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An Origami-Based Medical
Support System to Mitigate
Flexible Shaft Buckling

This paper presents the development of an origami-inspired support system (the OriGuide)
that enables the insertion of flexible instruments using medical robots. Varying parameters
of a triangulated cylindrical origami pattern were combined to create an effective highly
compressible anti-buckling system that maintains a constant inner diameter for supporting
an instrument and a constant outer diameter throughout actuation. The proposed origami
pattern is composed of two repeated patterns: a bistable pattern to create support points to
mitigate flexible shaft buckling and a monostable pattern to enable axial extension and com-
pression of the support system. The origami-based portion of the device is combined with
two rigid mounts for interfacing with the medical robot. The origami-based portion of
the device is fabricated from a single sheet of polyethylene terephthalate. The length,
outer diameter, and inner diameter that emerge from the fold pattern can be customized
to accommodate various robot designs and flexible instrument geometries without increas-
ing the part count. The support system also adds protection to the instrument from external
contamination. [DOI: 10.1115/1.4045846]
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1 Introduction

Robot-assisted surgery (RAS) is one of the fastest growing sectors
in the medical device industry with robots taking over tasks origi-
nally performed by the operating staff, even to the point of becom-
ing autonomous [1-5]. RAS can enable surgeons to use robotically
driven instruments, such as endoscopes and catheters, with high
precision. The long, thin, and flexible geometries of these instru-
ments provide access to a large range of anatomies with little trauma
on the patient. The instruments are also often outfitted with sensitive
equipment such as biopsy tools, lights, or endoscopes. These traits
create an instrument that provides many benefits but requires great
care while handling ex vivo to prevent damage to the instrument.
Traditionally inserted by hand, the proper handling of these instru-
ments by surgeons is an ability not easily replaced but which
medical robots are striving to provide.

While the instrument traits of length, flexibility, and size allow
them to reach deep areas of the body, they generally cause the instru-
ment to behave much like a rope or a cable, making them prone to
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buckling under ex vivo compressive insertion loads. This behavior
complicates insertion since the instrument must undergo compres-
sive loading to be inserted into the body, as shown in Fig. 1.

This work presents the fundamentals of an origami-based support
system (the OriGuide) created to guide these flexible instruments
ex vivo during RAS procedures. The OriGuide provides support
points during insertion to mitigate shaft buckling and expanding
sections to enable the extension and compression of the system
through the integration of both monostable and bistable patterns
into a single sheet. It shields the flexible instruments from con-
tamination and provides a low-cost, low-part-count alternative to
existing support devices.

1.1 Background. This section provides a brief background on
the use and importance of flexible instruments in RAS to provide
context for the OriGuide’s development. This is followed by a
short discussion on origami-based design and how its benefits
justify its use in this work.

1.1.1 Flexible Instrument Insertion. Medical robots are being
designed for a variety of uses but have begun to take a large role
in minimally invasive surgery (MIS) procedures [6,7]. MIS
approaches are desirable due to the reduced trauma on the patient,
leading to less pain and shorter post-operative healing times as
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Fig. 1 Comparison of manual and robotic insertion of a bronchoscope. (a) A surgeon manually inserting a
flexible instrument. (b) A medical robot inserting a flexible instrument.

well as improved cosmesis [8,9]. An essential part of an MIS
approach is the size of the instruments used. MIS approaches are
performed through one or more small incisions as opposed to an
open approach with one large incision. The devices used to
perform the surgery are inserted through the small incisions, typi-
cally accompanied by an endoscope to view the surgical space.

There are a number of MIS procedures that include flexible
instrumentation [10-15] such as diagnosis of bronchial pathologies,
spinal fusions, and removal of the spleen, appendix, or gall bladder
[16-19]. Flexible instrumentation allows the surgeon to use the
natural structure of the body, such as blood vessels, the gastrointes-
tinal tract, or the airways, to guide the device to the desired area.
The flexible devices also allow more versatility to the selection of
the insertion location and may remove the need for an incision by
enabling the use of natural orifices such as the nose or mouth as
insertion points.

With manual insertion, a surgeon applies a compressive load on
a section of the flexible instrument near the insertion site, which
allows them to provide significant force to the instrument without
risk of buckling. The surgeon simultaneously operates the control
system for the instrument to guide it to the desired location
(see Fig. 1(a)). The development of driven instruments has provided
the ability for robotic assistance in these operations with the surgeon
guiding the instrument from a control console. These driven instru-
ments have a high degree of control and can be steered with greater
accuracy than that of a passive, under-controlled instrument. Such
robotically driven instruments are finding particular use in mini-
mally invasive diagnosis and treatment of deeply remote anatomy
that would be otherwise impossible to reach without more invasive
methods. Driven instruments in RAS are predicted to enable more
procedures in the future [20,21].

An example of one such procedure is a robotic bronchoscopy
[22], which allows for real-time guiding through the lungs to
view and take samples at pre-determined sites. Two methods are
commonly used in manual lung biopsies, a transthoracic biopsy—
a needle biopsy through the chest wall—and a transbronchial
biopsy—a biopsy taken as part of a bronchoscopy. A needle biopsy
provides access to deep areas of the lung but carries a risk for lung
collapse when puncturing the lung wall [23]. This risk is lowered
with a bronchoscopy as the biopsy is not taken through the lung
wall but through the natural airways of the body. However, this
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access path limits the depth that the instrument can reach by the dia-
meter of the instrument. Therefore, longer and thinner instruments
may enable surgeons to choose more desirable access sites. Thinner
instruments also decrease trauma caused by the instrument rubbing
against the natural orifices of the body. In bronchoscopes, side
effects caused by instrument rubbing are irritation of the airways
(bronchospasm) or irritation of the vocal cords (laryngospasm).
Smaller instruments can also allow for better air flow during the pro-
cedure [24]. However, thinning the instrument also increases its
tendency to buckle and crease.

For robotic insertion of flexible instruments, the ex vivo support
system is required to perform several tasks within the constraints of
the robotic system. Foremost among these is the prevention of the
buckling of the device. Current robotic insertion methods typically
align the instrument in a straight line before insertion as this allows
the robot to use shape-sensing technology [25,26], have constant
access to the various cables and instrumentation attached at the prox-
imal end of the flexible instrument, and avoid damage to the instru-
ment. The flexible instrument is connected to this instrumentation
at the proximal robot mount and the robot advances this mount
toward the distal mount at the patient (Fig. 1(b)). Therefore, the
support system must provide lateral support to the instrument from
the proximal end to the insertion point into the patient. The support
system should also help prevent external contaminates from attach-
ing to the instrument to decrease the risk of infection [27,28].

1.1.2  Origami-Based Design. Any medical device used in the
body must be either disposable or sterilizable for reuse. This sanita-
tion requirement makes devices that are low-cost or easily sterilized
appealing. The part count and complexity of a device is directly cor-
related with its cost and capacity to be sterilized, making devices
that are created with minimal parts desirable. Devices fabricated
from fewer pieces have increased potential to be disposable, are
easier to clean, and can be less expensive to manufacture.

Origami offers opportunity to aide in reducing the part count in
medical devices. Origami-based mechanisms are customizable,
from their scale to the forces they output. They can be designed to
be monolithic. Because origami is traditionally created from a
single sheet, many origami-based mechanisms can be designed for
planar manufacture in sheet materials, leading to lower production
costs. Research into the unique behaviors achievable by origami
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continues to expand our capacity to utilize this art form for engineer-
ing purposes [29-32]. Its unique motion has provided footing for the
emergence of new mechanisms [33]. Analysis of origami and its
motion has already found application in robotics [34—40] and has
been used in the development of medical devices [41-43].

Traditional origami models are considered a class of mechanisms
called compliant mechanisms, which are devices that gain some
or all of their motion through deflection of elastic members rather
than traditional hinges or bearings [44]. Compliant mechanism
design can assist in reducing part count, increasing precision, and
reducing manufacturing and assembly costs by replacing rigid
links and joints with compliant mechanisms. Compliant mecha-
nisms can also be designed from materials that are approved for
use in medical devices and designed for harsh environments.
They have been used in medical robotic systems design to reduce
part count and size [45-47].

The principles of origami-based design and compliant mecha-
nisms inspired the creation of the OriGuide. The OriGuide provides
anti-buckling support with a low part count and new, enabling
features to the robotic insertion system while providing support to
the thin, flexible devices used in medical robotics.

1.2 Objectives. A well-designed flexible instrument support
system should achieve the following objectives to ensure reliability,
achieve positive patient outcomes, and make it robust and useful in
varying applications.

1.2.1 Buckling Mitigation. The primary objective of the sup-
port system is to create a laterally stiff mechanism around the flexible
instrument. This is quantified by the amount of deflection the
mechanism undergoes under a lateral load. As the flexible instrument
begins to buckle, it will deflect laterally against the support system
at the interface points. The support system should be sufficiently
stiff to restrict the deflection of the instrument under normal
operating loads.

1.2.2  Motion. The support system should provide support

through the continuous change in the ex vivo length of the instru-
ment during the insertion process. This requires the laterally stiff

Robot Proximal Mount }

Extended Length

support system to change length as the instrument is inserted
(Fig. 2).

The support system should also have a large deployment ratio
(ratio of the fully extended length to compressed length) to maxi-
mize the usable length of the instrument. The fully compressed
length of the support system subtracts from usable instrument
length because a segment of the instrument remains between the
proximal and distal ends of the mounts when fully inserted (Fig. 2).

1.2.3  Force-Deflection. To maximize compatibility and con-
trol from the governing robot, the supporting system needs to
have a predictable, repeatable compression and extension force
response. This will enable the control system to easily accept
the system as a part of its operation without large changes to the
control programing. Primarily, the force response must be low to
keep within the operating range of the robotic actuators. As the
design of the device may be utilized for different robots, the force
response would ideally be tailorable to match different force profiles
required by different robots.

1.2.4 Tailorability. There are many designs and shapes of
medical robots that may insert a flexible instrument into the body.
A support system that protects and supports the flexible instrument
during insertion should therefore be as customizable as possible,
allowing the dimensions of the support system design to be easily
altered to fit the dimensional constraints of a given robot. This
may require a change in overall fully extended length, compressed
length, and radial dimension measured laterally out from the flexi-
ble instrument (Fig. 2).

The support system may also be used for various procedures with
different stroke lengths and instrument sizes, which would require a
design tailorable to different dimensional requirements, specifically
the inner diameter that interfaces with the instrument.

2 Methods

In this section, the design of the OriGuide, including the geomet-
ric and mechanical properties of the pattern, is discussed. Validation
through physical testing is presented.

Robot Distal Mount

Instrument Fully Retracted

Robot Proximal Mount

Instrument Fully Inserted

Radial Dimension

Compressed Length
(Unusable Length)

Robot Distal Mount

Fig. 2 A schematic of dimensional requirements associated with the robot and other
geometry. The hatched section represents the area in which the support system must

operate.
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(b)

Fig.3 A triangulated cylinder pattern with two stories and n = 6. The pattern is one fundamental component of
the OriGuide. (a) Labeled flat pattern. (b) Pattern folded into a cylinder illustrating deployment angle and story

height.

2.1 Triangulated Cylinder Origami Base Pattern. The
OriGuide is composed of a series of primary origami mechanisms
using a triangulated cylinder origami pattern [48-51]. Many pat-
terns were analyzed as potential candidates, but due to several
unique characteristics exhibited by this pattern, it was selected as
the base to be modified and combined to achieve the properties
unique to the OriGuide. Triangulated cylinder patterns have been
used in various applications, including sunshields for space tele-
scopes [52], bellows for martian spacecraft [53], and debris barriers
for asteroid drilling [54]. The pattern is characterized by a series of
tessellated triangles (Fig. 3(a) shows an example fold pattern). The
triangle is mirrored along its largest length, c,, to form a parallelo-
gram. This unit is tessellated into a line of mirrored parallelograms
and wrapped into a cylindrical pattern. The series of mirrored
parallelograms, called a story, is stacked one upon each other to
create the height of the cylinder. ¢, is folded as a valley fold
(shown as a dashed line in Figs. 3 and 4) while all other folds are
mountain folds (solid lines a and b). The number of parallelograms
tessellated in a story is the number of sides, n. Figure 3 shows an
example of the pattern with two stories (one story mirrored) and
n==6 in the flat sheet pattern and then folded into a cylinder.

Figure 4 shows the progression from a flat sheet to a folded, trian-
gulated cylinder. The edge dimensions of a triangle in the pattern, a,
b, and c,, are defined by three variables: the outer diameter (D,),
folded-state inner diameter (D;), and the number of tessellated
sides in the pattern (n). These edge dimension relationships are
discussed in Ref. [53] and are determined by

a=D,sin(¢) (€))

b =D, sin (cos_1 (%) — ¢) 2)
=D, si int (2 3
Co= osm(¢+sm (D_g>) 3)

p=" )
n

where

This triangulated cylinder compresses axially with a chang-
ing inner diameter and constant outer diameter (Figs. 5 and 6).

Fig. 4 Demonstration of pattern progressing from flat to folded in paper and PET. The device has four
stories and n=6.
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Bistable
<> <> Layer

Monostable

Layers

Monostable
Layers

Fig.5 Demonstration of top and side view of a five story pattern with n =6, showing a constant D, and chang-
ing D; of the bistable layer as it is actuated from one stable state to another. The shaded story is designed to
exhibit bistable behavior with positions A/D and C/F being the two stable points. The white layers are designed
to exhibit monostable behavior. In the folded position (A/D), this layer provides a discrete support point with the

D; of the shaded story matching that of the instrument.

The panels formed by the triangles fold flat into the cross-sectional
plane of the cylinder. This creates an inner diameter of the tube that
decreases as the pattern is folded (see Figs. 5 and 6). The final, flat-
folded inner diameter (D;) is used to characterize the parameters of
the pattern.

The parameters of the pattern can be tuned for the specific appli-
cation, such as having a folded inner diameter that matches the

(a) (b)

2
°

W,

|
@

diameter of a flexible device. The flexible device could then be
fed through the center of the cylindrical mechanism and the pattern
would provide discrete support points for the device. As support
points are added along the device, the critical buckling load of
the flexible device increases. The problem arises where the inner
diameter of this pattern changes during actuation. The varying
inner diameter of the triangulated cylinder is undesirable as it

(f)

)

Fig. 6 Demonstration of top and side view of the same pattern as in Fig. 5, showing a constant D; of the bis-
table layer and changing D; of the actuation layers as it is actuated. This demonstrates the typical actuation of
the OriGuide during use. The shaded bistable layer is designed to stay in the folded configuration through
actuation, providing a constant D; support point. The D; of the white actuation layers changes slightly
through actuation. The white layers are designed to have smooth actuation though the stroke.
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would only provide adequate support points when the device is fully
compressed. Further investigation of the pattern characteristics
enabled the development of a novel pattern that resolves this issue.

The triangulated cylinder pattern is composed of multiple stories,
where each story in the cylinder can be actuated independently. In
this work, it was determined that for the same D, and n, a different
value of D; can be selected for each individual story. This enabled
the development of a highly customizable pattern with multiple
inner diameters and actuating properties.

2.2 Bistability of the Triangulated Cylinder Pattern. It has
been previously shown that the triangulated cylinder pattern can
be made bistable [55,56], meaning a single story of the triangulated
cylinder can be stable in two different positions along the actua-
tion path. The OriGuide is an integration of monostable patterns
to provide actuation and bistable patterns to provide support
points (shown in gray in Figs. 5, 6, and 10). The bistable stories
are stable in the closed, flat-folded position and the open position
but are designed to remain in the closed position throughout the
support system’s actuation (position A/D in Fig. 5). They are tai-
lored to have a folded inner diameter that matches the diameter
of the flexible instrument. Therefore, these bistable layers become
a series of discrete support points with unchanging inner diameters.
The monostable stories were placed between the bistable layers and
were designed to gain the maximum height per story during actua-
tion while maintaining smooth actuation. This combination of bis-
table and monostable stories creates a single piece support system
that maintains constant support points for the flexible instrument
while allowing a change in length to enable the robot to insert the
instrument into the body (Figs. 5 and 6).

The triangulated cylinder pattern can exhibit bistable behavior
because it is not a rigid-foldable pattern [57], meaning it experi-
ences strain and deformation in the creases and panels during actu-
ation. The dimensions of the triangulated cylinder pattern can be
tailored to provide a desired degree of stability, and strain energy
curves can assist in determining when the pattern becomes bistable.

Simplified models have been developed to facilitate analysis
of the strain in the pattern and [55,58] assumed that the majority
of this strain occurs only in the creases. Strain was approximated
as elongation in crease ¢, only as a function of the deployment
angle, §, with the simplifying assumptions that a and b are com-
pletely rigid and that the pattern begins in a completely compressed
state and actuates to a deployed state. The force—displacement
relationship of a single unit cell of the triangulated cylinder
pattern was examined [56] by studying the energy of the creases
during actuation. Like Cai et al. [55,58], Yasuda et al. [56] simpli-
fied the model by removing the side facets and modeling the strain
only in the creases. Lengths b and ¢, were modeled as linear
springs, and a as a fixed length.

These models identified patterns that exhibit bistable behavior
when specific criteria are met. The model developed by Refs.
[55,58] predicted bistability behavior for some patterns with n =6,
and Yasuda et al. [56] noted that the bistable behavior depended
on the height of the deployed model. Bistability yields a stable
position in both the deployed and stowed states. The dimensionless
strain energy curve by Refs. [55,58] provides a way to mathe-
matically predict if a pattern will be bistable under the assumption
that deflection is only occurring in crease c,. If the strain energy
curve has a local maximum, then the corresponding pattern is
bistable. If the strain energy curve has no local maximum, that
pattern is monostable. The strain energy curves developed for
varying pattern parameters are shown in Fig. 7.

Further work has been done as part of this study to verify the
assumption that the majority of deflection occurs in crease c,
[59]. Using these assumptions, bistability can be predicted by the
strain energy (w) where [55]

2
W) =3 (—“5) - C”) 5)

o
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Fig. 7 Graphs showing various strain energy curves depending
on the ratio of diameters for patterns with n=6. Points high-
lighted correspond to the strain in the positions of the bistable
story in Fig. 5. The solid line corresponds to the strain found in
the monostable layers through actuation (Fig. 6).

and

2
(&) = \/ <D,, sin <¢ +sin”! (@))) +(bsin@)? (6

The strain energy is a function of ¢(6) (the changing length of ¢
with respect to §) and ¢, (the flat folded value of ¢ or ¢(0)), both of
which are defined by the parameters D,, D;, n, and b. The length of
b, as shown in Eq. (2), is governed by D,, D;, and n. Therefore, the
design parameters of interest for determining the stability of a trian-
gulated cylinder pattern are D,,, D;, and n.

The diametric ratio is defined as the ratio of inner diameter to
outer diameter. Varying the diametric ratio for a given n yields
different stability behaviors. The diametric ratio at which the
strain energy local maximum becomes zero is termed the stability
transition ratio (STR) and represents the predicted transition point
between monostable and bistable patterns for a given D, and n.
This predicted value is often lower than seen in physical prototypes
due to the material properties, leading to a different practical STR
value. Additional findings on how to predict the STR and design
for bistable behavior can be found in Ref. [59].

Once a pattern of monostable and bistable layers has been devel-
oped, the relative motion of each layer can be predicted through
the actuation stroke. If we consider each layer to act as a spring
in series, the strain energy in each story should be equivalent
throughout the stroke. ¢ for each layer determines both the strain
energy in that layer through Eq. (5) and the deployed height of a
given layer calculated as b * sin(§). Analogous to springs of
similar stiffnesses in series, equivalent layers will have the same
6. To minimize strain in the system, the § per layer type will be
the largest while maintaining the lowest strain energy. Therefore,
for a given point in the actuation stroke, the § and stain energy
for each layer can be found. If the strain in each layer were to
exceeded the peak in the bistable strain energy (shown as point
B/E in Fig. 7), the bistable layers will actuate quickly to the
second, open configuration. Prior to this point, the bistable layers
will actuate slightly, which will cause small changes in D; at the
support points. The support system is designed to operate in this
range. For applications where no changes to D; at the supports
can be tolerated, the bistable layers can be adhered together in the
closed position with adhesive.

2.3 Prototype Pattern Development. Consideration should
be made for both general considerations and for constraints specific
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to an application. This section discusses these considerations and
constraints to create a successful support system.

Geometric constraints for a given application generally define D,
of the pattern, D; for the bistable support layers, and the stroke
length of the entire support. Maximizing the available D,, is benefi-
cial in increasing height per story, ease of manufacturing, and
designing for the bistable and actuation layers.

The STR is determined by n and D,. Since D,, is usually maxi-
mized and constrained by the application, the choice of n deter-
mines the value of the STR. Larger values of n will increase the
STR and allow for bistable layers with larger diameter instruments.
However, an increase in n is also correlated with more complex
manufacture due to the decrease in crease size and increase in
crease number. Material properties also combine with the STR to
determine the practical STR. More explanation on how to select
the optimal n and determine the STR can be found in Ref. [59].

For the actuation layers, it is desirable to maximize the height
of each layer. More stories in the device decrease the deployment
ratio, resulting in more unusable flexible instrument length. Increas-
ing the number of layers in the support system also increases the
number of folds in the overall pattern, which increases parasitic
motion, lowers the anti-buckling capabilities of the system, and
complicates manufacture. As the length of side b is increased, the
deployed height 4 of an individual layer increases at a given deploy-
ment angle 6. However, larger lengths of b for a given D,, also mean
smaller diametric ratios, which could lead to a diametric ratio
beneath the STR. Therefore, the STR serves as a check in finding
the largest length b to maximize deployment height per story
while maintaining monostability. As long as the diametric ratio of
the actuation layers are above a practical STR, they will actuate
smoothly. The number of actuation layers determines the fully
extended length of the pattern through the number of actuation
layers multiplied by b * sin(5) at full deployment. Modifying the
number of stories or b of the actuation layers will provide for
designing for a given fully extended stroke length.

Each actuation layer experiences rotation during actuation
which would complicate interface of the device with the robot.
This challenges of this behavior can be mitigated by using an
even number of actuation layers with the number of stories rotating
in one direction equivalent to the number of stories rotating in the
other direction. This will result in zero rotation at both end mounts.

For the bistable layers, having a diametric ratio far below the STR
will decrease motion in the layer through actuation. However, that
motion is not zero, causing small fluctuations in the D; of the support
points. Depending on the application, this fluctuation could be sig-
nificant. Adhesive can be added to the bistable layers, fixing them in
the closed position. This ensures that actuation occurs only in the
monostable layers and the D; of the support points remains constant
through the stroke. The bistable layers play little in overall extended

(a)

length but do have a significant effect on the compressed length.
For maximum support, bistable layers can be placed between
every actuation layer. While this increases the support points, it
will also cause rotation of bistable layers positioned between mir-
rored actuation layers. This may result in undesired motion of the
supported flexible instrument. When possible, it is recommended
that an even number of mirrored sets of actuation layers are on
either side of each bistable support layer to remove the rotation.
An even number of bistable layers, each mirrored from the previous,
will ensure that the profile at the mounts is at the same angle.

The highest strain in the support system occurs at the vertices [59].
Small holes can be cut at the vertices to avoid failure at these points.
By removing the vertices, the axial force to actuate, strain in the
panels, and noise during actuation are reduced. However, creating
these holes does slightly reduce the amount of shielding provided
by the support system from external contamination.

Various sheet materials can be chosen based on their folding
properties. Primarily analyzed in this work is polyethylene tere-
phthalate (PET), the same plastic found in common recyclable
water bottles. This material is recommended for its properties of
high tensile strength, formability under heat, recyclability, and bio-
compatibility. This material also is a semi-crystalline material that
can be treated through heat setting. This treatment is used to
change the crystallinity, creating a lowest energy state at a given
folded position. Biasing the lowest energy state to occur in the com-
pressed state allows the support system to remain in tension during
use. Because buckling is primarily compressive failure mode, a
support system that is always in tension is free from the risk of
buckling. This is an important feature as the initial folded state is
long and highly prone to buckling as can be seen in Fig. 8(a).
By changing the natural state to that in Fig. 8(), the support struc-
ture will not bend or buckle under linear actuation loads. The addi-
tional tension also makes the system more laterally stiff through
stress stiffening, creating a more effective support structure for
the flexible device. The development and study of the heat setting
process used here, as well as findings on the fundamentals of
using a heat set in PET for origami mechanisms, can be found in
Ref. [60] and can be used to tailor the force response of the
support system.

The origami-based portion of the support system is created within
the single sheet of foldable material, allowing for customization
without a change in part count. Rigid mounts are added to connect
the origami mechanism to the robot, resulting in a support system of
only three parts, shown in Fig. 9. Slots were made for inserting end
tabs added to the pattern and the tabs were adhered into the slots.
Supporting tabs were added to the mounts for added stability.
The support tabs interlock when the pattern is fully compressed
and has a length equal to the compressed length to ensure the sup-
porting tabs do not add to the compressed length.

Fig. 8 Matte PET OriGuide component in various stages of manufacture. By using a heat set to
transfer the support structure from its initial configuration (a) to a natural state in the compressed
state, (b) the support structure will be in extension throughout the stroke and therefore not bend
or buckle under normal actuation loads. (a) Folded pattern before heat set. (b) Folded pattern after

heat set.
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Fig.9 Computer aided design rendering of proximal and distal mounts. Support tabs added
stability without increasing compressed length. Geometry was made to interface with a

current robotic system.

2.4 Testing. With a general approach defined, a prototype
was designed to support an endoscope for use on a bronchoscopy
surgical robot.

2.4.1 Prototype. To create a full anti-buckling support system,
eight bistable stories were combined with 18 monostable stories
in an alternating order. The parameters used in the prototype
tested can be found in Table 1 and a scaled copy of the pattern is
shown in Fig. 10. The bistable layers, when collapsed, create an
inner diameter of 4 mm. The total device length when extended is
just over 500 mm and can be compressed to just under 50 mm.

For the full stroke of 500 mm, the number of monostable layers
was chosen to ensure that bistable layers remained far from
the strain energy required to transition to the open configuration.
At maximum extension per layer, 6 of the monostable layers was
designed to be just under 1 radian. The equivalent maximum
strain per layer predicted the displacement of the bistable layers
to be approximately 0.27 radians. This would make the bistable
layers actuate to increase D; from 4 to approximately 6.8 mm.
To ensure this small deflection does not occur, adhesive was
added for additional stability in the closed position. Therefore, no

Table 1 Parameters for the physical model

Thickness
a(mm) b(mm) c¢c(mm) n  Material (mm)
Actuation layers 27.5 36.01 5197 6 PET 0.13+0.01
Support layers 27.5 4551 55.83 6 PET 0.13+£0.01
Adhesive film PET/Acrylic 0.051 +0.005
Adhesive

End Tabs

Monostable Actuating Layers

/ /Bistable Support Layer

motion was observed in the bistable layers and the D; of the
support points remained at 4 mm through the entire stroke.

The sheet material used for the support system is 0.13 mm (0.005
in.) thick PET sheet. The chosen fold pattern was first scored into
the PET sheet using an Epilog Fusion M2 laser cutter. The laser
cutter was run with conservative settings (3% power and 50%
speed) to score the pattern into the PET and slightly higher settings
(8% power and 50% speed) to cut. The cut and scored pattern was
folded by hand and adhere into the proper tube shape, using strips
of 0.051 mm (0.002in.) PET coated with an acrylic-adhesive. The
bistable layers were collapsed to their compressed state and the
entire model was heat set. The bistable layers were afterward
adhered closed using a small amount of Loctite 4981 adhesive to
add stability in the closed position. The same adhesive was used
to attach the full pattern to the mounts.

For the heat set, the pattern was compressed to 40 mm in length
and heated in an oven at 150 °C for 90 min, followed by a period of
slow cooling. The sample was left compressed in the oven while the
oven was turned off and allowed to slowly cool to room tempera-
ture. The pattern before and after heat setting can be seen in Fig. 8.

For this prototype, holes were elected to be cut in the vertices to
reduce noise in actuation, lower actuation force, and reduce the
chance of local failure. Figures 8 and 11-13 show samples of
the support system manufactured using clear, colored, matte, and
reflective, metallic-backed PET before heat setting. These samples
showed that the system can be made in various types of stock
PET sheets.

2.4.2 Testing Methods. Comparative testing was done to
assess the effectiveness of the support system compared to using
no external supports. A custom sliding arm fixture was constructed
to test the buckling resistance of each prototype (Fig. 14). It includes

Fig. 10 To-scale version of the pattern used for the full system with the bistable support layers highlighted.
Holes were cut at the vertices after the pattern was scored.
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Fig. 11 Pattern demonstrated in matte, colored, and reflective,
metallic-backed PET

arigid distal mount and a sliding proximal mount compatible with a
research robot developed by Intuitive Surgical, Inc., allowing the
prototype support system to actuate in a controlled manner while
supporting a flexible device. The support system was loaded with
a 4mm diameter endoscopic catheter and actuated to positions 5
cm apart.

Two tests were performed, representing static and dynamic
loading conditions. The static test was performed by fixing the
support system at a given length. The endoscope was loaded with
an axial compressive load with a force sensor until failure. Failure
occurred when the flexible device buckled, classified as supporting

no additional compressive load, or the device began to plastically
deform due to the compressive loads. The maximum force sustained
before failure for the given length was recorded. This was repeated
along a set of lengths from Ocm to 40 cm in increments of 5cm.
Lengths were measured relative to the fully compressed, or fully
inserted, position. This test evaluated the change in the critical
buckling load, P, of the flexible device. The endoscope was occa-
sionally changed between prototype tests to ensure possible damage
to the instrument did not effect future results. This test isolates the
flexible instrument and helps determine the increase in buckling
resistance of the instrument provided by the support system.

The dynamic test was performed on the custom sliding arm
fixture by starting the sliding arm at a given length. The same endo-
scope was fixed at the proximal mount and the sliding arm was
advanced from the starting length. The distal end of the device
pushed on the force sensor until failure as measured in the static
test. The force applied to the device as the system advanced was
measured, and the peak force before failure was recorded as the
dynamic critical load for the given starting length. The set of start-
ing lengths was the same as the set used in the static test. This tests
the system as a whole and includes the buckling resistance of the
support system and instrument collectively.

For each test, the load was measured as an average force reading
from the sensor over the course of approximately 1s at the given
applied load or position. This average was calculated and generated
by the LabQuest digital readout used. A single value was recorded
at each position. The error of the force sensor was +0.01 N.

2.4.3  Results. The results of the static test can be found in
Fig. 15(a). No results were given for lengths under 20 cm as the
catheter failed in compression rather than buckling. For the

Fig. 12 Close up of clear PET OriGuide supporting an example instrument. (a) Instrument with single support
layer marked. (b) Instrument passing though multiple support layers.

(b)

Fig. 13 Metallic-backed PET OriGuide. (a) Extended and (b) compressed.
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Force Sensor
with LabQuest
digital readout

Example intrument

Fig. 14 Demonstration of the test setup

unsupported catheter, a value above 15 cm could not be determined
because it did not support any significant load before buckling. The
dynamic critical loads for a given starting position for both support
systems are shown in Fig. 15(b). The catheter failed in compression
rather than buckling for lengths under 0.1 m.

Figures 15(a) and 15(b) are shown with the unsupported endo-
scopic catheter buckling results. The instrument was tested at
various lengths using a vertically mounted fixed-fixed condition
(Instron tensile tester, load cell resolution +0.125N). The instru-
ment began to buckle under its own weight at lengths above 0.15
m, resulting in effectively zero buckling strength. To help visualize
the comparison to the OriGuide results, a power rule fit trend is
extrapolated through the range of lengths tested.

The device was also demonstrated on a proprietary research
medical robot developed by Intuitive Surgical, Inc. The OriGuide
interfaced with the robot and successfully performed the task of pre-
venting instrument buckling while actuating through the specified
length.

3 Discussion

Figures 15(a) and 15(b) illustrate the effectiveness of the Ori-
Guide in increasing the buckling strength of the example instru-
ment. The dynamic test, which models how the system would be
used in a medical application, shows an increase of 10N or
greater in buckling strength in the example instrument at every posi-
tion when compared with the unsupported endoscope. A relative

40 . T

| — — — Unsupported Catheter Trendline

L o —O©— OriGuide
35 |
|

0 I I I I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Length (m)

(@

constant value about 15N was held for the majority of the range.
A sharp decrease was seen in both tests at large ranges of extension
as the instrument buckled inside the support system between
support points. At full extension, the support layers were about
60 mm apart. The power rule fit model of the unsupported catheter
predicted about 10 N critical buckling load at 60 mm which agrees
with the OriGuide results nearing full extension. If greater support is
needed, additional bistable stories could be added between each pair
of monostable stories. While this would decrease the compression
ratio and leave more flexible instrument length unusable, it would
reduce the length between support layers, resulting in increased
buckling strength.

A fundamental physical phenomena behind the support system is
the tension introduced into the system to support the flexible device
and resist lateral forces as it begins to buckle. Therefore, a limitation
of this design is the stiffness of the support system during actuation.
This tensile force preload is added to the force of the robot inserting
the flexible device, but it would also require a non-trivial amount of
power from the robot to re-extend the support system after insertion.
The heat setting process developed was designed to help engineers
tailor the force response of their device through changing the
parameters of the heating process.

One option for high-volume manufacturing of the support system
involves using a rolling mill approach, where the desired pattern,
including mountain and valley folds, could be machined into a
roller. This could press the pattern onto a single sheet of material
and pre-bias the folds. The seams in the pattern could then be laser-
welded together and the pattern manually compressed, including
collapsing and adhering the bi-stable layers and attached to a
mounting fixture. The system could then be heat set, introducing
the tension required in the system to mitigate buckling.

A second option for manufacturing involves laser-scoring the
desired pattern into a thin sheet material. A die, with the proper
mountain and valley pattern machined or formed into it, could be
used to pre-bias each fold in the pattern. The seams would be laser-
welded to form the creased sheet into a tube, which would then be
compressed, the bistable layers adhered, and the ends attached to
mounting fixtures. Heat setting could then be performed to keep
the model in a specific state if desired.

The principles that enable the OriGuide have potential for use in
applications beyond medical robotics. The combination of mono-
stable and bistable stories used for support and extension can be
applied to other origami devices, such as those used in space and
flexible electronics.

40

— — — Unsupported Catheter

I

|
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Fig. 15 Test results comparing the critical buckling load at given lengths in static and dynamic tests to the unsupported cath-
eter critical buckling load. The resolution of the testing was +0.01 N for the OriGuide tests and +0.125 N for the unsupported cath-

eter tests. (a) Static test and (b) dynamic test.
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3.1 Conclusions. The OriGuide anti-buckling support system
is capable of mitigating buckling in a flexible endoscope device.
Varying parameters of a triangulated cylindrical origami pattern
were combined to create an anti-buckling system with large com-
pressibility that has a constant inner diameter for supporting
a device and a constant outer diameter throughout actuation. The
origami-based system has a low part count (3), which remains
unchanged when the geometry is adjusted for different applications,
including modifying the length, outer diameter, and inner diameter.
The resulting pattern can be customized to fit various robot designs
to work with long, flexible instruments. The design of the support
system protects the flexible instrument from external conta-
mination. Testing demonstrated that the OriGuide is an effective
system for increasing the buckling support for insertion of a flexible
instrument. The OriGuide can enable the use of longer and thinner
instruments, improving the ability the surgeons have to access deep
areas of the body and improve patient outcomes.
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