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Abstract: To meet the practical application requirements of cardiac fixation during off-pump coronary
artery bypass surgery, a soft cardiac fixator with a flexible arm was previously designed. To enable
the soft cardiac fixator to adapt to uncertain external forces, this study evaluates the variable-stiffness
performance of the flexible arm. First, the flexible arm was simplified as a soft silicone manipulator
measuring 60 mm × 90 mm × 120 mm, which can actuate, soften, or stiffen independently along the
length of the arm by combining granular jamming with input pressure. Then, the soft manipulator
was modelled as a cantilever beam to analyse its variable-stiffness performance with granular
jamming. Next, based on theoretical analysis and calculations, many experiments were conducted
to evaluate the variable-stiffness performance of the soft manipulator. The experimental results
demonstrated that the variable-stiffness performance is influenced by the flexible arm length, the
size of the granules, and the input pressure.

Keywords: soft surgical robot; cardiac fixation; flexible arm; variable stiffness; granular jamming

1. Introduction

During off-pump coronary artery bypass (OPCAB) surgery, the beating of the heart
increases the difficulty of surgery, leading to longer surgical times and unfavourable patient
outcomes [1]; thus, cardiac fixators are an indispensable surgical tool. However, cardiac
fixators currently used in surgery are rigid and lack variable stiffness; therefore, when used
to manipulate and fully invert the heart, they can lead to a loss of systemic pressure and
decreased cardiac performance [1].

In recent years, significant progress has been made in the field of flexible robotics for
surgical applications because they offer unique opportunities in areas where conventional
rigid robots are not a viable solution [2–6]. Flexible robots are robots that exhibit stretchable
material characteristics, as opposed to the rigid characteristics of conventional robots,
and because of these stretchable material characteristics, they exhibit large-scale deforma-
tion and better adaptability to complex human organs and tissues [7,8]. Flexible robots
that mimic the movement of animals have also been designed, e.g., flexible cylindrical
manipulators, flexible grippers, starfish, and octopus tentacles. Moreover, their applica-
tions in bending locomotion and object grabbing have been demonstrated in previous
studies [9–12]. For example, Ranzani et al. [5] analysed the advantages of flexible robotic
technology for minimally invasive surgery, noting that a flexible robot can bend and extend
flexibly through narrow areas to the distal end of the surgical operation. Moreover, soft
surgical robots can adapt to various complex tissues, owing to their unlimited degrees
of freedom (DoF), flexibility, and adaptability. Sandesh et al. [13] developed a five-finger
manipulator that uses flexible sensors to control the robot hand. This manipulator uses
multiple joints to control the degrees of freedom and complete functions such as grasping
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objects. Furthermore, Ranzani et al. [14] presented a concept design of a modular flexible
manipulator for minimally invasive surgery and discussed its possible applications in
the surgical field. This manipulator comprised a series of modules, each containing a sili-
cone matrix with pneumatic chambers for three-dimensional (3D) motion, and one central
channel for integrating a granular-jamming-based stiffening mechanism. Zouari et al. [15]
proposed a brushless DC motor-driven flexible joint manipulator (BDCM), which improves
the accuracy of the flexible manipulator drive control by compensating for all of the uncer-
tainties and disturbances of the flexible joint manipulator. Payne et al. [16] proposed an
implantable flexible robotic device to augment cardiac function during isolated left or right
heart failure by applying rhythmic loading to either ventricle. Recovery of blood flow and
pressure from the baseline heart failure condition was demonstrated, as well as significant
reductions in diastolic ventricle pressure, which ensures a sustainable cardiac output and
is crucial for the treatment of heart failure. Although many such flexible manipulators are
available for surgical applications, most of these robots lack variable stiffness.

Variable-stiffness surgical robots that are similar to the locking mechanisms of endo-
scopes have previously been proposed [17–19]. The locking mechanisms utilise phase-
change materials, such as wax or solder, to realise the transition of surgical robots between
the liquid and solid states. However, these systems only freeze the shape of the instrument
during surgery and do not allow active interaction between the body of the instrument
and the surroundings. Instead, a variable-stiffness device should enable adjustment of
this interaction and of the force exerted against the surroundings. For example, through
the pulling or slackening of wires, tendon-driven robots can achieve variable stiffness [20].
Khodambashi et al. proposed heterogeneous hydrogel structures with programmable
spatiotemporal deformation using addressable and tunable hydrogel building blocks [21].
Park et al. proposed magnetic deformation of triangular and quadrilateral micropillars
and real-time manipulation of droplet shape by bending and twisting an array of micropil-
lars with non-circular cross-sections driven [22]. Moreover, some snake-like robots use
micro-motors to achieve variable stiffness; however, the stiffness force is insufficient for
surgical operations [23,24]. Jiang presented a variable-stiffness sheath based on shape
memory alloy (SMA) for the continuum manipulators. By adjusting the voltage across the
sheath, the rigidity of the sheath can be changed with the phase change of SMA between
austenite and martensite [25]. Dupont designed a manipulator that uses curved tubes to
vary its stiffness; however, the stiffness close to the tip is lower than that at the end of the
manipulator [26]. Suresh et al. designed a flexible manipulator composed of an asymmetric
flexible pneumatic actuator (AFPA). The shape of the flexible manipulator arm is changed
by pneumatic control and the stiffness of the top of the manipulator arm increases with the
eccentricity [27]. Cha proposed a three-DoF flexible finger mechanism using a spring as
the backbone, and derived the stiffness model of the flexible finger using the linear spring
model and transformed it into a torsion spring model [28]. Stilli proposed a controllable
solution for the stiffness of robot joints based on an air-pressurized chamber. When inflated
to a high pressure, the mesh silicone cavity is like a rigid link; the air pressure is reduced
and the connecting rod is softened [29]. Morrison presented a general 3D model of the link
stiffness using the screw theory and compliance matrices, as well as a planar model for
the lateral and torsional stiffnesses [30]. In addition, using the phase change properties of
low melting point alloys to hydraulically drive and change the stiffness of the manipulator
by heating and cooling can also be achieved [31,32]. The heated PET tube can also be
converted between liquid and solid states of the substance by adjusting the temperature.
However, since the present device is considered for medical and clinical applications, its
adjustable temperature range is small [33]. In contrast, the state change achieved based on
granular jamming theory is not affected by temperature and can be achieved by simply
adjusting the air pressure. Some studies have investigated granular jamming, which serves
as an actuator and universal joint [17,34]. John designed a universal gripper, consisting
of a mass of granular material encased in an elastic membrane. The gripper realizes the
object gripping by being vacuum hardened, later utilizing positive pressure to reverse this
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transition, thereby releasing the object and returning to a deformable state [35]. In these
studies, when an external force was applied to the granular system, its stiffness changed
arbitrarily according to different shapes of the granular system. For example, the viscosity
of a mechanical element with variable stiffness produced by vacuum pressure was shown
to vary with element transformation, which was controlled by air pressure [34]. Addition-
ally, in a manipulator that implements variable stiffness through granular jamming, the
grains changed from solid-like to liquid-like states because of the input pressure, resulting
in more force than conventional manipulators [17].

The novelty of this study lies in designing a biologically inspired cardiac fixator with
a flexible arm that can achieve variable stiffness using granular jamming by considering
the design criteria of the fixator (e.g., size of the tube, required forces). Almost no research
has previously been conducted on flexible cardiac fixators capable of achieving variable
stiffness during OPCAB surgery. The hardening of the flexible arm is achieved by pumping
negative pressure, and the stiffness of the flexible arm is adjusted by adjusting the amount
of negative pressure. First, the flexible arm was simplified as a soft manipulator and
modelled as a cantilever beam to evaluate its variable-stiffness performance. Second, a
soft silicone manipulator measuring 60 mm × 90 mm × 120 mm was fabricated, and its
variable-stiffness performance was experimentally evaluated using different granule sizes
and under different input pressures.

The remainder of this paper is organised as follows. Section 2 summarises the previ-
ously described flexible cardiac fixator with a flexible arm and a model of the flexible arm.
Section 3 presents and discusses the experimental results of the soft silicone manipulator.
Section 4 presents the conclusions and future research directions.

2. Methods
2.1. Design of the Soft Cardiac Fixator with Variable Stiffness

Considering the requirements of cardiac fixation during an OPCAB surgery, a bio-
logically inspired soft cardiac fixator with a flexible arm, which could achieve variable
stiffness through granular jamming and pneumatic control, was designed (Figure 1a). The
structural design of the soft cardiac fixator is shown in Figure 1b. Two soft cardiac fixators
are used simultaneously during the surgery. The soft cardiac fixator has a U-shaped struc-
ture with eight symmetrically bionic octopus suckers, which can be used for adsorption
and fixation of the heart. When the sucker attaches to the surface of the heart, it adapts
to that surface, thus creating a seal, and reduces its thickness by contracting the radial
muscles, thereby increasing its attachment to the surface through pneumatic control. The
flexible arm achieves variable stiffness through granular jamming with three pneumatic
tubes. Additionally, it comprises a rigid tail structure with five vacuuming cavities and
other connectors.

Granular jamming is a method used to realise stiffness transformation in soft manipu-
lators. When the internal pressure of the soft manipulator increases, some granules inside
the manipulator become squeezed together, enabling the manipulator to achieve variable
stiffness. Conversely, when the internal pressure of the soft manipulator decreases, some
granules are loosened, regaining the flexibility of the manipulator. For the soft cardiac
fixator described in this study, the flexible supporting arm not only achieves variable
stiffness through granular jamming with pneumatic control, but also allows flexible defor-
mation and rigid support of the entire soft cardiac fixator; i.e., soft–hard conversion. The
variable-stiffness performance of the flexible arm is also related to the arm length and the
size of the granules.

2.2. Modelling the Variable Stiffness of the Flexible Arm

To analyse the granular jamming behaviour, the flexible arm was simplified into a
soft manipulator, and then modelled as a fixed cantilever beam bearing a force at its tip;
thus, the soft manipulator exhibits the normal and deflected states shown in Figure 2. In
the deflected state, region 1 is under tension and the granules are separated from each



Machines 2021, 9, 303 4 of 15

other, region 2 undergoes compression, and region 3 contains granules in their normal
state [36,37].
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The total bending moment of the soft manipulator can be expressed as:

|M| = |L| |Fext| (1)

where M, L, and Fext represent the total moment, length of the soft manipulator, and
external force applied to the soft manipulator, respectively. The moment at a single point
along the flexible arm can be expressed as:

|M| = Fext (L − d) (2)

where d represents the length to the fixed end. When d increases and becomes closer to the
tip, the moment decreases linearly. Thus, when the fixed end bears the maximum moment,
the flexible arm exhibits maximum bending at that point.

To calculate the bending of the flexible arm, it is considered that the flexible arm has a
rectangular cross section, i.e.,

y(d) =
12Fext

Ewt3

(
Ld2

2
− d3

6

)
(3)

where w and t represent the width and thickness of the flexible arm, respectively, and y (d)
represents the perpendicular displacement of the flexible arm along distance d.

2.3. Experiments on the Soft Manipulator

To evaluate the feasibility and variable-stiffness performance of the flexible arm of the
soft cardiac fixator, a series of experiments was conducted. The flexible arm was simplified
as a soft manipulator made from silicone material Ecoflex00-50 A and B. The experimental
setup consisted of a soft manipulator, pneumatic control system, displacement platform,
force measurement system, and a computer (Figure 3). The soft manipulator was fabricated
by mixing equal amounts of Ecoflex00-50 A and B, and then pouring the mixture into
moulds of different lengths. The pneumatic control system employed the FUJIWARA 750D
vacuum pump to input pressure to the soft manipulator, which enabled direct measurement
of the pressure value. The vacuum pump was connected to the soft manipulator through a
filter; the connectors were designed with a honeycomb structure to prevent granules from
being sucked into the vacuum pump. The KMS 40 Force/Torque sensor, used for force
measurement of the soft manipulator, was mounted on the displacement platform. The
movement of the sensor was controlled by the linear displacement platform. Software was
used to control the platform position and log the pressure and force data.

Three groups of experiments were conducted to evaluate the performance of the soft
manipulator. The first group of experiments was designed to evaluate the effect of granule
size on the variable stiffness of the soft manipulator. For this group, three types of granule
were packed into the soft manipulator, namely, millet, round rice, and red beans, having
approximate diameters of 2, 4, and 6 mm, respectively (Figure 4a). Experiments in this
group were conducted with a fixed length of the soft manipulator and fixed pressure. The
second group was designed to evaluate the effect of manipulator length on the variable
stiffness—for this purpose, three manipulators of different lengths were used: 60, 90, and
120 mm (Figure 4b). Experiments in this group were conducted with a fixed input pressure
and granule size. The third group was designed to evaluate the effect of pressure on the
variable stiffness—for this purpose, input pressures of 44, 56, 68, 80, and 92 kPa were used.
In Section 3, each group is discussed in detail and the related figures are presented.

In all experiments, the soft manipulator first touched the KMS 40 sensor (displacement
platform movement = 0 mm). Then, the displacement platform pushed the sensor leftward,
with the displacement varying between 0 and 10 mm, and holding for 5 s. Each experiment
was repeated four times.

To lucidly illustrate the experimental process, Figure 5 is presented. First, the ma-
nipulator length was fixed at 60 mm and millets (diameter: 2 mm) were packed into it
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before a pressure of 80 kPa was applied and maintained. Consequently, the manipula-
tor touched the KMS 40 sensor, without displacement; then, the displacement platform
pushed the sensor toward the manipulator, displacing it from 0 mm to 10 mm (Figure 5a).
Subsequently, the same experiment was performed but with different granules; namely,
round rice (diameter: 4 mm) (Figure 5b) and red beans (diameter: 6 mm) (Figure 5c). With
the displacement platform holding for 5 s at each displacement interval, each experiment
was repeated 10 times and the final result of the force is the average of those from the
10 experiments.
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3. Results and Discussion
3.1. Effect of Granular Size

Figure 5a–c shows the state of the soft manipulator containing three granules of
different sizes, as the displacement platform was moved by 0, 5, and 10 mm, respectively.
The red arrow indicates the pushing direction of the displacement platform. Figure 6 shows
the force of the soft manipulator (length = 60 mm) with different types of granule for an
input pressure of 80 kPa. When the soft manipulator was packed with millet, round rice,
and red bean, the average force was 2.19, 1.62, and 0.47 N, respectively. Thus, at a fixed
manipulator length, input pressure, and pushing distance of the displacement platform,
smaller granules result in greater stiffness force for the manipulator.
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In addition, to demonstrate the stability and consistency of the soft manipulator
packed with different types of granules, four groups of experiments were conducted with
three types of granules and different pushing distances (with the manipulator length and
input pressure fixed). In this study, the deviation index (DI) is defined as the stability of
the variable-stiffness performance of the soft manipulator, expressed as:

DI = ∆ fE/∆ fw ∗ 100% (4)

where ∆ fE represents the difference between each experimental result and the average
value of force, and ∆ fW represents the sum of the forces at different displacements for each
experiment. The average fluctuations in the stability of the soft manipulator containing
millet, round rice, and red beans were 3.03%, 5.56%, and 6.71%, respectively (Figure 7).
The maximum fluctuation between different experiments was less than 7%; therefore,
the variable-stiffness performance of the soft manipulator exhibited good stability and
consistency with different granular sizes, especially for smaller granules.



Machines 2021, 9, 303 9 of 15

3.2. Effect of Manipulator Length

Figure 8 shows the state of the soft manipulator for different manipulator lengths
and different displacement platform movements. Figure 9 shows the force of the soft
manipulator (containing millet) with different lengths for an input pressure of 80 kPa.
When the pushing distance of the displacement platform was fixed, the soft manipulator
measuring 60 mm exhibited the largest force (2.41 N), whereas the one measuring 120 mm
exhibited the smallest force (1.42 N). Therefore, at a fixed granular size, input pressure,
and pushing distance of the displacement platform, a shorter manipulator length results in
a greater stiffness force for the manipulator. Figure 10 shows the DI values for different
manipulator lengths. For manipulator lengths of 60, 90, and 120 mm, the DI values were
1.39%, 4.35%, and 5.91%, respectively. Clearly, the fluctuations are within 6%, indicating
good stability and consistency of the variable-stiffness performance of the soft manipulator
at different lengths.
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3.3. Effect of Input Pressure

Figure 11 shows the state of the soft manipulator under different pressures and differ-
ent displacement platform movements. Figure 12 shows the force of the soft manipulator
under different pressures. When the pushing distance of the displacement platform is
fixed, a larger input pressure applied to the manipulator results in a larger force. The
maximum force of the soft manipulator under input pressures of 44, 56, 68, 80, and 92 kPa
is 1.45, 1.65, 1.96, 2.19, and 2.36 N, respectively. For the same input pressures, the maximum
DI values are 3.71%, 4.24%, 2.56%, 5.70%, and 2.57%, respectively, indicating that the
variable-stiffness performance of the soft manipulator has good stability and consistency
at different input pressures.
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Figure 13 shows the experiment fluctuations for assessment of the effects of input
pressure. For input pressures of 44, 56, 68, 80, and 92 kPa, the maximum fluctuating
intervals of the experiment were 3.71%, 4.24%, 2.56%, 5.70%, and 2.57%, respectively,
indicating that the variable-stiffness performance of the soft manipulator has good stability
and consistency.
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The above experimental results indicate that smaller granules, shorter manipulator
lengths, and larger input pressures result in larger stiffness forces of the soft manipulator.
The maximum stiffness force of the soft manipulator was found to be 2.41 N. Therefore, to
meet the practical application requirements of cardiac fixation during an OPCAB surgery,
the flexible arm of the soft cardiac fixator can be designed with a length of 60 mm and
packed with millets, and its variable-stiffness performance can be achieved through dif-
ferent input pressure controls. Nevertheless, this study possesses limitations in that no
experiment was conducted to verify the variable stiffness of the flexible arm for practical
applications; moreover, the model of the flexible arm was simplified in this work. Our
future work will focus on more accurate finite element models with careful considerations
regarding contact and friction.

4. Conclusions

In this study, a soft cardiac fixator with a variable-stiffness flexible arm that can
be used for cardiac fixation during OPCAB surgery was developed. To evaluate the
variable stiffness of the flexible arm, three simplified soft silicone manipulators with
lengths of 60, 90, and 120 mm were fabricated. These manipulators can actuate, soften,
or stiffen independently along the length of the arm by combining granular jamming
with input pressure. The experimental results demonstrated that the variable-stiffness
performance of the soft manipulator is influenced by its length, the size of the granules,
and the input pressure. The force of the soft manipulator can reach 2.41 N, which meets the
practical application requirements for cardiac fixation during OPCAB surgery. Moreover,
the maximum force variability between different experiments was less than 7%, indicating
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that the variable-stiffness performance of the soft manipulator has good stability and
consistency. However, the length setting of the flexible arm was limited in this study, and
other potential safety issues such as air leakage in clinical applications may exist. Therefore,
the size of future flexible arm studies will be appropriately expanded, the overall system
integration of the fixator will be completed, and performance studies will be conducted
in a simulated surgical environment to improve the safety of this system. The dynamic
behaviour and closed-loop control of the soft cardiac fixator will also be investigated.
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