifted or shifted.
In addition, this action often requires the application of consid-
erable forces [10].

Current devices for organ retraction in abdominal surgery are
simple assistive laparoscopic devices such as the Cinch Organ
Retractor (Aesculap, Inc.), the T'LIFT laparoscopic tissue re-
traction system (VECTEC, France), and the Endograb (Virtual
Ports, Ltd.) [11], which mainly involve organ piercing by means
of a hook, or the Endoloop Ligature device (Ethicon, Endo-
Surgery, Johnson&Johnson Medical), which uses a looped liga-
ture inserted into a plastic tube to reach the organ that needs to be
retracted. At the research level, there have been a few attempts
to reduce the invasiveness of organ retraction using magnetic
systems [12]-[15] or a hybrid system of magnetic anchoring
and chemical adhesive film [16].

Since retraction requires a safe and compliant interaction with
tissues and organs, the emerging field of soft robotics offers
promising alternatives to current systems. Indeed, due to the
compliance of the materials involved (e.g., elastomers), soft
robots have been exploited to safely touch or interact with deli-
cate objects [17], [18].

In previous works, the authors have discussed how soft
robotics technologies can provide valuable support for the
development of highly dexterous compliant instrumentation
for both retraction as well as for approaching and grasping
organs [19]. Examples of soft and shrinkable instruments for
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Fig. 1. Envisaged surgical scenario with a manipulator composed of multiple
modules interconnected. The manipulator is able to pass through a single port
access and to retract/push organs and tissues with different modules along the
device exploiting selective stiffening of its segments.

self-propulsion in diagnosis and for basic surgical applications
in the gastrointestinal tract are reported in [20] and [21].

For more complicated tasks such as retraction or grasping,
the manipulator also needs to be able to modulate its stiffness
and thus actively exert a force when necessary; for example, for
lifting and supporting an organ. The need for stiffness control
in robots presenting a continuum or soft structure has been
addressed in [22], where a stiffness controller based on the
kinematics of robots is presented. A step further is proposed in
[23], where the issue of monitoring the contact with a compliant
environment is addressed.

Variable stiffness surgical robots have been proposed in [24]—
[26]. Similar to the locking mechanisms of endoscopes, such
systems are only used to freeze the shape of the instrument
during surgery, but no active interaction with the body of the in-
strument with the surroundings is envisaged. Instead, a variable
stiffness device offers the possibility of modulating the interac-
tion and the force exerted against the surroundings. In addition
if, for example, the manipulator has different levels of stiffness
in various parts of its body, the same device can be also used for
multiple tasks, as shown in Fig. 1.

In [27], the authors presented a soft bioinspired manipulator
based on the design introduced in [28], focusing on the inte-
gration of two modules to increase the manipulator dexterity,
and demonstrated manipulation of phantom organs exploiting
selective stiffening to tune the interactions with them.

In this paper, the authors deepen the design and characteri-
zation of the single module that embodies the building block
of such a soft, variable stiffness surgical robot. All the compo-
nents of the module are detailed in terms of design, fabrication,
and characterization. An integrated prototype of the module is
extensively characterized in terms of dexterity, forces gener-
ated, and stiffening capabilities. The conceptual design of the
entire manipulator is described in Section II, while Section III
details all the components, their design, and integration in the
single module manipulator. Section IV illustrates the experi-
mental characterization of a single manipulator module. Tests
and performance assessments are described in Section V and
discussed in depth in Section VI.
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II. MANIPULATOR STRUCTURE AND POSSIBLE
SURGICAL SCENARIOS

The manipulator is composed of multiple modules follow-
ing a homogenous modular structure, in which each module
is identical in terms of design and functionalities [29]. There
is an introduction to this device in [28], whereas the present
paper provides, for the first time, a more detailed and compre-
hensive study and analysis of its properties, its manufacturing
process, and a specific application. The robotic manipulator is
inspired by the manipulation capabilities of the octopus arm, as
devised in the STIFF-FLOP (STIFFness controllable Flexible
& Learnable Manipulator for surgical OPerations) project [30].
The manipulator is designed to be particularly flexible during
the elongation and bending of its structure, since it is squeezable
in its passive state, but also capable of being stiff along its body.
Each segment of the arm is able to apply forces, to perform
multidirectional bending and elongation, and its stiffness can be
tuned. This modular structure means that the whole length of
the manipulator can be used to accomplish the surgical task, and
not just to guide the end effector toward the surgical target. This
functionality can be exploited, for example, by using a portion
of the manipulator, such as the proximal part, to hold organs or
biological structures (i.e., surgical retraction) and the remain-
ing portion to carry out a different task, e.g., grasping [27]. In
this scenario, selective stiffening of the different segments can
be exploited to tune the compliance for it to interact with the
surrounding biological structures. Other possible scenarios (not
addressed in this paper) could include an instrument (such as an
electro cautery hook or a simple grasper) fixed at the tip to carry
out other specific surgical tasks or a wrist on the tip to provide
additional dexterity, as proposed in [31].

III. DESIGN OF THE SINGLE MODULE

Each single module integrates all the basic functionalities
of the entire STIFF-FLOP manipulator: active motion (i.e.,
omnidirectional bending and elongation) and stiffening.
Flexible fluidic actuators (FFAs) are exploited for the bending
and elongation of the module, while a granular-jamming-based
stiffening mechanism is used for stiffness variation.

In this section, the actuation and the stiffening system design
are presented and discussed.

A. Design of the Active Motion System for Elongation
and Bending

FFAs were chosen to take advantage of elastomeric materials
in order to make the module compliant and flexible [32], [33].
In addition, FFAs can provide high forces and do not require
electrical connections and powering, thus facilitating their ap-
plication in surgical robots and paving the way toward MRI
compatibility [19], [33].

The actuator is composed of elastomeric material (Silicone
0050, Ecoflex, Smooth on Inc., Shore Hardness = 00-50,
100% linearized Tensile Modulus = 83 kPa). This material
was selected due to its high flexibility, low hysteresis, and easy
molding.
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Fig. 2. Stress—strain test results of Silicone 0050 (Ecoflex, Smooth on Inc.).
(Left inset) Initial length of the tested silicone sample. (Right inset) 200%
deformation on the silicone sample.

Channels for

Fig. 3. Drawing of the silicone FFA and relevant dimensions. Lateral view
(left) and top view (right) of the actuator. In the top view, the available space in
the center of the actuator is highlighted.

The mechanical properties of the silicone were tested accord-
ing to ISO 37:2005(E), and the stress—strain data are shown in
Fig. 2. The curve in Fig. 2 represents the average of five cycles
of loading/unloading of the silicone performed with an Instron
5900 Testing System. The maximum measured variability was
=+ 3.4 kPa and the hysteresis was 0.05 J. Data were fitted using
a third-order reduced polynomial function (Yeoh model [34]) in
order to derive the material model that was used for the finite-
element analysis of the actuator.

The design of the FFAs comprises a silicone cylinder con-
taining three fluidic chambers in radial arrangement (see Fig. 3).
Multidirectional bending and elongation of the silicone cylin-
der can be achieved by combining the inflation of the three
chambers. Actuating a single chamber leads to bending in one
direction, actuating two chambers with the same pressure will
generate bending in the plane in between the two chambers,
and, finally, inflation of all the chambers together with the same
pressure will lead to elongation of the cylinder along its main
axis. Intermediate combinations of the three chambers attain the
different intermediate module configurations.

The chambers are rounded semicylindrical, and the dimen-
sions are reported in Fig. 3. This shape was chosen in order to
increase the available free space in the center (to house the stiff-
ening channel) and on the basis of previous works [35], [36].
In addition in the semicylindrical chamber design, sharp edges
were rounded in order to prevent abrupt discontinuities in the
material, which could increase the risk of breakage.

The structure was simulated using a finite-element method
(FEM). The simulation was performed in Abaqus-Simulia (Das-
sault Systems) using a dynamic implicit analysis. The mesh used
was tetrahedral with quadratic order elements. As expected, the
single-chamber inflation determines the bending of the actuator,

U, Magnitude
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Fig. 4. Preliminary FEM results on the actuator deformation during a single-
chamber inflation of 0.03 MPa, displacement is expressed in mm (left). The
undeformed shape is overlapped in the background (middle). Experimental
assessment on a fabricated FFA (right).
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Fig. 5. Comparison between not crimped and crimped braided sheaths. The

red curve represents the diameter variation in the crimped structure during elon-
gation. The blue curve shows the diameter reduction in the case of a conventional
braided sheath according to [41]. In the insets of the figure, the inner diameter
change is highlighted with dashed lines.

but with a substantial lateral expansion on the chamber wall,
even at low pressures (0.03 MPa). Such behavior was validated
experimentally (see Fig. 4, right). The lateral expansion can be
tricky especially in a surgical scenario, since it cannot be fully
controlled and can generate undesired stress on the surrounding
biological structures.

To avoid ballooning, the FFA design has been approached
in different ways in the literature, such as by combining stiffer
materials and discretizing the overall deformation in smaller
cells [37], [38], or by introducing reinforcement fibers [35],
[39] or rings [40].

In the proposed design, the balloon containing functional-
ity is obtained using a purpose-built external braided sheath.
Braided sheaths are exploited in combination with fluidic actua-
tion in McKibben actuators [41], for developing linear actuators.
Such systems are limited in stroke and are not able to achieve
large bending angles unless multiple actuators are coupled to-
gether as in [42] and [43]. In order to improve multidirectional
bending and elongation, we used a crimped braided sheath in
the manipulator module. In Fig. 5, the behavior of a standard
braided sheath is compared with a crimped sheath in terms of
changing its inner diameter (dashed lines on the inset of Fig. 5)
with respect to the elongation. The inner diameter is normalized
to facilitate the comparison. The curve regarding the standard
braided sheath is computed according to [41] starting from the
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Fig. 6.  Analysis of the rearrangements of the crimped structure during bend-
ing. D is the inner diameter, 31 and 32 are the angles between two consecutive
bellows, in the outer part of the sheath. The overall bending angle is given by
the angle ¢ and can be seen as the sum of the angles « between the bellows.

measurement of the braiding angle in the maximum and min-
imum length configurations. This curve follows a third-order
polynomial trend; thus, the inner diameter decreases rapidly
if the sheath is elongated. The data from the crimped braided
sheath were collected experimentally by applying known dis-
placements at one extremity of the sheath and keeping the other
one fixed. For each step, the inner diameter was measured. As
shown in Fig. 5, the decrease in the inner diameter follows a
second-order polynomial trend, thus allowing more than dou-
bled elongations without an excessive shrinkage of the diameter.
The crimped braided sheath is also able to undergo large bending
angles with a limited decrease in the inner diameter size.

In Fig. 6, the rearrangement in the geometry of the crimped
structure is presented. The overall bending of the structure by
an angle ¢ can be considered as the sum of the angles o of
which the single crimps are bent among each other. As shown
in Fig. 6(right), the inner lumen enclosed inside the bellows
in the bent configuration does not vary significantly from
the straight configuration shown in Fig. 6(left). This is due to
the rearrangement of the fibers that make up the structure at the
crimps level (angles S1 and (32), which changes considerably
in the two configurations. Due to its properties, this crimped
structure has been recently proposed by King’s College London
in collaboration with the authors, in the design of a soft
endoscope actuated motor driven cables [44].

B. Design of the Stiffening Mechanism

The stiffening system needs to comply with the motility of
the manipulator module in terms of the elongation and bending
capabilities that the module achieves. At the same time, it has
to accomplish its main function, which is tuning the robot com-
pliance while interacting with biological structures. This aspect
is of utmost importance in flexible medical instrumentation as
introduced in [45]. In addition, especially for continuum robots
presenting inherently compliant backbones, as in this case, the
ability to stiffen part of their body can lead to better compensa-
tion for environmental disturbances, thus potentially increasing
stability and accuracy [46].

In the proposed design, a granular-jamming-based mecha-
nism is exploited. As stated in [47], jamming entails a phase
change in the granular matter due to external stimuli. This vari-
ation can be obtained by temperature changes, shear stress, or
by an increase in the density of the system (i.e., compacting
of the granules). In robotic applications, jamming is typically
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Fig. 7. (Left) Scheme of the granular jamming phenomenon. (Right) Change
in the Young modulus at different vacuum levels of the stiffening chamber
computed from stress—strain curves after tensile tests.

induced by increasing the density by vacuuming a flexible mem-
brane containing granular matter [48], as shown in Fig. 7(left).
Density can be controlled by regulating the vacuum level by
making the particles behave like a liquid, a solid, or some-
thing in between, thus resulting in a tunable stiffness system.
A granular-jamming-based stiffening mechanism was selected
because it conforms to highly deformable structures. Its shape,
in the nonjammed configuration, is mainly due to the proper-
ties of the containing membrane [49]. Additional advantages
consist of fast activation, easy fabrication, and typically limited
production costs. Because of its unique features, many groups
have integrated granular jamming into soft robotic devices with-
out rigid parts or backbone-like structures [5S0]-[53]. It has been
successfully integrated in elastomeric structures in combination
with fluidic actuation in [51] where granular jamming was used
to change the stiffness of selected areas on a sphere in order to
change its response to internal inflation and in [54] where pneu-
matic actuation was exploited to enhance the stiffness variation
of a granular jamming system for the remote palpation of or-
gans. Combining FFA and a granular-jamming-based stiffening
system preserves the flexibility of the structure and enables the
stiffness to be increased to carry out specific tasks. For example,
it is possible to provide higher stability and disturbance rejec-
tion or increased efficiency during the application of forces to a
target.

For the first implementation of the stiffening system, a solu-
tion based on a latex membrane was selected with coffee powder
as granular material, in line with previous research [50], [52].

The change in the elastic modulus of the stiffening cham-
ber under different pressure levels was measured by performing
stress—strain tests with an Instron testing machine. Fig. 7(right)
shows the changes in the elastic modulus (E) at three different
pressures!: atmospheric pressure (0 MPa), —0.049 MPa, and
—0.098 MPa. The elastic modulus at atmospheric pressure is
0.27 MPa, which is lower than the pressure/stiffness of the sili-
cone in the actuator, thus not altering its flexibility. On the other
hand, the stiffness reaches 1.7 MPa at —0.098 MPa pressure
(5.3 times higher) and 5.9 MPa at full vacuum —0.098 MPa).

The stiffening chamber is housed in an 8-mm channel in
the center of the actuator of Fig. 3. The shape and dimension
of the stiffening chamber were simplified for this study in or-
der to have a fully integrated system and evaluate its overall
performance as a proof of concept. More complex shapes maxi-
mizing the volume of granules may increase the stiffening range.
Indeed, previous works done by King’s College London in

T All pressures along the manuscript are related to the atmospheric pressure.
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Fig. 8.  (Left) Illustration of model geometry. (Right) Scheme of the parame-
ters defining the position and orientation of the module, according to the constant
curvature model.

collaboration with the authors demonstrated that the contain-
ing membrane plays an essential role in the performance of the
system [49].

The final dimensions and design of the module integrating all
the aforementioned functionalities are reported in Section IV-C.

C. Analytical Modeling

In order to model the structure motion capabilities, an ana-
lytic model was developed. The model is based on the constant
curvature assumption, as in [55], and on the flexible actuator
model described in [56].

The flexible actuator model described in [56] is considered ac-
curate for small deformations. We used the same basic equations
(reported in this section) except for various experimental cor-
recting factors, which were introduced in order to compensate
for this limitation. The effect of external forces is not considered
in the model.

Fig. 8 reports the geometry of the model.

Considering the three chambers with internal pressures
P;(i =1,2,3), from the equivalents of the bending moment
vectors on the xy plane, we have

(V3 (2P - P —Py)
tana = ( 3P — Py ) (1)

where P; represents the pressure of the ith chamber and o,
the ith chamber bending angle (angle between the bending plane
and the center—ith centroid segment). From (1), it is possi-
ble to derive the bending direction angle, which also defines
the rotation axis of the cross section (in blue in Fig. 8, right).
Once the bending plane is completely defined, the curvature
radius (r) can be calculated by using material data on Young’s
modulus and the area moment of inertia, as

_ 3ET
A,d Z?:l (P; sin ;)
where A, is the total pressurized area of the cross section, and
d is the distance between the central axis of the module and
the chamber centroids. E and [ are the Young’s modulus of the

material and the moment of inertia of the module, respectively.
The final length of the manipulator (L) can be evaluated as

2)

_ ApLy
P, + L
= A5 Z + L. 3)

where Ay is the total base area of the cross section, and L is
the rest length of the module.

Given the constant curvature assumption, the bending angle
is evaluated through the ratio between the final length of the
module and the curvature radius calculated above

gL 4
T

The necessary calculations, which take into consideration the
arrangement and shape of the chambers, were applied to the
equations above to mimic the specific case of the single-module
manipulator.

All the parameters necessary for the implementation of the
above equations are geometrical entities and can be arbitrarily
defined or left as a variable for optimization purposes. The only
physical parameter is represented by the Young’s modulus of the
module. Taking into account all the assumptions at the base of
the model, it is clear that this kind of tool cannot be considered a
precise way to predict the module behavior, but it is very useful
for a general understanding of its combined functionalities and
provides faster results compared to an FEM-based approach.

A more extensive FEM modeling of the entire structure can
lead to modeling of components presenting highly nonlinear be-
havior and with complex interactions with each other. However,
this modeling approach is not addressed in the paper. More ac-
curate models of the manipulator can be found in [57] and [58].
In [57], a strategy for performing accurate position control of
the single module is presented. After the characterization of the
single components of the module, the output of the model was
compared with the actual performance of the module.

For a more comprehensive understanding of the module be-
havior, extensive experimental characterizations were carried
out on the fully integrated module, as presented in Section V.

IV. MODULE FABRICATION

In this section, the fabrication of all the components of the
complete module and their assembly is described.

A. Fabrication of the Crimped Braided Sheath

The crimped braided sheath is created starting from an off-
the-shelf flexible braided sheath (RS Components) with a maxi-
mum reachable inner diameter when fully compressed of 33 mm
[see Fig. 9(a)]. A 25-mm-diameter cylinder is then put inside
the sheath, which is manually compressed until it starts to form
the bellows [see Fig. 9(b)]. The sheath is then kept in place and
heated with a heating gun to obtain a permanent deformation.
The temperature depends on the material of the sheath. With
the current one made of polyester, a temperature of 350 °C was
used for approximately 15 min. At the end of the process, the
crimped braid is obtained as in Fig. 9(c).

B. Fabrication of the Stiffening Chamber

The stiffening chamber is composed of an external latex mem-
brane (condom from TheyFit, http://www.theyfit.co.uk/size J33)
21.6 mm in diameter and 88 mm in length. The top and bottom
parts of the membrane are cut; the top part is closed by tying a
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Fig. 9. Fabrication phases of the crimped braided sheath. The commercial

sheath (a) is pushed and forced to slide on a cylinder to produce crimps (b), and
after the heating process, the crimped structure remains stable (c).

Fig. 10.  Fabrication phases of the stiffening chamber. The flexible membrane
and the granular material (a) are assembled to form the stiffening chamber
(b), which is vacuumed and shaped for its introduction into the stiffening
channel (c).

knot with a soft wire and using silicone glue [see Fig. 10(a)].
The membrane is filled with 5 g of coffee, a 2 mm pipe is in-
serted, and the membrane is sealed around it with Parafilm [see
Fig. 10(b)].

C. Fabrication of the Complete Module

The FFA is fabricated by pouring silicone into a mold. The
mold is composed of different components as shown in Fig. 11.
The negative parts corresponding to the fluidic chambers are
fabricated using a 3-D Printer Invision Si2, Inition, with VisiJet
XT 200 as an acrylic photopolymer, and VisiJet S100 as support
material [see Fig. 11(a)]. The fluidic chamber mold comprises
2-mm channels used for housing the pipes for the air supply. In
the design of the chambers, all the sharp edges are rounded in
order to avoid abrupt discontinuities, which can increase the risk
of breakage during air inflation. The chambers are aligned by
exploiting dedicated cuts on the two bases [see Fig. 11(c)]. These
are fabricated starting from 3-mm-thick Delrin sheets using a
laser cut machine (VLS 3.50). An 8-mm-diameter aluminum
bar [see Fig. 11(b)] is used as a central channel mold. Two
half cylindrical Delrin shells are used to close the mold [see
Fig. 11(d)].

The fabrication of the complete module is performed
through several steps. First, the silicone is poured into the fully
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(b) (c) (d)
Fig. 11.  Components of the mold used for the fabrication of the silicone
structure of the module. (a) and (b) Molds for the fluidic chambers and for
the stiffening chamber, respectively. (c) Two caps of the mold. (d) Two shells
closing the mold.

(d)

Fig. 12.  Fabrication steps of the silicone structure of the module. (a) Pouring
of silicone in the fully assembles mold. (b) Opening of the mold after curing.
(c) Moving up of the outer shells for additional pouring of silicone on top. (d)
Fixing of the external crimped sheath to the actuator.

assembled mold, as shown inFig. 12(a). Thus, the grooves on
the two plates of the mold [see Fig. 11(c)] guarantee the correct
alignment of the chambers. Once the silicone is polymerized,
the upper base is removed [see Fig. 12(b)] and the semicylin-
drical shells are moved up 10 mm [see Fig. 12(c)]. Silicone
is poured again in order to close the fluidic chambers. When
the casting of the silicone is complete, the same procedure is
repeated on the opposite side. With this process, the fluidic
actuators are obtained as shown in Fig. 3, but with a central
hole for housing the stiffening chamber. The external sheath
is then slid around the fluidic actuators and is fixed only at
its extremities when it is at maximum compression, in order
to maximize its elongation capabilities. The actuator with the
braided sheath around is put in a 30-mm inner diameter and
5-mm height cylinder. Silicone is then poured between the outer
cylinder and the external part of the fluidic actuators to seal the
braided sheath to the actuator, as shown in Fig. 12(d). The same
procedure is executed on the opposite side. Thus, the sheath is
fixed to the actuator only at the top and bottom, while in relation
to the fluidic chambers, it is still able to slide freely. Finally, the
fluidic chamber mold and the central chamber mold are removed
through the 2-mm channels left for the pipes, by exploiting the
high deformability of the silicone. In these channels of 2 mm
as outer diameter, 1.2-mm inner diameter polyurethane tubes
(SMC Corporation) are introduced and sealed with Sil-Poxy
silicone rubber adhesive (Smooth on Inc.) for the air supply.
The granular-jamming-based stiffening chamber is integrated
in the central channel after having vacuumed and shaped it for
it to be fitted inside the module’s inner channel [see Fig. 10(c)].
The vacuum is then released to enable the stiffening chamber
to conform to the silicone channel of the FFA. The chamber
is then fixed at the extremities, using Sil-Poxy silicone rubber
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Fig. 13.

adhesive (Smooth on Inc.). Additional silicone is poured on the
top and bottom of the manipulator in order to fully enclose the
stiffening system.

The complete module with the final dimensions is shown in
Fig. 13(a) and (b), while the complete fabricated prototype is
reported in Fig. 13(c).

For a multimodule manipulator, different modules are con-
nected by pouring silicone between them in order to have a con-
tinuum in the mechanical properties. Stiffening and actuation
of the different segments are kept independent for a number
of modules not higher than three. Two main approaches can
be used to pass through the pipes necessary for actuation and
stiffening of the distal modules: 1) multipiping and 2) onboard
valves. The success of the first strategy strictly depends on the
ability of the pipes to follow the movements of the manipulator
and still be functional. For this reason, the two alternatives un-
der evaluation are: 1) to leave the pipes on the external surface
and 2) to use flexible silicone pipes (i.d. 0.8 mm, e.d. 1.5 mm,
Cole-Parmer) that can be passed through the fluidic and stiffen-
ing chamber with some extra length available, as illustrated in
Fig. 14. The multipiping approach is mainly exploited to evalu-
ate the performance of a multimodule manipulator. This is be-
cause it can be affected by leaking issues, and the encumbrance
introduced by the pipes limits the number of modules that can
be interconnected. A study on a simplified two-module structure
is presented in [27]. The study focuses on how a manipulator
composed of two identical modules that can be independently
actuated and stiffened and can be used for medical tasks such as
retraction of multiple organs. In addition, it shows how stiffness
variation can be exploited for increasing efficiency during the
application of forces on different targets.

The second approach (integrated valves) consists of two main
lines along the manipulator: a pneumatic and a vacuum line. The
interconnection between the modules is still based on silicone,
but integrating a microvalve for each chamber of each module
that regulates the vacuum or air pressure [59]. Although this
strategy is promising, it introduces several technical challenges
in the development and integration of the valves, which is well
beyond the aims of this work. The development of a multimodule
manipulator will be addressed in future works.

V. EXPERIMENTAL CHARACTERIZATION OF
THE SINGLE MODULE

The active motion of the module was performed by control-
ling the pressure in each fluidic chamber independently. Three

Fluidic chambers

Crimped braided
sheath

Pipes for fluidic
chambers (actuation)

Stiffening
chamber

STIFF-FLOP module with its final dimensions. (a) Isometric view. (b) Lateral section view. (c) Top section view. (d) Fabricated prototype.

| Pipes for pneumatic actuation | | Pneumatic chambers |
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Fig. 14.  Example of connection of two modules by using flexible silicon pipes
passed through the fluidic and stiffening chambers. In light red and light yellow,
the pipes coming from the distal module are drawn; in dark yellow and dark
red, the pipes coming from the proximal module.

proportional pressure regulator valves (series K8P, E.V.P. sys-
tems) modulate the air pressure inflated in each chamber. A
compressor (Compact 106, Fiac Air-Compressors) was used
as a pneumatic air source. A vacuum for stiffness modulation
was obtained by using a vacuum pump (LB.4, D.V.P. vacuum
technology), which provides a maximum vacuum of 0.03-Pa
absolute pressure with a flow of 3 m3/h. The vacuum generated
inside the stiffening chamber was monitored with a pressure sen-
sor (SWCN-V01-P3-2, Camozzi) and resulted in a maximum of
—0.0987 MPa relative pressure. A 5-pm filter (MC104-D10,
E.V.P. systems) was used to prevent particles from entering the
pump. A vacuum reducer with pneumatic regulation (110130,
E.V.P. systems) was used in combination with a pressure reg-
ulator valve (series K8P, E.V.P. systems) powered by the com-
pressor in order to control the vacuum level in the stiffening
chamber.

All the pressure regulators are controlled with low-pass
filtered pulse width modulation (PWM) signals generated
from the digital I/O pins of the RoNex MKII (http://www.
shadowrobot.com/products/ronex/). The pressure within each
chamber can be regulated by setting the period and the ON-
time of the PWM signal for every pin. The RoNex MKII is
programmed using robot operating system (ROS).

A. Workspace Analysis

The workspace of the single-module manipulator was ob-
tained by placing a six-degree-of-freedom (DOF) probe (North-
ern Digital Inc.) on the tip of the module as shown inFig. 15. The
pressure range tested in the chambers was from 0 to 0.065 MPa.

Since the module motion in response to the applied pressure
is not linear, the following pressures were tested: [0.000 0.025
0.035 0.045 0.050 0.065] MPa. These pressures were found to
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Fig. 15. Setup for the experimental measurement of the workspace of the
STIFF-FLOP module. The 6-DOF localization probe is highlighted in red.

significantly describe the motion of the module in a previous
work [28].

In order to derive the full manipulator workspace, all the
different combinations of the aforementioned pressures were
applied in the three chambers, thus obtaining 6° combinations
(i.e., 216 points). Each pressure combination was automatically
set by the control system in ROS. Between two pressure com-
binations, the manipulator was reset to the base position by im-
posing 0-MPa differential pressure in all the chambers. During
the application of each combination of pressures, the position
and orientation of the module tip was acquired with the Aurora
EM Tracking system for 1 s (i.e., 100 samples).

B. Model Validation

The analytical model of Section III-C was compared with the
experimental results obtained from the characterization tests of
a single module. The model outputs were compared with the
results of the experimental tip tracking of one module (same
setup as for the workspace analysis, Fig. 15). The aim of the
experimental tests was to measure the position of the module
tip at increasing pressures of a single chamber. The tip posi-
tion is considered in terms of length and bending angle of the
module, which are sufficient parameters to completely describe
the configuration of the module (given the constant curvature
assumption).

C. Force Characterization

The module force was measured by positioning an F/T sensor
(MINI45, ATI, USA, resolution = 0.025 N), connected to a fixed
structure [see Fig. 16(a)] and placed in contact with the module
tip. This way, the length of the module was constrained. The
force generated from one chamber, two chambers, and three
chambers was measured using pressures ranging from 0.00 to
0.08 MPa. In this case, the tested pressures were higher than

IEEE TRANSACTIONS ON ROBOTICS

Fig. 16.  Force and stiffness characterization setups; the F/T sensor position in
the different tests is highlighted with a square. (a) Setup for measuring the
force generated by the module in isometric condition; the arrow indicated
the direction toward the module is applying force. (b) Setup for evaluating
the force applied on a laterally places target: on the left the initial position of the
module with no chamber inflation; on the right the module in applying a force
to the F/T sensor with a 0.065 MPa pressure in one chamber. Different testing
conditions for evaluating the stiffness variation of the module. (c) Base con-
dition axial displacement. (d) Base condition imposing a lateral displacement.
(e) 90° bending axial displacement. (f) and (g) Lateral displacement at different
elongation conditions. h) Lateral displacement during single-chamber bending.
The blue arrows indicate direction of the imposed displacement.

the workspace evaluation test in order to evaluate the maximum
force (in isometric conditions) that could be generated by the
module without damaging it.

A comprehensive assessment of the ability to apply forces by
the module can be very challenging due to the softness of the
device. In fact, the force performances are expected to differ
depending on the different configurations of the module due
to the change in the tensional state of the system. Thus, an
additional test to evaluate the possibility of applying forces
laterally when bended was performed. The test consisted in
positioning the module in the vertical position and fixing its
base. The F/T sensor was then positioned laterally, as shown
Fig. 16(b), in order to measure the forces applied at different
inflation pressures in one chamber, with the module bending.
The range of pressures tested started from the minimum pressure
value needed to start being in contact with the F/T sensor, which
was 0.04 MPa.

D. Stiffness Characterization

The stiffening performance of the complete module was
experimentally characterized by imposing controlled displace-
ments at the tip of the module through a 6-DOF industrial
robot (RV-6SL, Mitsubishi) with an F/T sensor (NANO17, ATI,
USA, resolution = 0.00625 N) fixed on its end effector. This
way, it was possible to impose the desired orientation of the
load cell with respect to the module tip position, while varying
the configurations of the module and tuning the stiffening.
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(a)

Fig. 17.
bending, two-chamber bending, and elongation.

Fig. 18. Fabricated STIFF-FLOP module performing bending with a (a)
single-chamber inflation and (b) two-chamber inflation; in (c), elongation due
to the inflation of all the three chambers at the same time is demonstrated.
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Fig. 19. Quantification of the model error in describing the module behavior
during bending: direct comparison of the tip trajectory (left) and error plot of
both x and z components (right).
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Fig. 20. Force measured by actuating one, two, and three fluidic chambers of
the STIFF-FLOP module in isometric conditions.
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Experimentally evaluated workspace of the STIFF-FLOP module. (a) Isometric view, (b) top view, and (c) trajectories of the tip during single-chamber
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Fig. 21.  Force applied on a laterally placed load cell by the STIFF-FLOP
module at different pressures. In the insets, the corresponding images on the
module are reported to visualize the change in curvature.

The stiffness variation was characterized in four different
conditions: 1) base condition [no actuation of the fluidic cham-
bers, lateral displacement; see Fig. 16(c)]; 2) base condition
[axial displacement; see Fig. 16(d)]; 3) 90° bending condition
by inflating a single chamber with a pressure of 0.04 MPa,
displacement along the axis of the module [see Fig. 16(e)];
and 4) two different elongation percentages by inflating all
three fluidic chambers with a pressure of 0.035 [see Fig. 16(f)]
and 0.045 [see Fig. 16(g)], lateral displacement. In conditions
1) and 4), the imposed displacement was 10 mm (lateral
displacement). In cases 2) and 3), where the module was tested
in the axial direction, a displacement of 5 mm was imposed.

An additional test was performed to evaluate the stiffening
performance in different configurations of the manipulator by
imposing a 10-mm lateral displacement during different single-
chamber bending conditions starting from the base condition to
the maximum bending angle [see Fig. 16(h)].

All the aforementioned tests were carried out both without ac-
tivating the stiffening chamber (atmospheric pressure, 0.0 MPa)
and at the maximum obtainable vacuum level with the setup
used (—0.098-MPa relative pressure in the stiffening chamber).
Each test was repeated three times.
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Force—deformation curves obtained during the stiffness characterization of the STIFF-FLOP module. In the inset, the experimental setup is shown and

the direction of the imposed displacement is highlighted by the white arrow. In the plot, the red and magenta curves correspond to the case of fully vacuumed
stiffening chambers, while the black and blue curves correspond to the case when the module was not stiffened. (a) Lateral displacement with no chamber inflation.
(b) Axial displacement with no chamber inflation. (c) Axial displacement, single-chamber inflation of 0.04 MPa. (d) Lateral displacement, three-chamber inflation
at two different pressures: 0.045 MPa (red and black curves) and 0.065 MPa (magenta and blue curves).

VI. RESULTS AND DISCUSSION
A. Workspace Analysis

As mentioned in this section, for each of the 216 pressure
combinations in the three fluidic chambers, the position of the
module tip was acquired for 1 s, corresponding to 100 samples.
Fig. 17(a) and (b) reports the average of the 100 samples for
each tip position.

Fig. 17(a) reports the isometric view of the point cloud. A
cylinder with real module dimensions was added at the axes ori-
gin. The red lines in Fig. 17 correspond to the tip position during
single-chamber activations, while the blue lines correspond to
activation of the two chambers (same pressure in both at each
time). The black line is the trajectory of the tip when all the
three chambers were inflated at the same pressure (elongation).

In order to provide a more intuitive representation of the
workspace, the points creating the upper shell and corresponding
to the single- and double-chamber activation are highlighted in
cyan and magenta, respectively.

Fig. 17(b) shows the top view of the workspace. The shape is
almost circular, as theoretically expected, and in correspondence
to the single-chamber activation lines, it extends slightly more
outward. As highlighted by Fig. 17(b), the system presented
good symmetry properties (with 120° phase) in its behavior,
thus proving that during fabrication, no substantial defects were
introduced.

Fig. 17(c) reports trajectories of the tip of the module during
the single- and double-chamber bending and the elongation at
the different pressures tested. The plotted data of the trajectories
during bending [see Fig. 17(c)] are obtained by realigning the
curves in the three directions with a rotation along the z-axis
of 120° and calculating the average curves. Both the single-
chamber and the two-chamber bending trajectory were fitted
with a second-order polynomial. As a result of the fitting, the
single-chamber bending trajectory presented an R? of 0.998 with
aroot-mean-square error (RMSE) of 0.4, while the two-chamber
bending trajectory, again fitted with a second-order polynomial,
resulted in a R? of 0.99 with an RMSE of 0.56.

The maximum bending angle both in the case of single- and
two-chamber activations was found from the measured tip ori-
entation data. In the case of the single-chamber bending, the
average maximum bending angle was 146.3° 4= 3.3° and in the

elastic constant [N/mm)]

o4
N

02 04 06
pressure [MPa]

Fig. 23. Change in the elastic constant of the STIFF-FLOP manipulator, at
different inflation pressures in a single fluidic chamber: comparison between
the stiffened configuration (red curve) and the floppy one (black curve). The
numerical values of the elastic constant are reported on the plot.

case of two-chamber bending, it was 89.4° 4+ 1.6°. The max-
imum elongation achieved by increasing the pressures in the
three chambers at the same time was 64%, thus reaching a fi-
nal length of 82 mm. To summarize, Fig. 18 shows the module
with the aforementioned performances. The video shows the
module performing single- and two-chamber bending as well as
elongation.

B. Model Validation

The model described in Section III-C was compared with
experimental results obtained from the workspace analysis of
a single module. To facilitate the comparison, the two tip tra-
jectories were plotted together in Fig. 19(left), where the error
is clearly shown. In Fig. 19(right), the error is quantified along
the x- and z-axes. The model does not perfectly fit the experi-
mental results, and the maximum calculated error (normalized
to the length of the module) corresponds to 4%. Despite this,
the model follows the highly nonlinear behavior of the module.

C. Force Characterization

Results from the force measurements in isometric conditions
are reported in Fig. 20. One single chamber is able to generate
24.6 N increasing almost linearly in relation to the input pres-
sure. By activating two and three chambers, the force reaches
41.4 and 47.1 N, respectively.
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TABLE I
RESULTS FROM STIFFNESS CHARACTERIZATION

Test type Elastic constant (N/mm) with Elastic constant (N/mm) with Elastic constant increase (%)
no stiffening active stiffening!
Axial tests No chamber inflation 3.05+£0.11 5.36 £0.09 75.70
90° bending (0.04 MPa pressure 1.23 £0.10 1.63+0.11 3252
in one chamber)
Lateral tests Elongation (0.045 MPa pressure 0.31 £0.02 0.53 £0.03 73.14
in the three chambers)
Elongation (0.065 MPa pressure 0.11 £0.01 0.16 +£0.01 44.66

in the three chambers)

linternal pressure set to —0.098 MPa.

Fig. 21 shows the results from the lateral force measurements,
with one chamber activated. Since the module reaches 90° bend-
ing at approximately 0.04 MPa, lower pressures are not reported.
The maximum force measure at 0.065 MPa was 5.95 + 0.11 N.

D. Stiffness Characterization

Tests were performed in different configurations of the mod-
ule, in order to evaluate the effectiveness of the stiffening sys-
tem. An example of stiffness testing experiment is shown in the
video.

The plots in Fig. 22 show that the force required to deflect, in
the case of lateral tests, or to compress, in the case of axial tests,
increases significantly when the stiffening system is activated
(—0.098 MPa pressure). As expected, during lateral testing,
abrupt changes in the stiffness may occur due to the granular
nature of the material in the stiffening chamber. Indeed, if the
applied force is substantial, the granules that are kept together
by the vacuum pressure can start to separate, thus decreasing the
stiffness. This is clearly observed in Fig. 22(a), for the lateral
test with no chamber inflation. Indeed, when the stiffness is
activated, two plateaus can be found. After the second plateau,
the stiffening system is no longer effective, and the behavior
of the module is in line with the case of no activated stiffening.
The Young’s modulus of the device was estimated from the
lateral test in the nonactuated condition by considering the
module as a deflected beam. When the stiffening chamber is
not activated (not vacuumed), the Young’s modulus is 1.6 + 0.1
MPa and reaches 3.64 + 0.08 MPa when stiffened (vacuumed).
In the other configurations, the elastic constant was calculated
and used as indication of the stiffness variation. The elastic
constant is computed as the slope of the first linear tract in
the force—displacement results from the stiffening tests. As
expected, when no actuation is provided, the stiffness variation
is important both for the axial and lateral directions (75.7% and
85.55%, respectively).

Two different elongation levels were tested, 45% (0.045 MPa)
and 65% (0.065 MPa), as shown in Fig. 22(d). With respect to the
nonactuated condition, the stiffness increasing trend diminishes
as expected, since the internal structures are stretched and thus
reduced in section. Although the overall stiffness in the module
decreases considerably when elongated or bent, the stiffness
variation is still evident.

In the specific configuration of the 90° bending axial test [see
Fig. 22(c)], we observed that for the first 2.5 mm, the stiffness
when vacuum is applied starts to follow a linear trend and is
lower than the nonstiffened case. The reason for this is that
the granules are separated due to the bending. Indeed, during
bending, the change in length of the side of the manipulator is
significant (it approximately doubles). Thus, when the tip of the
module is pressed, the granules start compressing. This happens
for the first 2 mm, after which the effectiveness of the stiffness
chamber is restored. The change in the elastic modulus in this
specific case for the stiffened condition is measured in the range
2-3.5 mm. Once the granules have recompacted, the stiffness
increases linearly and exceeds the case when no vacuum is
applied.

Stiffening performances during single-chamber bending of
the module are reported in Fig. 23 where the variation in the
elastic constant at different pressures in one chamber is plotted.
Each point in Fig. 23 was computed as the slope of the first
linear tract in the force—displacement results at different single-
chamber inflation pressures. The direction of the displacement
was lateral as shown in the inset of Fig. 23; the numerical
values are reported in the last four rows of Table I. Note that
the stiffness increase is preserved at the different inflation
pressures. At the maximum pressure tested, the stiffness tends
to increase slightly, probably because the internal structures are
already highly pressurized due to the inflation of all the three
chambers.

Table I reports the numerical results for all the stiffness char-
acterization, along with their variability. The elastic constants
computed during each test are reported both when the stiffen-
ing system is activated and when it is not, and the percentage
increase in the stiffness of the module is indicated.

Shape modifications of the stiffening chamber during the
module motions may alter the mechanical properties of the
stiffening chamber itself. However, although with a different
efficiency, the stiffening mechanism still provides an important
change in stiffness properties of the module.

VII. CONCLUSION

This paper has presented the concept and design of a
new modular manipulator for MIS. The fabrication of its
components has been detailed, and extensive characterizations
of its performances have been provided. Some insights on
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the integration strategy of multiple module have been also
provided. An analytical model was introduced and validated
through experimental tests.

Due to the complex interactions among the structures of
the module (crimped sheath, highly deformable silicone, and
granular-jamming-based stiffening mechanism), an experimen-
tal approach was selected in order to evaluate the system per-
formances. However, an analytic model was presented and val-
idated. This model was exploited in the design phase of the
single module. Future research is required to develop a reliable
model taking into account all the different interactions among
the components of the module in order to accurately control the
robot.

In parallel to more accurate modeling, integration of sensors
will play an essential role in the control of the shape of the
manipulator, as well as for its interactions with the surgical
environment. In order to preserve the MRI compatibility of the
robot, techniques based on light intensity modulation seem to be
good candidate technologies. Sensors for shape monitoring of
the module were proposed in [60], while in [61] and [62], force
and tactile sensing were proposed. Future work will address the
integration of sensing elements in the module.

The proposed device is capable of applying high forces, which
could be useful for the surgical scenarios introduced in Section
II. Typical retraction tasks [10] require forces between 0.9 and
3.3 N for NOTES procedures [14] or higher, with more standard
procedures where lifting an organ such as the liver (normally
weighs about 1.5 kg) is required. This makes the module a
good candidate for retraction. The accuracy and repeatability
do not currently fully satisfy the requirements for accurate ma-
nipulation and indicate that the most suitable application of the
current version of the manipulator is a surgical retractor. Further
developments in the modeling and control of the actuator are
needed for increasing performances in this direction. Despite
the softness of the material used that intrinsically guarantees a
safer interaction between the module and the tissues, extensive
ex vivo and in vivo tests are needed for a concrete validation,
although initial studies demonstrate globally safe interaction in
vivo [63].

A granular-jamming-based stiffening mechanism was intro-
duced to modulate the module’s overall stiffness and was ac-
curately characterized, particularly focusing on its integration
onboard the single module. Although the stiffness range is not
optimal and can be improved through future design optimiza-
tions, which could involve noncircular shapes in the center, this
system was able to provide stiffness variations in different con-
figurations of the module. At the same time, it followed the
high deformability of the structure, without compromising its
dexterity. This demonstrates the high potential of combining
flexible fluidic actuation with granular-jamming-based stiffen-
ing mechanisms.

The module demonstrated high dexterity in terms of bend-
ing and elongation. In addition, thanks to the lack of a fixed
backbone, it has a highly compressible structure, which allows
it to be squeezed through access ports smaller than its nominal
diameter, without causing damage to the manipulator’s func-
tionalities. In a multiple module scenario, as devised in Section
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IV-C, the hyperredundancy in the structure could enable multi-
ple tasks to be performed with the same arm, as well as multiple
controlled interactions with the biological structures along the
manipulator, thus paving the way for a completely new approach
in performing surgical procedures.
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