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Abstract: This paper introduces a soft, cable-driven parallel robot for minimally invasive surgeries.
The robot comprises a pneumatic inflatable scaffold, six hydraulic, folded pouch actuators, and a
hollow, cylindrical end-effector offering five degrees of freedom. A key development is the design
of the pouch actuators, which are small, low-profile, simple structures, capable of a high stroke of
180° angular displacement. The scaffold, actuators, and plastic cables are economically and rapidly
fabricated using laser cutting and welding techniques. Constructed primarily from soft plastic
materials, the robot can be compactly folded into a cylinder measuring 110 mm in length and 14 mm
in diameter. Upon inflation, the scaffold transforms into a hexagonal prism structure with side
lengths of 34 mm and edge lengths of 100 mm. The kinematic model of the robot has been developed
for workspace calculation and control purposes. A series of tests have been conducted to evaluate
the performance of the actuator and the robot. Repeatability tests demonstrate the robot’s high
repeatability, with mean and root mean square errors of 0.3645 mm and 0.4186 mm, respectively. The
direct connection between the end-effector and the actuators theoretically eliminates cable friction,
resulting in a hysteresis angle of less than 2°, as confirmed by the tracking results. In addition,
simulated surgical tasks have been performed to further demonstrate the robot’s performance.

Keywords: minimally invasive surgery; soft actuator; soft robot; cable-driven parallel robot

1. Introduction

Existing flexible endoscopic systems provide limited instrument dexterity. This hin-
ders the uptake of emerging superior techniques, like endoscopic submucosal dissection
(ESD), which have shown superior en bloc resection rates for early gastrointestinal cancers
compared to conventional methods [1]. Utilizing flexible gastrointestinal endoscopes, di-
verse robotic platforms have been developed and assessed in both preclinical and clinical
scenarios to validate their effectiveness and safety [2]. Most of these platforms can perform
ESD. However, they predominantly utilize cable-driven articulated manipulators, which
face common limitations in terms of their flexibility, force transmission, and precision,
which can be significant due to the long and tortuous human colon.

Soft robots, known for their ability to conform to environments, hold significant
promise for applications in minimally invasive surgeries (MISs) [3]. They are anticipated
to address challenges faced by conventional rigid robots, offering innovative solutions for
clinical interventions and surgical procedures. Particularly in delicate surgical scenarios
like endoluminal and transluminal surgeries, where adaptation to the patient’s anatomical
structure is crucial, soft robots exhibit great potential. However, the inherent softness of
these robots also presents substantial challenges, including a low force exertion, limited
controllability, and a lack of sensing capabilities [4].
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Parallel robots employ multiple kinematic chains to connect the moving platform with
the base platform [5], while they offer advantages such as having high speeds, stiffnesses,
and payload capacities. Many parallel robots have been developed for MISs [6-9]. Khalifa
et al. introduced a dexterous endoscopic parallel manipulator for MISs with three limbs
featuring identical kinematic structures and three degrees of freedom (DOFs) [6]. Liu
et al. proposed a dual-arm single-port-access surgical robot incorporating a visual module
and two surgical manipulators [7]. Each manipulator, with six DOFs, consists of two
parallel mechanisms connected in series, expanding the end-effector’s workspace while
maintaining high stiffness. Li et al. presented a flexible robotic system with variable
stiffness for transoral robotic surgeries, achieving compliant movements through flexible
three-prismatic-universal parallel mechanisms using nickel-titanium rods [8]. Andrew et al.
developed a surgical parallel/continuum manipulator with a standard Stewart-Gough
arrangement, combining the precision and power of rigid-link parallel robots with the
simplicity, compactness, and compliance of continuum robots [9]. However, these robots
face limitations when required to navigate through narrow and confined surgical spaces,
such as the colon, due to their rigidity. Even the robots driven by flexible rods are still
relatively rigid.

Cable-driven parallel robots (CDPRs) replace the rigid kinematic chains of parallel
mechanisms with cables, offering advantages such as high payload capacities, dynamic
capabilities, and large workspaces [10]. The CYCLOPS concept, introduced by Mylonas
et al., employs the CDPR structure to create a versatile endoscopic surgical robot with
bimanual dexterity [11]. Driven by flexible Bowden cable mechanisms, the CYCLOPS
robot can be introduced into the colon using an endoscope. In subsequent developments,
a fully soft CDPR robot was created boasting an inflatable scaffold made of low-profile
and low-cost plastic materials [12]. However, the robot still utilized long Bowden cables,
resulting in issues of hysteresis and reduced accuracy due to the difficulty in modeling
the effects of cables bending over long distances. To address this challenge, Runciman
et al. proposed an open-loop, controlled, soft, inflatable robot driven by contraction-based
hydraulic pouch actuators [13]. While this approach eliminates the friction associated with
Bowden cable mechanisms using hydraulic transmission, three short cables connecting
the actuators to the effector through PTFE tubes still suffer from friction and hysteresis.
Additionally, a pulley for displacement amplification was required due to the limited stroke
of the pouch actuator.

Pouch actuators, as seen in Figure 1a and initially introduced in [14], are characterized
by their low profile, low cost, and having nearly zero volume when deflated, making them
highly suitable for applications in confined spaces. However, their theoretical contraction
ratio is limited to 36.3% of their unactuated length. Various approaches have been explored
to enhance the contraction ratio of pouch actuators [15-19]. These approaches include
internal and external constraints [15], rigid amplification mechanisms [16], series—parallel
hybrid arrangements [17], the addition of gussets [18], and stacked pouches pushing outer
structures [19]. These methods can improve contraction ratios, but their structures and
manufacturing processes are relatively complex.
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Figure 1. A pouch actuator. (a) A contraction-based pouch actuator [14]. (b) A folded pouch
actuator [20].
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In contrast, folded actuators (shown in Figure 1b, as an example), constructed from
an airbag, can achieve large angular displacements and generate considerable force out-
puts [20-23]. They exhibit flexibility, adaptability, simplicity, low profiles, and low costs.
When deflated, their volume is minimal, yet they can achieve significant expansion upon
inflation. So far, they have been used predominantly with soft wearable devices to assist
joint movement. More recently, artificial muscles based on folded pouch actuators achieved
impressive contraction ratios (up to 92.9%) [24-26]. Moreover, robotic elbows, jumping
robots, and soft grippers have been developed based on folded pouch actuators [25,26].

This paper introduces a novel soft CDPR based on folded hydraulic pouch actuators
designed for MISs, specifically colorectal surgeries, as an improvement over a range of
existing CDPR mechanisms. The proposed design allows the end-effector to be directly
connected to the actuators, resulting in there being no friction or hysteresis, which are issues
typically associated with the use of Bowden cables in previous CDPR-based robots [12,13].
The robot is a monolithic device crafted entirely from low-cost, flexible plastic film lam-
inates, enabling the robot to be single use, which has certain advantages in MISs when
compared with reusable devices that require sterilization before each use.

2. Robot System Components and Fabrication
2.1. Design Considerations

The most important design considerations are the robot size, operational workspace,
and force exertion. The human colon’s diameter is in the range of 30 to 80 mm, with
a widely accepted average of 45 mm [27], and is reasonably distensible. Therefore, the
robot must be sufficiently close to the lower limit for comfortable introduction, while not
exceeding the colon’s average diameter upon deployment at the surgical site. Colorectal
tumor sizes typically range from 6.2 to 43.6 mm [28], determining the desirable operational
workspace of the robot, if its repositioning within the colon is not desirable. Ranzani
et al. [29] measured forces of 0.9 N and 0.58 N, respectively, for lifting and pulling mucosa
in the rectum during transanal endoscopic surgeries. This is a valuable design reference for
the robot’s force exertion capabilities.

2.2. Folded Pouch Actuator

In Figure 2, a folded pouch actuator is depicted as an initially deflated, folded, flat
chamber with two cables connected to its ends. Upon inflation, the actuator deploys and
lifts a weight. The weight reaches its highest position when the pouch actuator is fully
deployed. Figure 2(d1-d3) shows an actuator prototype made of plastic film and fabricated
using a laser welding device developed in [12]. The cables connected to the chamber are
also made of plastic film, allowing them to be fabricated together with the actuator. The
actuator can be pneumatic or hydraulic, and it achieves a large stroke through folding and
unfolding, capable of serving as a large-stroke artificial muscle.

2.3. Planar CDPRs Driven by Folded Actuators

A single folded pouch actuator can only provide one DOF. However, by combining
multiple of these actuators, additional DOFs can be achieved. In Figure 3a, a diagram
of a 2-DOF planar CDPR is presented. The robot comprises two folded actuators, each
connected to one cable. Each actuator functions as a link structure. By utilizing the force of
gravity, the robot offers two DOFs, allowing for the movement of the weight in upward,
downward, leftward, and rightward directions, as illustrated in Figure 3(d1-d4).

As shown in Figure 3b, if the two cables are connected to a rod-shaped effector instead
of a point, the planar robot exhibits three DOFs, but it is underconstrained. This implies
that the position and orientation cannot be controlled independently. By increasing the
number of pouch actuators and cables to four, the planar CDPR can achieve full constraint,
as shown in Figure 3c. In this configuration, both the planar position and the orientation
can be controlled independently, enabling the effector to move forward, backward, move
left, move right, turn left, and turn right, as seen in Figure 4 (Supplementary Materials).
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Figure 2. A folded pouch actuator. (a—c) A 3D diagram and a working principle of an actuator.
(d1-d3) A prototype of the folded pouch actuator. The folded actuator deployed to lift a weight of
100 g.
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Figure 3. The concepts of three planar CDPRs. (a) A 2-DOF CDPR with a mass point effector. (b) An
underconstrained 3-DOF robot with a rod-shaped effector. (c) A completely constrained 3-DOF
robot. (d1-d4) A prototype of the 2-DOF CDPR. The effector was at the (d1) lowest, (d2) leftmost,
(d3) rightmost, and (d4) highest position.

2.4. The Design of the Robot for MISs

By converting the robot from a 2D to a 3D configuration and by increasing the number
of pouch actuators to six, five DOFs can be implemented (three translational, and yaw
and pitch). In previous 5-DOF CDPR robots [11,12], we have demonstrated the feasibility
of performing ESD. Figure 5 shows the 3D model of the robot, comprising a hexagonal
prismatic inflatable scaffold, six folded pouch actuators, and an over-tube effector. There
exists no friction or hysteresis, theoretically, as the end-effector is directly connected to
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the actuators without using any Bowden cable mechanisms. The actuators are hydraulic,
circumventing the friction associated with Bowden cables, commonly used in surgical tools,
and allow for open-loop control due to the incompressibility of liquids. Six folded actuators
are positioned between the beam units of the scaffold, and six cables are connected to
the over-tube. To ensure the validity of the established kinematics, a robust scaffold is
essential. In this design, two inflatable triangular support structures are mounted on the
top and bottom of the prismatic scaffold to enhance the scaffold’s stiffness. The planar
robot configuration in Figure 3c is discarded as the scaffold deformation will be larger if
the fixed parts of the actuators are mounted in the middle of scaffold beam units.

Figure 4. A prototype of the 3-DOF completely constrained CDPR. The effector was driven to
(a) translate right, (b) turn right, (c) turn left, (d) translate left, (e) translate forward, and (f) trans-
late backward.

Triangular ~ Folded Soft Attachment

Instrument support actuator  scaffold point

Figure 5. A 3D model of the inflatable CDPR. (a) A side view and (b) cross-section view of the robot.

2.5. Robot Kinematics

Figure 6 shows the simplified diagram used for the inverse kinematic analysis of the
robot. The actuator is treated as a rigid robotic arm. Symbols are defined as follows: a
right subscript i indicates the arm or the cable number, and a left superscript denotes the
coordinate system where the value is defined. ¥ is the base coordinate system, ¥, is the
local coordinate system attached on the tip of the over-tube, ¥, is the coordinate system
fixed at the rotation center of an arm (the arm coordinate system), #; is the position of the
cable attachment point on the end-effector in the local coordinate system, s; is a vector
along the rotating part of the arm, [; is a vector along a cable, h; is a vector from the rotation
center of an arm to the cable attachment point at the end-effector, #; is a unit vector along a
cable, A; is the position of the center of rotation of an arm, F; is the position of the connecting
point between the arm and the cable, ¢, is the angle between the rotating arm and the
x-axis of the arm coordinate system, I, is the cable length, and [, is the rotating arm length.
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Figure 6. The nomenclature and coordinates of the robot.
The position of the attachment point between the cable and end-effector is
P, =P+R,r; (1)

where P is the end-effector tip position in the base coordinate system, and °R,, denotes
the orientation matrix from the local coordinate system to the base coordinate system.
Due to there being only yaw and pitch rotations for the end-effector, the rotation matrix
is °R, = Ry(B)Rx(y), where B and 1y are Euler angles.

A vector along a cable in the arm coordinate system is defined as

Mil; = Mis; —"ih )

where ™ih; can be expressed by using the orientation matrix "Ry from the base coordinate
system to the arm coordinate system:

"Mihi = " Ro(P; — A;) 3)

The cable length I, is constant:
le? = ||"L;)?

= il 2 ], 2 ]2 (4)

= (1 ,c08 pm, — " hx;) 2+ (I sin g, — ™ hyz‘) - (_mi hz,) 2

ihy, . M, . .
Substitute cosa = ———=—— and sine = ———="— into Equation (4):
mihxi +mihyi /mihxi +mihy,'

L® 4 ||k |* — 1.2

cos(x — ;) = ; - (5)
2l /™Mby~ + ™Mihy,
There exist two solutions for the inverse kinematics problem:

mip 12 mify. 2_1_2
¢m; (1) = tan~? m-h% —cos 12 nll T i (6)

Wi 2/ Mihy* 4 Mihy,?

mi} I 2 mify. 2 —1 .2
O, (2) — tan~ ! Yi +COSil a t H 1” Ci )

i 2o/ Mihy” 4 Miky,?
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However, one solution should be discarded as the folded actuator can only generate
torque in one direction, and the correct solution should satisfy the following condition:

[’""hfxmfsiL <0 )

where mihf is the projection vector of "h; in the x-y plane of the arm coordinate system X,
and ™is; = [15c08 Py;,LaSIN Py, 0] T In this case, Equation (6) is the inverse kinematic solution
and a condition should be satisfied: ¢, € [—71/2, 71/2]. Another condition that should be
satisfied is the force and torque equilibrium at the end-effector:

J't+f=0 )

where t = {t1, 5,13, t4, t5, t6}T is the cable tension vector, f denotes the external wrench,
and the structure matrix depending on the pose of the effector is J7:

]T _ {ul .. 'u6] (10)

'vl...'v6

where the unit vector u; = I;/||l;|]| and v; = u; x P;. The pose of the end-effector should
satisfy Equation (9) with t; > 0, and ¢, € [-7/2,71/2]. The corresponding feasible
solutions for vector ¢ can be found in [30], and the procedure is as follows: (1) The external
wrench f can usually be assumed to be 0. (2) An initial value greater than 0 can be assigned
to the tension of one cable (e.g., f; = 1) to solve for the tension of all other cables according
to Equation (9). If the tension values of other cables are all greater than 0, the current pose
of the effector is considered to satisfy the force and torque equilibrium, and the position
of the robot tip can be included in the robot’s feasible workspace. The actuator bending
angle ¢,, can be calculated by

m oy Mhy LM - L
4’ai:§ —4)m‘ (1):E—tan lmih +cos 1 A2 21 < >
i Xi 2lu /m,'hxi + mihyi

where "ih; = "Ry (P + ORpri — Ai) according to Equations (1) and (3), and it includes the
robot tip position P and the orientation matrix °R,.

(11)

2.6. Robot Manufacturing

Using a laser welding manufacturing technique as shown in [12], the low-profile
inflatable structures can be fabricated economically and rapidly. The used thermoplastic
sheet is a biocompatible polyethylene (PE) polyethylene terephthalate (PET) solvent-bonded
triple laminate PE/PET/PE, with a thickness of 30/60/30 um. The layers for the scaffold
and actuators were welded following the welding patterns in Figure 7. The welded plastic
sheet for the actuators was laser-cut (FLUX BEAMO, Europe) along the cutting lines in
Figure 7c to generate the plastic cables. After removing redundant material, the scaffold,
triangular support, and actuators are shown in Figure 8a—c. As shown in Figure 8d,e, the
actuators and triangular support were manually welded to the scaffold using a soldering
iron at purple lines and blue points in Figure 7. Subsequently, edges were welded along the
green lines. Finally, the end-effector and tubes for driving the actuators and pressurizing
the scaffold were integrated, and Figure 8f shows the inflated robot prototype.

Figure 7 illustrates the dimensions of the robot components. The hexagonal prismatic
scaffold has a side length of 34 mm, resulting in an equivalent diameter of 65 mm, which is
larger than the colon’s average diameter but still falls within the typical colon size range of
30 to 80 mm [27]. Also, the robot is scalable and the dimensions of its components can be
easily adjusted to suit different clinical situations and requirements.
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Figure 7. The welding and cutting patterns for producing (a) the scaffold, (b) the triangular support,
and (c) the actuators.

Figure 8. Robot fabrication. (a—c) The scaffold, triangular support, and actuator plastic film pieces
were welded according to the patterns and cut either by a laser cutter or manually. (d) A photograph
of how to manually weld the actuators and the triangular support onto the scaffold. (e) A photograph
of how to manually weld edges to generate a hollow structure. (f) Lastly, the structure can be
pressurized and formed into a hexagonal prism.

3. Methods and Results
3.1. Actuator Characteristics

Figure 9a shows the setup for testing the characteristics of the actuators. A 1 m-long
tube with a 3 mm outer diameter connects the folded hydraulic actuator to a syringe pump.
A pressure sensor (SparkFun MS5803-14BA) close to the syringe pump measures the pres-
sure inside the actuator, with the sensor data recorded via an Arduino Uno microprocessor,
which also controls the syringe pump. Figure 9b provides a detailed diagram of the actuator
test platform. The folded actuator is fixed to both a fixed pad and a rotating pad which
is rotated by the unfolding of the actuator. The cable, fixed onto and wound around a
cylindrical rod connected to the rotating pad, is attached to a cart-like slider. A weight is
used to pretension the cable. The pad rotation leads to the cable displacement, which is
obtained by measuring the distance of two retro-reflective markers fixed on the bench and
the slider, respectively. The positions of the two reflective markers were recorded by the
OptiTrack (NaturalPoint, Corvallis, OR, USA) optical motion tracking system. The rotation
angle of the rotating pad is calculated as the cable displacement divided by the radius of
the cylindrical rod. An assumption made in the test is that the rotation angle of the actuator
is equivalent to the pad rotation angle. Before testing, any air bubbles in the hydraulic lines
were purged.
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Figure 9. The test platform for the actuator characteristics. (a) The test setup. (b) A diagram of the
actuator test platform.

The maximum water volume within the folded actuator is 2 mL, allowing the actuator
to fully straighten. Based on the kinematics of the robot, the actuator’s rotation angle
is between 90° and 180° given the specified dimensions of each component in Figure 7.
Therefore, testing was conducted within the rotation angle range of 90° to 180°. The water
volume varies from 1.2 mL to 2 mL while the actuator’s rotation angle ranges from 90° to
180° under a 10 N-mm payload. The payload torque applied to the actuator is calculated
as the product of the weight’s gravity and the radius of the cylindrical rod. To enhance
repeatability from the outset of data collection, the chamber underwent a break-in process
during fabrication, in order for desirable creases to appear. Figure 10a illustrates the
relationships between the water volume inside the actuator and the rotation angle of the
actuator under different payloads. The data presented in the curves represent the average
of three actuator samples. Notably, there is a larger hysteresis observed when the payload
is small, attributable to the stiffness of the actuator, which makes folding difficult when the
actuator straightens. Moreover, increased payload induces actuator deformation, leading to
a decrease in the actuator’s rotation angle output due to its inherent flexibility. The folded
actuator was driven through 100 full cycles with a 15 N-mm payload. The repeatability test
results are shown in Figure 10b, demonstrating the actuator’s high repeatability. Figure 10c
demonstrates the maximum pressures within the actuator across one actuation cycle at
different payloads. The maximum pressure inside the actuator exhibits linearity with the
payload when it exceeds 20 N-mm. Additionally, the burst pressure of the actuator was
approximately 200 kPa.

4ren
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15 N'-mm payload|
20 N-mm payload|
25 N'mm payload|
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Figure 10. Actuator characteristics. (a) The relationships between the water volume injected into
the actuator and the actuator’s rotation angle under different payload torques. (b) The results of
100 cycles of a repeatability test. (c¢) Th maximum pressures inside the actuator across one actuation
cycle at different payloads. (All the hysteresis loops are counter-clockwise and all the error bars
indicate standard deviation for 3 samples).

The rotation angle of the folded actuator can be determined through the inverse kine-
matics model. The folded actuator can be controlled by a syringe pump if the relation
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between the actuator rotation angle and the water volume inside the actuator is acquired.
The mathematical expression used for control is based on the curve-fitting of the experimen-
tal data corresponding to the lower black line in Figure 10a, from 1.2 mL to 1.9 mL, with
the minimum torque payload. A larger initial torque payload of the actuators would cause
larger deformations of the robot’s scaffold, which would affect the established kinematics
model. The mathematical expression is

f(x) = 2.603x> — 6.218x + 5.251 (12)

where x is the actuator rotation angle and f(x) is the water volume inside the actuator.

Since the cable is made of plastic film, it is essential to test the maximum tension it
can withstand. Figure 11a shows the diagram of the cable tensile test setup. A linear stage
and an actuator were secured on the bench. The end of the plastic cable was connected to a
load cell, which was mounted on the moving platform of the linear stage. The cable was
gradually stretched until it reached its breaking point. Figure 11b presents the test results
of three separate actuators. The cables could withstand forces exceeding 10 N, resulting in
a stretching distance of approximately 20 mm. When the cable tension was below 6 N, the
stretching distances remained less than 5 mm for all tested cables.

Linear stage  Load cell Actuator 124

0 5 10 15 20
Stretching distance (mm)

(@) (b)

Cable tension (N)

Figure 11. Cable tensile test. (a) A platform diagram of the cable tensile test. (b) The test results.

3.2. Robot Deployment

The robot, largely constructed from thin plastic films, can be compactly folded before
pressurization, making it suitable for natural orifice transluminal surgery applications.
As shown in Figure 12a,b, the robot can be folded into a cylinder measuring 110 mm
in length and 14 mm in diameter, which satisfies the lower limit of the colon’s size for
comfortable introduction [27]. Upon inflation, the volume of the scaffold significantly
increases, eventually forming a hollow hexagonal prismatic structure with edge lengths of
34 mm and a length of 100 mm (Supplementary Materials). This test and all subsequent
experiments are conducted at a scaffold pressure of 100 kPa. Figure 12¢,d illustrates the
robot’s successful deployment within a colon phantom, which has an inner perimeter of
204 mm, equivalent to the perimeter of the deployed scaffold. Within the phantom, the
robot assumes the form of a regular hexagonal prism, showcasing its ability to conform to
luminal structures effectively. An envisioned operational sequence for the robot involves
its deflated state being mounted alongside and enveloped around a carrier endoscope,
facilitating delivery through a natural orifice and into the lumen (e.g., the colon). After
reaching the designated operative site, the robot stabilizes itself against the lumen wall
upon inflating the scaffold, thereby enabling the performance of a surgical procedure.
Following the surgical procedure, the robot undergoes deflation, collapse, packing, and
extraction from the colon.
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Figure 12. Robot deployment. The robot can deploy from a deflated and folded state to an inflated
and undeployed state (a,b) freely and (c,d) in a colon phantom.

3.3. Robot Workspace

In MATLARB, the robot is simplified as a CDPR with rigid links, as shown in Figure 13,
to simulate its tip workspace. The simulated workspace spans 80 mm, 85 mm, and 36 mm
along the X, Y, and Z axes, respectively. Various poses of the robot are illustrated in
Figure 14. However, the measured workspace falls short of the theoretical one, measuring
70 mm, 55 mm, and 20 mm along the X, Y, and Z axes, respectively. This discrepancy
should be attributed to scaffold flexibility and deformation. Especially at the boundaries of
the workspace, the robot approaches its singular configuration, resulting in high tension
on some cables. This can lead to significant robot deformation and a decrease in the
workspace. Additionally, the triangular support imposes constraints on effector motion,
further reducing the workspace. To extend the robot workspace, options include scaling up
the entire robot, its repositioning using the host endoscope, or implementing a prismatic
joint in the over-tube end-effector.
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Figure 13. The simulated robot workspace. (a) The simplified robot structure in Matlab. The red
line indicates the effector, and the blue lines indicate the simplified links. (b) The side, (c) X-Y plane,
(d) X-Z plane, and (e) Y-Z plane view of the robot workspace.
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Figure 14. The measured robot workspace. (a,b) Along the X axis. (¢,d) Along the Z axis. (e,f) Along
the Y axis.

3.4. Scaffold Stiffness Test

The scaffold, crafted from low-stiffness materials with compliance, can achieve rigidity
upon inflation, with its stiffness being contingent on pressure. Figure 15a illustrates the
setup for testing scaffold stiffness. A rigid plate was affixed to a linear stage, and the
inflatable scaffold was secured onto the plate using double-sided tape. Another rigid plate,
pressing against a force/torque transducer (Nano 17, ATI Automation, Apex, NC, USA),
was adhered to the scaffold. The force/torque transducer, connected to a 16-bit NI USB-6259
DAQ (National Instruments, Austin, TX, USA), was mounted on the moving platform
of the linear stage. To pressurize the scaffold, an air pump (OF302-4 B, JUN-AIR, Inc.,
Racine, WI, USA) was employed, with a pressure regulator (PRE1-U08, AirCom, Ratingen,
Germany) adjusting the pressure. Initially, the transducer made contact with the scaffold,
marking the starting point where the compression distance is 0 mm. Subsequently, the force
transducer compressed the scaffold by 10 mm before retracting to the starting point. This
process was repeated four times, with the mean of these repetitions utilized for analysis.
Figure 15b shows the correlation between the applied forces and the compression distances
at 50 kPa and 100 kPa pressures within the scaffold, respectively. These results illustrate the
scaffold’s variable stiffness capability. The burst pressure for both the prismatic scaffold
and the triangular support is approximately 270 kPa.

Figure 15. The scaffold stiffness test. (a) The stiffness test’s setup. (b) The variable stiffness test results.

3.5. Repeatability and Hysteresis Test

During the tracking test, shown in Figure 16a, the OptiTrack optical motion tracking
system was utilized to track the position of the robot’s tip. Four reflective markers were
affixed to the bench to determine the base coordinate system. The robot scaffold was fixed
on the bench using double-sided tape. Six syringe pumps were used to drive the actuators.
Commands from the laptop were transmitted via a USB to two Arduino Mega2560 boards,
with each manipulating three syringe pumps. The open-loop controlled robot tracked a
circle with a diameter of 43 mm, repeated ten times (Supplementary Materials). The tracking
results are depicted in Figure 16b, while Figure 16c showcases the tracking errors within
one cycle. The maximum, mean, and standard deviation for tracking errors amounted
to 11.05 mm, 6.00 mm, and 6.65 mm, respectively. The tracking error and the observed
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trajectory shape may be attributed to several factors: (1) The deformation of the robot: the
inherent flexibility of the inflated beams on the scaffold may deform, causing the actuator to
deviate from its intended pose. (2) Unexpected actuator behavior: despite being assumed
to have two rigid linkages connected by a 1-DOF revolute joint, the actuator may bend
off-plane. The positions of the revolute joints may deviate from their intended positions.
(3) The control expression of each actuator is based on a test setup that does not fully reflect
the constraints imposed on the actuator by the robot scaffold, which may also introduce
slight errors. (4) Manufacturing errors: as seen in Section 2.6, the edge welded manually
along the green lines differs from other edges, which introduce slight asymmetries in the
scaffold. Nevertheless, the test shows the robot has very high repeatability. The repeatability
error was tested by comparing each point to the average value of ten corresponding points
in ten cycles. Table 1 shows the maximum, mean, and root mean square errors (RMSEs) for
repeatability, indicating that both the mean error and RMSE are smaller than 0.5 mm.
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Figure 16. Robot tracking. (a) The test setup. (b) The results of tracking a 43 mm diameter circle.
(c) The tracking errors. (d) The results of tracking a 36 mm diameter circle. (e) An enlarged view
around the initial point.

Table 1. The repeatability test results.

Maximum Mean RMSE

Error X/mm 1.1311 0.2661 0.3219
Error Y/mm 0.8929 0.1918 0.2279
Error Z/mm 0.4326 0.0818 0.0993
Absolute error/mm 1.3551 0.3645 0.4186

In theory, the robot should not exhibit hysteresis since the cable is directly connected
from the actuator to the effector without any intermediary contact. The hysteresis test
procedure involved controlling the tip to execute a circular motion for ten repetitions and
then returning to its initial position. The distance between the final and initial positions
was used to quantify hysteresis. Only the two rotational DOFs were active during this
process, with the rotation center located at the effector axis and the midpoint of the two
groups of attachment points. Figure 16d shows this process, and Figure 16e provides an
enlarged view around the initial point. Table 2 presents the results of the hysteresis test,
where circles of different diameters were tracked. The hysteresis values were all below
2.5 mm. When converted to angle hysteresis, calculated by dividing the position hysteresis
by the distance between the robot tip and the rotation center, all four hysteresis angles were
below 2°.
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Table 2. The hysteresis test results.
Circle Diameter (mm) 29 36 43 50
Position hysteresis (mm) 0.6553 1.065 2.388 2.070
Angle hysteresis (°) 0.5143 0.8359 1.874 1.624

3.6. The Force Exertion of the End-Effector

The end-effector force exertion test platform, shown in Figure 17a, was utilized to
evaluate the force exertion capability of the robot, employing a Nano 17 force transducer. A
Geomagic Touch haptic device (3D Systems, Littleton, CO, USA), shown in Figure 18a, was
used to control the robot, with the pose of the haptic device handle read using Python. The
three translation DOFs and the two rotation DOFs of the effector corresponded with those
of the haptic device. The motion range of the effector tip was confined within a 30 mm
diameter sphere in the simulated workspace after mapping to the effector tip. Forces
were recorded as the effector tip moved within the motion range as shown in Figure 17b.
The maximum forces measured along each axis are detailed in Table 3. Given the long
instrument, the softness of the robot scaffold, and the elasticity of the plastic cables, the force
output along the X and Y axes is comparatively lower. According to the measured forces of
0.9 N and 0.58 N for lifting and pulling mucosa in the rectum [29], the force exertion of the
end-effector for pulling the mucosa appears to be sufficient. However, the insufficient force
for lifting the mucosa may not pose an issue in practice, as, for tissue dissection tasks (such
as “peeling off” the mucosa from the submucosa during ESD), retraction in the Z axis holds
greater significance. However, this will require validation in subsequent pre-clinical trials.

Y axis
Force magnitude

—— Xaxis
Z axis

Naro 17 ‘forcé‘

2 0 P 50
\ transducer i

Time (5)

(®)

Figure 17. The end-effector’s force exertion test. (a) The test platform. (b) The force exertions by the
end-effector in the X, Y, and Z axes and forces’ magnitude.

Haptic device

Simulated
colon, tissue

Soft robot | ~Simulated lesion

Figure 18. The simulated surgical experiments. (a) The experimental platform. (b,c) The lifting of a
simulated tissue. (d,e) The performing of a ‘Sweep” motion.

Table 3. The maximum forces measured in each axis.

Direction +X -X +Y -Y +Z -Z
Force/N 0.17 0.13 0.27 0.17 1.43 1.25
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3.7. Simulated Surgical Tasks

The setup for conducting simulated surgical operations, such as lifting and dissecting
cancerous tissues, as shown in Figure 18, which are fundamental steps in ESD, involved
integrating a grasper into the effector over-tube. A circular silicone piece, approximately
27 mm in diameter, was affixed onto the silicone colon phantom to simulate a cancerous
tissue on the colon. As shown in Figure 18b,c, the grasper was manipulated to approach
and grasp the simulated lesion, subsequently lifting the simulated tissue. Additionally,
Figure 18d,e demonstrates the robot’s capability to execute a ‘sweep” motion, with the
over-tube moving leftward and rightward to simulate the diathermy dissecting the lesion
(Supplementary Materials). These basic simulated surgical operations were conducted
to showcase the potential applicability of the robot in MISs. Furthermore, the robot’s
durability was evaluated through hours of testing without observed breakage, indicating
its sufficient durability as a single-use surgical device.

4. Discussion and Conclusions

A novel, soft, CDPR for MISs based on folded pouch actuators is introduced, featuring
variable stiffness capabilities. The rapid and cost-effective production of this type of
robot allows for single-use applications. The direct connection of the end-effector to
the actuators eliminates the friction typically associated with Bowden tubes, mitigating
potential hysteresis issues.

Several planar robots have been prototyped based on folded hydraulic actuators,
which are low profile, low cost, and have a large stroke. The actuator has a simple structure
and can work as a robotic arm, opening avenues for the creation of innovative mechanisms
and structures. Deployable robots with diverse configurations could be crafted using
the same manufacturing technique. For instance, redundant CDPRs could be produced
to enhance the robot’s force capabilities and workspace. CDPRs with more compact
configurations can be explored to reduce the longitudinal size for easier delivery in lumens
and to improve the scaffold stiffness.

This paper focuses on designing a novel CDPR, including its actuators and deployable
scaffold. Future work will explore appropriate approaches for the full deflation, folding, and
extraction of the robot from the colon. The robot allows for the intuitive execution of surgical
tasks through small manual adjustments by the user in master-slave mode. Its accuracy can
be further improved using closed-loop control methods, such as data-driven techniques or
visual serving. However, establishing a kinematic model that considers robot deformation
would further improve the accuracy and prediction of the robot workspace, and allow
for the estimation of the robot’s force output. Electrical Impedance Tomography (EIT)
techniques developed in [31] will be used for actuator and/or scaffold shape sensing for
the above purposes. Sensors, such as pressure sensors, will be integrated to monitor system
operation to prevent complications from potential robot failures. Subsequently, the robot
will be integrated into an endoscopic system to verify its feasibility in in vivo scenarios.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app14104095/s1, Video S1: Demonstrations of the robots.
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