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1 Executive Summary

Internal inspection of industrial piping systems is a significant engineering challenge. While inspec-
tion is critical to determine whether a pipe system is at risk of failure, some pipe systems cannot
be inspected due to their challenging geometries.

While many robotic inspection systems exist, they have limited propulsion capabilities because
they rely on friction with pipe walls or thrust from propellers. This prevents them from being
used in certain pipe systems with vertical pipe segments, tortuous passageways, and unconstrained
environments (such as the inside of a large storage tank). The objective of this project is to
develop a method for inspecting these inaccessible geometries. To start, we are focusing on the
optical inspection of the pipe system shown in Figure 1.
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Figure 1: Schematic of the pipe system we are inspecting. Inspection robots enter and exit from
the access point.

To inspect the pipe system shown in Figure 1, our team developed a novel version of a soft,
continuum robot known as a vine robot. Vine robots are constructed from a thin-walled tube of
flexible material inverted into itself, creating an outer body and a length of internal (inverted)
material. Vine robots are advantageous because the outer body can be pressurized by a pump
outside of the pipe system to generate large propulsion forces at the front of the body. Additionally,
the vine robot’s pressurized body acts as a structural element, allowing it to be self-supported in
free space.

Our full vine robot system consists of a 110-foot long, 3-foot diameter vine robot that pushes
along a camera at its tip with a tip mount. The position of the vine robot was controlled by a
motorized fabric spool. An Ethernet spool holds the Ethernet cable which connects the WiFi router
at the base to another WiFi router at the tip (to communicate with the tip camera and sensors).
We also have a fan mechanism to supply air to the robot, as well as an electronics box to supply
power to our motors and controllers.

However, the only vine robots built have generally been less than six inches in diameter and
twenty feet long, and designed for much simpler research-focused tasks. The robustness of our
design and accuracy of our models were verified in an on-site test at our sponsor Bechtel’s Welding
and Applied Technologies Center. We found that the robot without the tip mount is able to traverse
the entire tube within 16 minutes. With the tip sensor mount, we were able to gain a clear view of
the pipe interior and made out specific features of interest such as rust, welds, and material residue



(water). However, the tip mount was stuck at the bend and subsequently broke as we increased
the body pressure.

2 Introduction

2.1 Industrial Pipe Inspection

Existing products in industrial pipe inspection mainly come in the form of borescopes and self-
propelled robots, incorporating both tethered and wireless control schemes [1] [2]. Critical product
characteristics include reliability, recoverability, image quality, inspection speed, and cost.

2.1.1 Borescopes

Borescopes like the one shown in Figure 2 work by having a user feed a tethered camera through
a pipe by hand. Models capable of extending 200ft cost approximately $500 [1], but more sophis-
ticated models with actuated steering can cost upwards of $10,000 [3]. Its manual operation limits
its applications in industrial inspection, as it can only traverse straight sections with a few turns or
short vertical sections. This is because a boroscope’s body must be flexible to bend around turns,
but this flexibility prevents an operator from pushing the boroscope forward with significant force.

Figure 2: VEVOR Waterproof Sewer Camera, 200ft.

2.1.2 Inspection Robots

Another approach to pipe inspection is with self-propelled robots. Such robots are either wireless
or tethered, and are more expensive with the model in Figure 3 costing $3,600 [2] and a state-of-
the-art inspection drone costing $42,000 [4]. Although rovers can navigate complicated sections
with many turns, they have difficulties with vertical sections and cannot traverse unconstrained
sections. Drones can traverse vertical and unconstrained sections, but have a limited battery life
and insufficient propulsion to pull a tether through tortuous pipe systems.



Figure 3: GPK-32 Tracked Wireless Inspection Robot.

2.2 Vine Robots

Vine robots, a recently developed soft, continuum robot, showed significant promise in accessing
previously inaccessible pipe systems as demonstrated in search and rescue [5], archaeological [6],
and environmental exploration applications [7]. Vine robots are constructed from a thin-walled tube
of flexible material inverted into itself, creating an outer body and a length of internal (inverted)
material (Figure 4). When the body is pressurized, this internal material is pulled to the tip where
it everts and causes the vine robot to grow (lengthen). To retract (shorten) the vine robot, inversion
at the tip is achieved by pulling internal material away from the tip towards the base of the robot.
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Figure 4: A pressurized vine robot grows as internal material (gray) is pulled to the tip.

Vine robots posses two main advantages over conventional approaches. First, vine robots loco-
mote using pressurized air that can be generated outside of the pipe system. This means a high
power air compressor or fan can be used to generate large propulsion forces and locomotion speeds
without the vine robot needing to pull the air compressor or fan through the pipe system. Second,
as the vine robot grows, its creates an inflated body behind it. If the body is pressurized to an
adequate stiffness, the vine robot can grow vertically or in free space [8]. Due to these inherent
advantages, vine robot proof-of-concepts in scientific literature, and group members’ experience
with vine robots the team decided to develop a vine robot for the pipe inspection task shown in
Figure 1.

2.2.1 Vine Robot Design

While the infrastructure needed for basic vine robot locomotion is minimal (an air supply and
thin-walled flexible tube), for the vine robot to be useful more complicated sub-components are



needed. These have been explored in research applications, most notably in [7], and include:

Vine robot body: The vine robot body transports the sensors at the tip of the robot, and
must be robust enough to withstand the internal pressure, tension when inverted, and en-
vironmental hazards. Common vine robot body materials include LDPE (poly tubing) [8],
TPU coated ripstop nylon [5], and silicone coated nylon [9]. Optimal material selection is
critical due to its effect on robustness, weight, and manufacturability.

Vine robot tail: The inverted material of the vine robot is often referred to as its ”tail”. While
this can be the same material as the vine robot body, often a string or other material is used.
This is because at the vine robots’ full length, an equal length of tail is needed to control the
vine robot. To reduce weight and complexity, this tail is often a high tensile strength string
such as spectra.

Steering actuators: In situations where controlling the direction of vine robot travel is desired,
many types of actuators can be attached to the vine robot body to steer the vine robot.
However, steering was not necessary for our vine robot as the path was well defined by the
pipe system.

Base station: In more sophisticated vine robot applications, a base station is used to spool and
unspool vine robot body material with motors for storage and length control [5] [6]. These
base stations connect to the open end of the vine robot body, and thus must be airtight.
Base stations also provide a mounting structure for electronics, communications ports, and
air supply ports.

Air supply: In research environments, pressurized air can be sourced from a large, building-
wide system. However, when using vine robots in more challenging environments, an air
compressor or fan must be used [6]. For small diameter vine robots which require higher
pressures and low flow rates, compressors are used, while large diameter vine robots which
need lower pressures and high flow rates use fans. In prior research, passive venting to the
atmosphere has been used for retraction as this was sufficient for small diameter vine robots.

Sensor mount (tip mount): A primary motivation for vine robots have been for cluttered
environment exploration, which requires sensors to be mounted to the vine robot. Due to
vine robots’ unique method of locomotion, sensors cannot simply be statically attached to
some point on the vine robot body as it would not move with the vine robot tip. Instead, a
sensor mount is used which couples to the vine robot tip and stays there even as material is
inverted or everted. Sensor mount development is a challenging, active research area and a
significant area of development for our team.

Retraction device: Though vine robots can be propelled at higher forces than conventional
robots, they still encounter the same issues with friction when growing through tortuous pipe
systems. This is sometimes occurs because internal material must be dragged backwards
through the lengths and turns of pipe to invert the vine robot and retract this. While
this can often be overcome through adequate motor torque at the base station, sometimes an
additional device is needed at the the tip of the robot to reduce the force needed to retract the
vine robot [10]. Based on our analysis we decided that a retraction device added unnecessary
complexity.

Communications system: Based on the application, vine robots have utilized a wide array
of communications methods. Sensors can record data to be retrieved after the vine robot is



accessible, but if live data is required, wireless [10] and wired [5] connections have been used
such as radio frequency communication, wifi, ethernet cable, and optic fiber.

e Control system and user interface: Complex vine robots can require multiple motors, pres-
surized chambers, and sensors. Human in the loop control is generally used, with specialized
joystick controllers developed for vine robots [6]. Generally a desired speed and direction is
specified, and a motorized spool and pressure regulation system are controlled to achieve the
desired velocity. Based on the level of complexity and desired ease of use, a user interface can
be created to display data and simplify control of the vine robot.

2.3 Inspection Task and Target Specifications

The primary task of this project was the inspection of the 163ft pipe system shown in Figure
1. This pipe system mimics pipe system geometries that currently cannot be inspected in multi-
billion dollar construction projects for mining, ports, and chemical transport facilities. This task
was given to us by a sponsor of this project, the Bechtel Corporation. As an industrial engineering
construction company, Bechtel is primarily concerned with being able to inspect a constructed pipe
before handing it over to the end user. Based on discussions with Bechtel’s Chief Innovation Officer
and on-site Mechanical Superintendent, the following target specifications for our specific task were
decided on:

Qualitative Quantitative
Wired Communications
Physically Tethered

Reasonably Quick 20 minutes to traverse entire pipe length
At least one dimension <36”
No single component >50 1b

Transportable

Table 1: Target specifications.

Justification for these specifications and their impact on our design is as follows:

e Wired communications: While our task involves a generic pipe for testing purposes, Bechtel
wished for an inspection robot which could transmit data in pipe systems where wireless
communications were extremely difficult or impossible. For instance, for a long pipe buried
underground with numerous turns. This introduced the added complexity of designing for a
cable running along the entire vine robot.

e Physically tethered: A major concern for Bechtel is inspection robots getting stuck in a pipe
system. For instance, drones can be very promising for inspection without a tether due to
their high maneuverability. However, they have a limited battery life, and if a drone loses
power without a tether it is unrecoverable. To prevent this, Bechtel wanted an inspection
robots with a tether. This requirement had a negligible impact on our design however because
vine robots are inherently tethered both through their outer body and internal material.

e Live visual inspection: Bechtel’s only sensing requirement was a camera providing live video
to the vine robot operator. A simpler data collection method would be to have a camera
take a video for the operator to watch after the vine robot traveled through the pipe system.
This would also eliminate the need for wired communications. However, a live video feed
allows the operator to focus on specific locations of interest in a more time efficient manner.



Additionally, while more complex sensors could be added, it was decided that a camera would
be a sufficient proof of concept and capture a significant portion of use cases for inspection
robots. No specific resolution, view distance, or viewing angle was given to the team, so best
judgement was used to chose between image quality, size, weight, and latency. Achieving
image quality which allowed small features in the pipe to be seen was highest priority, while
size and weight was the next most important to reduce the complexity of the sensor mount.
Finally, latency was least important as it was easy to keep at a value where the user could
account for it when operating the robot (less than 1 second). To allow for a camera to
capture any images, a light was also required. Due to the team’s lack of experience with pipe
inspection optics, on-site feedback from Bechtel engineers was used to determine whether the
chosen camera and light were satisfactory.

e "Reasonably” Quick: No specific speed requirement was given our team, but there is a clear
trade-off between a fast, complex, and expensive robot; and a slow robot that requires more of
an inspector’s time. We presented Bechtel with the fastest speed we believed was achievable
without significantly increasing the complexity of the vine robot. We estimated this to be
20 minutes to travel the length of the pipe system based on previously achieved vine robot
growth and retraction speeds [5], [11]. This condition helped inform our air supply selection
but did not otherwise significantly constrain our design.

e Transportable: Bechtel gave to our team two specific constraints on device size. The size
limitation is to ensure the device can be moved through a stairwell. The weight limitation is
to allow a single worker to transport the device. These limitations proved challenging to meet
with our time and budget constraints. However, Bechtel provided the option of splitting the
vine robot into multiple components to reduce weight and size. This added some complexity
with extra ports and containers needed, but helped us reduce any single component’s weight
and size.

3 Theoretical Modeling

The internal pressure of the vine robot and the corresponding tension in the vine robot tail are
important operating parameters [11]. The required pressure is a function of the pipe geometry
and inspection requirements, and must be sufficient to prevent the buckling or crushing of the
robot body during both growth and retraction. This pressure governs both fan selection and the
structural design of the pressurized components. The tail tension governs actuator selection for
controlling robot length as the actuator must overcome tail tension to stop or retract the vine
robot.

Thus, having a robust model which predicts vine robot operating pressures and tail tensions for
various vine robot designs or path geometries is generally useful for design purposes. In particular,
the large diameter of the proposed robot makes iterative testing and experimental characterization
extremely difficult, increasing the importance of a robust modeling tool. The following discussion
presents an overview of the existing models for growth, retraction, and failure modes associated
with vine robots that were incorporated into our novel modeling.



3.1 Modeling Pressure and Tension in Growth

Figure 5: Free-body diagram of the robot tip.

Figure 5 shows a free-body diagram of the tip of a vine robot during growth. The existing analysis
for the growth and retraction of a vine robot is based on the empirical observation that the force
on the robot’s tail due to internal pressure P is %PA [12], where A is the cross-sectional area of
the robot. From the force balance, the condition for growth is

1
GPA>F, (1)

where F,. is the restraining force acting on the robot tip that opposes growth. Blumenschein et.
al. [13] show that this restraining force can be decomposed into the following constituent elements:

Fr:Eail"i_Fy"i_Fv"i_Ftip- (2)

F, is the yield force, not to be confused with elastic yield. This term is a material constant
and corresponds to the force needed to deform the material as it is everted through the tip. Fj;, is
a generalized constant term introduced to account for the forces imparted on the robot by the tip
mount assembly. This includes the additional friction resulting from the sliding of the tip mount
and, in vertical sections, the weight of the tip assembly. Lastly, F;, is a resistive force which increases
with vine robot velocity, possibly due to velocity dependent deformation during eversion:

Fy=(Co)ia 3)
¢

where ¢ and n are empirically determined material properties and v is the robot velocity.

The tail tension, T34 is caused by the tugging of the base-station on the tail and the friction
from the tail being dragged along the inside of the vine robot body. Three terms contribute to the
tail tension:

10



pel;

Tiair = MS’U)L + Z Ce i + Frase- (4)
7

The first term is simply the sliding friction of the tail against the body where w is weight per
length, L is the robot length, and p is the coefficient of friction. The second term, described in [9],
is known as capstan friction and is caused by the tail sliding against curves in the body due to
turns in the path. As above, u. is the coefficient of friction, C' is an empirical coefficient, L; is
the length of each turn, and r; is the radius of each turn. As the equation implies, the ratio % of
the curve makes an exponential contribution to the friction. Moreover, we note that the friction
contribution from consecutive turns compound. Lastly, Fp.se is the force exerted on the tail by the
base station.

(2) outlines the forces that the internal pressure needs to overcome to cause eversion at the tip.
Conversely, the tail tension can be controlled by varying Fp.s. to stop the robot from growing at a
given internal pressure.

3.2 Modeling Pressure and Tension in Retraction

Retraction can be induced in a vine robot by increasing the tail tension sufficiently. This is formal-
ized by Coad et. al. [12],

1
Tretract > §PA+F1+FU+thp (5)

where Fj, the inversion force, is the counter-part of the yield force F, and the remaining terms
are identical to (2). Tyetract, the necessary tail tension for retraction, is further decomposed into
the following terms:

el
Tretract = Fbase - MSU)L - Z Ce i .

(2

(6)

Which is a direct counterpart to (4). This equation implies that minimal retraction tension is
achieved by reducing the internal pressure. However, there is a lower limit on pressure if retraction
without buckling is desired.

3.3 Buckling

When presented with a compressive, axial load, vine robot bodies are susceptible to buckling. As
inflated beams, vine robot body stiffness comes from internal pressure, so the potential for buckling
is greater than that of a more traditional, rigid robot. For our task of pipe inspection, the possibility
of buckling must be considered in finding the minimum required pressure for growth and retraction.
Buckling can occur in the constrained or unconstrained sections of the inspection task if the axial
loads on the body become sufficiently large, or if a sufficiently large moment is imparted on the
body.

The effects of buckling are impacted by the robot body diameter, as a robot body that is the
same size as the pipe will have support from the pipe walls to resist buckling, while a smaller robot
has reduced stiffness and less support from the walls.

It is known from previous literature [9] that buckling in vine robots can be modeled similarly
to buckling in inflated beams, for which prior models have been validated. Principles from these
past models were adapted for our specific task to model the conditions under which the vine robot
may buckle during operation. Regardless of the mode of buckling, increasing the internal pressure

11
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Figure 6: Forces on vine robot body during operation.

of a vine robot or an inflated beam increases the stiffness of the body and improves resistance
to buckling. Modeling this allows us to approximate the minimum pressure required to grow or
retract without buckling. Three models will be presented for buckling. The first two are derived
for constrained and unconstrained sections of the pipe, where the diameter of the robot body is
less than that of the pipe. The third model presents crushing, a mode of buckling that can occur
when the pipe and robot body share the same diameter.

3.3.1 Constrained Buckling

For our operation, constrained buckling occurs while growing through any of the horizontal or
vertical sections, as the robot is constrained by the pipe wall. A diagram of this scenario and the
forces on the robot body are depicted in Figure 6.

As described in [14], inflated beams buckle when subjected to an axial force that exceeds a
critical value, which we denote F,,:

. EI™ (P + GrRt)
cr — B}

EIT; + P+ GrRt

(7)

E, I, and G represent the elastic modulus, second moment of area of the body, and shear modulus
respectively. P, L, R, and t represent the body pressure, length, radius, and body wall thickness
respectively. We sum the components of all the forces acting in the axial direction of the vine robot,
and set these equal to F, to define the critical buckling condition:

F.. <T,cosa+ N(cosf — psinf) + mgsin 6 4+ m,gsin(6) (8)

where T} is the tail tension, IV is the normal force from the pipe wall, 0 is the angle the robot forms
with the horizontal, m, is the mass of the robot body, m is the tip mount mass, « is the angle the

12



tail tension forms with the axial direction, and p is the coefficient of friction. If the inequality above
is satisfied, then buckling is predicted to occur. While this buckling is not necessarily completely
catastrophic, we designed to prevent this due to the complex analysis needed to determine whether
this buckling could be tolerated without critical failure.

3.3.2 Unconstrained Buckling

Unconstrained buckling can occur when the vine robot emerges from the 3 foot diameter pipe and
grows 3 feet vertically into the unconstrained section. A diagram of this scenario and the forces on
the robot body are depicted in Figure 6.

A similar approach to [9] was used, where a moment balance about the point of contact of the
vine robot body with the pipe was used to determine the conditions under which the robot will
buckle. Rather than a critical axial load that governs whether or not buckling occurs, we consider
a restorative moment from the vine robot body pressure that resists the tendency to buckle. This
restorative moment is given by PAR, for pressure P, cross-sectional area A, and radius R [12].
Considering the moment imparted by external forces, we find the buckling condition:

d d L d
PAR < mg(§ sin@ + L, cosf) + mvg(i sin @ + 7” cos ) + Ty(Ly sina + 5 cos @) 9)
where L, is the unconstrained body length and d is the body diameter. Buckling occurs when the
inequality above is satisfied.

3.3.3 Crushing

The third mode of buckling considered was crushing of the vine robot body along its central axis.
Unlike the previous modes of buckling presented, crushing is not defined by a measure of stiffness,
like F, in (7) or PAR. Instead, crushing occurs simply when the internal pressure of the vine robot
is insufficient to support the sum of external forces. The total force supporting the vine robot is
the product of pressure and the projected area, PA. If the external forces (including the robot
weight) surpass the crushing force, Fi s, the vine robot will be crushed by the weight.

Fcrush = PA (10)

3.4 MATLAB Implementation of Theoretical Model

The theoretical modeling was implemented for our targeted inspection task in MATLAB to gen-
erate projections of growth pressure and tail tension as functions of vine robot length. This was
accomplished by representing the pipe as discrete 0.1’ segments and computing the model’s output
at each segment. The model outputs include the required growth pressure, the required retraction
tension, and the required pressure to prevent buckling in both growth and retraction. The MAT-
LAB implementation was abstracted with respect to path and robot geometry, allowing the model
to be applied to a wide-range of inspection tasks. This MATLAB script can be found in Section
10.

While the model described above is mathematically simple, the interplay of the forces acting
on the tail and the body (see Figure 10) gives rise to several different regimes that needed to be
accounted for when implementing the model in MATLAB.

e As the robot starts growing in the horizontal section, the tip, the unspooled, inverted body,
and the ethernet cable are dragged in the horizontal section (Figure 10.1).

13
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Figure 7: Model predictions highlighting in-feasibility of growth and retraction using small-diameter
bodies.

e After the vine robot grows 81.5 feet into the pipe, the body is fully unspooled and the dragged
length of the unspooled body is progressively replaced by the tail which has a lower density
and coefficient of friction. The ethernet cable is still dragged in the horizontal section (Figure
10.2).

o After 120 feet, the tip enters the vertical section and the weight of the tip mount is added to
the tip mount friction. Additionally, the weight of the fraction of the unspooled body that
is suspended in the vertical section drags the robot down. However, the tail has not fully
replaced the inverted body in the horizontal section and a portion of the body contributes to
the sliding friction in the horizontal section (Figure 10.3).

e When the tip reaches 141.5 feet, the tail completely replaces the inverted body in the hori-
zontal section. This regime persists until the robot reaches the end of the trajectory (Figure
10.1).

An important outcome of the MATLAB model, informed by the testing in section 4.2, was
determining the optimal robot body diameter for the inspection task at hand. A small-diameter
body would be logistically favorable, but a body with a diameter equal to the pipe is stabilized by
the pipe wall and leverages friction with the wall to avoid buckling during growth and retraction.
Figure 7 highlights the model-predicted growth and retraction pressures for different diameters.
The empty sections display it is not possible for the robot to grow and retract without buckling at
any pressure based on our model. This result corroborated our empirical evidence and led to the
selection of a 36” diameter body.

Sample outputs of the MATLAB model for a 36” body are represented in Figure 8. We ob-
serve the change in the trends of required growth and retraction pressure corresponding to the
regimes described above. Additionally, note that the maximum operating pressure is estimated at
approximately 0.032psi and occurs during growth.

14
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Figure 8: Sample outputs of MATLAB model.
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Figure 10: Continued - illustration of the different operating regimes accounted for in the MATLAB
script.
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3.5 Failure Modes in Growth and Retraction

The required pressures and tensions generated by the models above can be compared to the failure
modes of the robot to determine an operational margin of safety. In particular, two modes of failure
are commonly encountered in vine robots:

e Tensile failure of the tail occurs when the tail tension supplied by (2) and (5) exceeds the
yield strength of the tail fabric. The safety factor for this mode of failure is simply

Oyield
SFtensile = 2 . (11)

e Burst pressure of the body is found by treating the body as a cylindrical pressure vessel
and finding the pressure that results in yielding.

Oyield
o _ yie 12
burst \/(01*02)2+(‘727J3)2+(03701)2 ( )
2
where :
Pr
=
Pr
0'2 = 27t.
o3 = —P

We note that r is the body radius, P is the body pressure, and t is body thickness. A similar
calculation is repeated for the base-station, which is treated as a spherical pressure vessel.

Oyield

SE = v
burst \/(01702)2+(02703)2+(03*U1)2 ( )
2
where :
Pr
O. — O' :7¢
1 27 9t
o3 = —P.

These failure modes were built into the MATLAB scripts to generate the safety factor plots
shown in Figure 11. The figures indicate large safety margins (safety factors > 30); this high
performance is enabled by a combination of the low required pressure and the high strength of the
selected materials. The failure points predicted by the model were empirically validated through
burst and tear testing.

3.6 Material Selection

The material the vine robot and tail are constructed from is critical to the performance of the vine
robot. First, the vine robot body must be made of an airtight material so the vine robot can be
pressurized. Second, the body and tail materials must be robust to external forces including hazards
in the environment, internal pressure, and burst pressure. Finally, practical considerations must be
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Figure 11: Sample safety factor plots generated by the MATLAB model.
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accounted for including ability to purchase and modify the material into the desired configuration.
Given our budget, we only considered materials which would cost less than a few thousand dollars
for the full vine robot. Additionally, for our specific task, external steering was not required so the
only manufacturability constraint was the ability to form flat sheets and tubes. Assuming these
conditions were met, secondary selection parameters included weight, compliance (to simplify the
sensor mount design), coefficient of friction, tensile strength, and seal strength. Based on these
initial constraints, we conducted broad research and tested three specific materials for the vine
robot body:

e PVC (polyvinyl chloride): Manufacturers of pvc bouncy houses and custom rafts were found,
which would allow the team to purchase a pre-made tube. This would save significant amounts
of manufacturing time versus other materials. PVC can be sealed with adhesives or heat sealed
by companies, forming a robust, strong tube. Our team ordered a sample section of tube,
but determined that for the desired robustness a PVC tube would be too heavy and stiff.

e Polyether TPU (Thermoplastic polyurethane): As a thermoplastic, TPU could easily heat
sealed by our team. TPU prototypes were found to be reasonably compliant, light, and low
friction. These prototypes were promising enough that intial characterization testing was
completed before comparing the results to silicone coated ripstop nylon.

e Silicone coated ripstop nylon: Ripstop nylon is nylon fabric with a reinforced thread pat-
tern to increase the strength of the fabric and prevent rips from propagating. The silicone
coating makes the fabric airtight, and also allows the fabric to be sealed with silicone ad-
hesive. However, sealing with silicone adhesive is a much more time intensive process than
heat sealing, and silicone coated fabric cannot be heat sealed. Silicone coated ripstop nylon
(colloquially known as ”silnylon”) is much lighter, more compliant, and has a lower coefficient
of friction than TPU as a trade-off. Our team decided that the weight savings, compliance
and lower friction of the silnylon outweighed the extra manufacturing time needed, and our
final characterization tests and design was completed with this fabric.

Even though silnylon was selected for our vine robot body material, the vine robot tail did not
need to be made from the same material because it does not need to be airtight. In order to save
weight and thickness (which affects storage volume), a spectrum of fabrics were tested. We decided
to use a flat sheet of fabric instead of string previously used in literature for the tail in order to
more easily spool the material into a smaller but wider roll as a wide roll was already needed for
the vine robot body. Fabric was tested due to its compliance and high specific tensile strength.
Tensile tests were conducted on the following fabrics and the results are displayed in Table 2. The
optimal fabric was determined to be 0.750z ripstop nylon.

4 Prototypes and Testing

Several prototypes were created and tested to validate design concepts and inform our final de-
sign decisions. Key testing was conducted on the preliminary base-station prototype, a robot
body prototype, and the final robot system. See Appendix E for SOPs used for prototype testing
procedures.

4.1 Base Station

Existing vine robot systems feature a base station that serves three primary functions:
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Fabric Weight [0z] | Thickness [mm)] | 12 in. yield tension [N]
0.5 oz Noseeum

Mesh (Black) 0.5 0.1 523.854
0.51 oz Dyneema

Composite Fabric | 0.51 0.04 1125.4032
(Gray)

0.56 oz Ripstop

Nylon (Orange) 0.56 0.01 557.9928
0.66 oz Taffeta

Nylon (Red) 0.66 0.02 1181.9088
0.67 oz Noseeum 0.67 0.9 253,008

Mesh (Black)
0.7 oz Ripstop
Nylon Mesh 0.7 0.08 1252.5408
(Dark Olive)
1.0 oz HyperD

(Black) 1.0 0.03 1711.6488
0.75 oz Ripstop 0.75 0.02 1462.0824
Nylon

Table 2: Test results for vine robot tail fabrics.

e Creates a sealed pressurized chamber around the body to enable pneumatic locomotion.
e Carries the body fabric on a spool for transport and ease of locomotion control.

e Serves as a hub for the electrical and pneumatic equipment associated with the robot.

Traditionally, the base station has been implemented as a rigid cylindrical pressure vessel closed-
off by two rubber end caps secured with hose clamps. The large scale of the robot developed in
this project renders the use of this rigid architecture impractical, particularly when considering
accessibility, weight, size, and ease of procurement. Therefore, we explored using a bag to seal the
base structure. Our first prototype aimed to examine the viability of this concept by fabricating a
mock-up of the base-station for a one-foot diameter robot body. Figure 12 shows the rendering of
the prototype design along with an image of the fabricated base-station.

The front rings shown in the rendering are responsible for sealing the robot body to the base-
station bag using a series of nuts and bolts. To facilitate this, the techniques detailed in Section
4.4 were used to manufacture adaptive patches from fabric that conformed to the geometry of the
sealing rings. The structures were fabricated by laser-cutting thin layers of plywood. Section 4.2
discusses the results of experiments that were conducted using this prototype, but two qualitative
observations are noted here; first, the proposed sealing concept proved to be effective in sustaining
the pressures associated with large-diameter (> 1ft diameter) vine robots. Second, the structure
suffered from poor rigidity which was addressed in future prototypes by using more rigorous struc-
tural analysis. Nonetheless, this prototype validated the viability of this alternative base station
architecture.
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Coad et al. (2020a)

(a) Example of conventional base-station (b) Rendering of prototype (¢) Image of the base-station
architecture. base-station design. prototype.

Figure 12: Base-station of the vine robot.
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1 15 2
| Strain (%)
(a) Test setup. (b) Sample stress-strain plot.

Figure 13: Yield stress testing.

4.2 Experimental Characterization

In addition to acting as a proof-of-concept, the base-station prototype was used to carry out the
characterization experiments needed to inform the models presented in Section 3 and guide our
final design.

4.2.1 Yield Strength Testing

FEmpirical stress-strain curves were constructed for the body and tail materials by clamping one end
of the fabric in a fixture and pulling on the other end with a load cell. This procedure was recorded
in video and load cell readings were correlated with the displacements to estimate the yield strength
of the materials. An image of this process along with sample results are presented in Figure 13. A
similar procedure was repeated to test the strength of the T-joint used in body fabrication. These
tests produced estimates of oy;eq = 6.27 £ 0.5MPa for the fabric and oy;eq = 5.01 £ 0.07MPa for
the joint.

4.2.2 Growth Testing

Figure 14 highlights the testing setup for growth, retraction and buckling testing with the first
prototype. The goal of growth testing was to determine the empirical constants u, Fy, ¢, and n in
(2) and (3) while varying body diameters. Testing was carried out by measuring internal pressure
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1) Growth Testing

Length

Pressure -
Deriving: yield force, linear friction, extensibility
2) Retraction Testing _

Retraction Pressure
Deriving: inversion force
2) Unconstrained Buckling Testing Unsupported m
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Pressure

Deriving: critical buckling pressure Angle '

Figure 14: Test setups for growth, retraction, and buckling testing.

using a pressure sensor and timing the growth of the robot at different lengths; the yield force was
obtained from the growth pressure required with no tail length (hence no friction effects). The
linear friction factor was obtained by subtracting the yield pressure (as described above) from the
required quasi-static growth pressure and comparing the resulting force to the weight of the tail.
The velocity-dependent parameters were found by repeating the experiment at several different
speeds and recording the required growth pressure, compensated for yield and linear friction, as a
function of velocity. The data points were then curve fitted using the curve fitting tool in MATLAB
to match the form of (3).

Sample results from growth testing are presented in Figure 15. As expected, a roughly con-
stant friction factor was obtained and the velocity-dependent parameters closely correspond to the
data presented in [13]. Interestingly, the yield force was shown to decrease with diameter, which
opposes previous findings. We note that the dominant contributing factor to the required growth
pressure was found to be linear friction. These results informed the MATLAB implementation of
the theoretical model. Furthermore, the consistency of the results with our anticipated behavior
validated the applicability of the existing modeling tools to large-diameter (< 1ft) robot bodies.

Lastly, these tests were augmented with a manual characterization of the capstan friction co-
efficient which was performed by pulling a piece of fabric around a corner with a load cell while a
mass was suspended from the fabric. The mass supplies a known tension at the start of the turn,
allowing us to determine the friction factor. We calculated a coefficient of p. = 0.35 & 0.02 which
was used in the MATLAB model.

4.2.3 Retraction Testing

Retraction testing was performed to find the inversion force, F;, from (5). The test consisted of
recording the tail tension Tj,;; with a load cell while monitoring the internal pressure. Figure 16
shows the outcome of these tests; as expected, the inversion force closely corresponds to the yield
force. This is because both terms describe the deformation of the material at the tip of the robot
during eversion and inversion. We remark that throughout the testing described for prototype one,
the spooling of the body fabric was done by manually tensioning the tail.
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Figure 15: Sample results from growth testing with the prototype.
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Figure 16: Inversion force as a function of body diameter.
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Figure 17: Comparison of theoretical and empirical buckling pressures.

4.2.4 Buckling Testing

The last set of tests with the first base-station aimed to validate our methods for modeling buckling
by characterizing the simplest case of buckling - unconstrained buckling as represented in Figure
14. This test was performed by lifting the robot body over a barrier with a tip mass and reducing
pressure until buckling was observed. Figure 17 compares the theoretical critical buckling pressure
to the observed buckling pressure. It can be seen that the linear trend holds regardless of the
selected body diameter. However, there is a permanent offset which, we hypothesize, was caused by
an incongruity in the effective cross-sectional area of the robot due to the extremely low buckling
pressures. These results were deemed to be a satisfactory validation of our modeling tools for
buckling.
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4.3 Tip Mount

Numerous tip mount prototypes at various levels of complexity were created to test different tip
mount designs. One of these prototypes is shown in Figure 18. The general requirement for a
tip mount is that an outer portion is needed to mount the sensors, while an inner portion is
needed to secure the outer portion to the vine robot body and mount communications equipment.
Additionally, the outer portion has generally been designed with a large covering known as an
umbrella so the vine robot body can propel the tip mount forward. Significant limitations found in
the tip mount prototypes have been excessive friction in the interlocking components, compounding
bulging in vine robot body, and excessive weight leading to sagging. Further prototype development
with testing of multiple new designs aims to rectify these issues. Though tip mounts exist for vine
robots, they have only been successfully designed for smaller diameter vine robots which operate
at much higher pressures and with much less fabric that must be everted. A successful tip mount
will greatly expand vine robot capabilities, but making one requires significant research to develop
a stable and robust design.

Figure 18: CAD render of a tip mount prototype.

4.4 Vine Robot Body

The vine robot body uses the silicone-coated 30 Denier Ripstop Nylon (Silnylon). This material was
chosen for its strength, air-tight coating, low coefficient of friction, and relative ease to bond using
adhesives. Bonding this fabric requires silicone epoxy. The vine robot body fabrication process is
as follows:

1. Cut 2 sheets of 60-inch wide Silnylon sheet to desired length (163 ft)
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Silnylon Fabric
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160 ft

2. Lay silicone epoxy along the length-wise edge of one sheet of Silnylon

\ Sil-Poxy adhesive

Note: Bonding was completed in 2 passes, we first laid down a series of silicone epoxy beads
(1 ft apart) to initially secure the two sheets together. We then deposited a continuous
line of epoxy along the edge for bonding

3. Lay the edge of the second sheet atop the silicone-epoxy-coated edge of the first sheet to form
a lap joint, apply pressure and wait for the adhesive to cure

\ Bonded Joint

Note: This procedure was done in segments of approximately 3 ft given the assemblers’
limited ability to manipulate large sheets of fabric and apply pressure over large distances

4. Fold the jointed sheet along the bonded edge and repeat steps 2 and 3 for the remaining 2
long edges to form a Silnylon fabric tube

Sil-Poxy Seal <

36 in

160 ft

This method for fabrication is straightforward and repeatable. Two 60-inch-wide Silnylon sheets
had to be bonded because suppliers do not offer 120-inch-wide spools of Silnylon. For large-scale
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Figure 19: Schematic breakdown of the sub-assemblies in the final design.

vine robot applications, silicone-based adhesives allow for the robust bonding of large sheets of
fabric to form the tubular shape of the robot body.

An 80-feet long prototype vine robot body was fabricated and inflated to test for leaks. By
closely examining the inflated body along the seams (both visually and acoustically), we discovered
no apparent leaks caused by the fabrication process. The success of this initial prototype led us to
use this fabrication prototype for the final iteration of the robot.

5 Final Design

The final design, informed by the prototyping and testing described above, features a 36” diameter
robot body that grows from a rigid base-station sealed with a compliant bag. The proposed robot
relies on a new tip mount design for carrying sensing equipment. Modular fan mechanism and
electronics assemblies support the operation of the base-station while adhering to the required
single-component size limits. The detailed design of each assembly, abstracted in Figure 19, is
presented in the following section.

5.1 Base Station v.2

The base-station consists of the baseplate, the spool-motor assembly, the intake assembly, and the
backplate assembly (Figure 19) It contains the majority of the rigid structural components of the
robot.

5.1.1 Spool-motor Assembly

In order to store and release the vine robot body, vine robot tail, and ethernet cable in an organized
manner, a spool-motor assembly was designed to reel both of these components, as shown in Figure
21. Both of these spools consist of rods supported by U-Channels, spool plates that constrain the
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Figure 20: SolidWorks rendering of the base-station along with an image of the finished assembly.

spooled material, and brackets that hold the U-Channels and provide stability. The rods are
attached to motors that actuate the spooling and unspooling processes. The fabric spool has an
additional clamp mechanism that clamps the fabric to the spool using shaft collars.

U-Channels were selected because of their convenience in fabrication as well as their rigidity.
Holes were machined along the U-Channels to attach bearing blocks. All machining work was
completed in-house using CNC equipment to meet the imposed tolerances on the critical features.
The U-Channels, in particular, were toleranced tightly due to the importance of avoiding eccentric
loading of the shafts.

The brackets are composed of 3D printed pieces and laser-cut, acrylic components. The 3D
printed pieces are L-shaped so that screws can be used to mount the brackets to both the base
plate and the vertical U-Channels. Acrylic triangles are also attached to improve the rigidity and
provide more support. These brackets allow for precise mounting of the U-Channels and provide
the strength required to hold the spools in place during operation.

The circular spool plates constrain the spooling of the fabric and ethernet cables so they spool
in an organized manner. These plates are constructed of solid aluminum plates glued to ribs that
add rigidity without unnecessary weight.

5.1.2 Motor Selection

In the most common vine robot architecture, a motor is responsible for the spooling and unspooling
of the robot body. A motor was also determined to be the optimal actuator based on its continuous
output and high power density. In our application, the existence of a secondary Ethernet-cable
spool necessitates the use of a second motor. The need for high-torque, medium-speed continuous
rotation makes DC motors a natural candidate for this task. Specifically, brush-less DC motors
were utilized due to their low cost and ease of controllability.

The motors were selected to match the torque, speed, and power requirements of the spool’s
in order to meet the 20-minute deployment benchmark. The tension acting on the spools was
estimated by our modeling in Section 3; The spool diameter was then empirically characterized
and extrapolated using an 80-ft test body. Knowing both the applied tension and the lever-arm of
the spool allows us to estimate all parameters of interest:
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Figure 21: SolidWorks rendering of the spool-motor assembly along with an image of the finished

prototype.

T = Ttail * T'spool
2-v

w =
Tspool

P = 717w

(14)

Note that linear velocity is multiplied by two because the tail velocity is double that of the
robot velocity [?]. Figure 22 highlights a numerical evaluation of the required performance metrics
for the motors. We observe that the torque required for the fabric spool motors is much larger
due to the substantial friction acting on the body. The motors presented in Table 3 meet these
requirements with a safety factor of 2 or more and were selected for the final prototype.

Supplier Rated Torque (Nm) | Speed (RPM) | Power (W) | Gear Ratio
ISL International (via Digikey) 32.5 10 33.5 500:1
Polulu 2.26 200 10 50:1

Table 3: Specification of chosen DC motors.
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Figure 22: MATLAB-generated motor requirements.

5.1.3 Bag Sealing Method

An airtight seal is necessary for the growth of the vine robot. The method of sealing that was
selected is a U-Channel clamp system. The edges of the baseplate are lined with rubber, a custom
vinyl bag is oriented to envelop the base station, and the U-Channels are pushed against the bag
and rubber strips. Finally, clamps between the U-Channels are engaged to squeeze them together
and press the vinyl bag into the base plate. This method offers a simple to adapt, off-the-shelf
solution to sealing that performs adequately. For ease of access, an airtight zipper was added to
the top of the vinyl bag.

Unclamped Clamped
T Bag —
———— Rubber ————E
— U-Channel —__|
" ‘\HHH""-..
o

Figure 23: Side View Visualization of Clamping Mechanism

5.1.4 Intake Plate Assembly

In order to seal the vine robot body to the base station while allowing for the fabric and Ethernet
to unspool through the interior of the vine robot, an intake plate was designed, shown in Figure
24. The intake plate assembly consists of rollers that guide the fabric and Ethernet cables to and
from their respective spools. Bearings for these rollers are held using 3D printed blocks. The intake
plate is also composed of two identical acrylic plates that screw together and clamp the robot body
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Figure 24: SolidWorks rendering of the intake plate assembly along with an image of the finished
prototype.

fabric and the base station bag together. This clamp creates an airtight interface between the robot
body and the base station bag.

5.1.5 Back-plate Assembly

The back-plate interfaces with both the electronic box and the fan mechanism. Two acrylic plates
clamp the bag onto mounting brackets bolted to the base plate (Figure 25).

Two Molex connectors and a 9-pin connector are secured in 3D printed holders and epoxied to
the inner acrylic plate. Vents from the fan mechanism interface with the backplate with a pair of
vent coupling.

5.1.6 Ethernet Cable Routing Assembly

As discussed previously, the Ethernet cable is spooled up on a separate reel that is located next to
the fabric spool. As a result, the cable needs to be rotated 90 degrees and re-routed laterally before
passing through the intake assembly. The Ethernet cable routing assembly, seen at the base of the
Ethernet spool in Figure 20 achieves this by guiding the cable through a series of ball bearings that
progressively change the orientation and lateral position of the cable.

The assembly consists of two 3D printed blocks that host 5 pairs of ball bearings. One bearing
from each pair is fitted with a guide structure that encapsulates the cable and ensures that the
cable only comes in contact with rolling elements. The shaft holding the bearing is press fit into
the 3D printed housing to eliminate fasteners and additional design complexity; this also allows the
bearings to be removed to insert the ethernet cable.

5.1.7 Baseplate

All of the base-station sub-assemblies described above are fixed to the baseplate which acts as an
anchoring feature. The plate is fabricated from 1/8” thick 6063 aluminum to achieve reasonable
stiffness without exceeding the imposed weight limit.
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Figure 25: SolidWorks rendering of the back-plate assembly along with the finished prototype.

5.1.8 Simulation-Based Optimization

The design of all of the structural components in the above sub-assemblies was aided by Finite El-
ement Analysis (FEA) simulations. Selected results from these simulations are presented in Figure
27. The solid-static simulations were set up in the following manner: for any given structural com-
ponent, the grounding feature was geometrically fixed, and a uniformly distributed load, obtained
from the theoretical model, was applied. The ultimate objective of these simulations was to study
two phenomena:

e Yield: The maximum stress in each component was compared to the yield strength of that
component. A safety factor larger than 2 was required for all structural components.

¢ Displacement: The maximum linear displacement in the components interfacing with the
shafts was limited to 1.0mm.

Both of these benchmarks were selected arbitrarily based on the engineering judgment of the
designers. It is important to keep in mind the approximate nature of the results of these simulations;
the loading and constraint conditions in the simulations are greatly simplified and bolted surfaces
were assumed to be bonded due to the use of several highly pre-tensioned bolts. Rather than
gaining an exact understanding of the failure condition, the goal of the simulation studies was to
obtain a rough estimate of the strength of the assemblies for preliminary proof of concept.

Lastly, the structural simulations were paired with hand calculations when necessary. Impor-
tantly, the strength of each shaft was assessed analytically due to their critical function, and the
hand calculations matched the maximum predicted stress, within 5% accuracy. Additionally, hand
calculations were performed to examine the fast fracture of the acrylic plates. These calculations
indicated that fast fracture would not occur before substantial yielding in the supporting structure.
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Figure 27: Sample results from FEA analysis on the critical structural components. The base of the
structures was geometrically fixed, and uniformly distributed loads obtained from the theoretical
model were applied to obtain these Von-Mises stress plots.
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5.2 Tip Mount v.3

To address the issues found in tip mount prototypes and tip mounts designed for smaller scale
vine robots, our final design incorporated two major improvements. First, previous designs used
discrete contacts between the internal and external carriages. This caused jamming to occur with
the increased tail material for our large vine robot body as the tail material would twist and be
unable to straighten out. The final design uses a continuous contact of a cone shaped inner carriage
and a ring on the outer carriage. This allows the tail to shift around the internal carriage cone as
necessary to stay symmetrical and prevents jamming. Second, a large, stiff umbrella at the front
of the tip mount prevents the vine robot from growing past the tip mount, and keeps the camera
centered on the vine robot. In testing, we found that too small of an umbrella would allow the vine
robot to simply grow around the tip mount especially when growing vertically. Additionally, if the
tip mount was allowed to sag, the tip mount would frequently jam.

In Figure 28, we see an image of the final tip mount design, while in Figure 29 we see a CAD
render of the final tip mount design with the umbrella and communications and sensor suites
labeled.

Figure 28: Image of the final tip mount design.

5.3 Fan Selection

In order to inflate the vine robot body through the entire pipe in a reasonable amount of time, a
fan with suitable specifications was sought. To find the maximum operating pressure and flow rate,
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Figure 29: CAD render of the final design with important components labeled.

the model described in Section 3 was used to find the maximum growth and retraction pressures
required to traverse the 160-foot-long pipe in 20 minutes.

In the most tortuous section of the pipe, as the vine robot grows at maximum speed, our model
indicates a maximum internal pressure of 0.035 psi. The required growth pressure along the pipe,
according to our model, is shown in Figure 8. Given the desired speed to grow 160 feet in 20
minutes, for a 3-foot diameter robot, the desired flow rate can be found to be 56.5 cfm (cubic feet
per minute): \

2
160 ft 7 (3 ft) _ 56.5fL_ (15)

Q_V'A_QOmin 4 min

The selected fan will also be used in the case of retraction, because the body pressure alone is
not sufficient to expel air at the desired flow rate. The desired rate of retraction is the same as
the desired rate of growth, so the flow rate is also 56.5 c¢fm. However, the operating pressure in
retraction is 0 psi because the air is moved from high pressure in the robot body to atmospheric
pressure.

For this application, centrifugal fans were the most optimal design, as they offered the correct
range of pressure and flow rate in a small form factor. The fan that was ultimately selected was the
Pelonis RB1881, shown in Figure 30. This figure also shows the operating curve, which indicates a
flow rate of approximately 100 cfm at our maximum pressure. This provides a safety factor of 1.8
over our desired flow rate of 56.5 cfm in growth, and a safety factor of 2.3 in retraction. Another
advantage of this fan is that it allows for PWM control of the rotational speed, which allows for
more fine-tuned control of the flow rate it provides.

5.3.1 Fan Intake Mechanism

Centrifugal fans cannot be run in reverse, so in order to use the selected fan in both growth and
retraction, an intake mechanism was designed to allow for switching the direction of flow. The
intake mechanism uses a servo motor and a 3-gear configuration to actuate doors that redirect
the flow depending on the operation of the vine robot. The design is shown in Figure 31. The
corrugated, flexible tubing that leads out of the fan box interfaces with the base station back plate,
and the two acrylic chambers have openings that allow for air to enter the inlet or to leave from
the outlet at atmospheric pressure. The actuated doors will either close or open the openings to
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Figure 30: Pelonis RB1881 centrifugal fan (left). Operating curve shows flow rate of approximately
100 cfm at 0.035 psi (24.6 mmAq) (right).

the environment, while simultaneously opening or closing the interfaces to the vine robot interior.
Switching the fan mode of operation is depicted in Figure 32.

3 gear configuration

Actuated doors

Figure 31: The fan intake mechanism relies on a 3-gear configuration, actuated by a servo motor
that rotates doors to redirect the flow of air in or out of the robot body.

. Base
Station

Base
Station

——

Figure 32: The fan will switch between the retraction (left) and growth (right) configurations via
the fan mechanism. Yellow lines indicate direction of airflow and red lines depict doors over the 2
acrylic chambers that redirect the direction of flow. Yellow lines of flow that pass under or over
each other indicate when the flow of air travels around one of the acrylic chambers and enters or
exits the intake mechanism.
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5.4 Electronics

In order to read sensor data and send commands to the actuators, an electronics control system was
designed. The microcontroller, communication system, and tip mount electronics will be outlined
in the following subsections.

5.4.1 Microcontroller

The electronics control system uses the Raspberry Pi Pico W (RPI Pico) to control all motors
and process sensor data. This controller is chosen based on its WiFi capabilities as well as ease
of use. The python implementation allows for real-time command line testing, which alternative
controllers, such as Arduino and ESP32, do not support given their C framework.

5.4.2 Tip Mount Electronics

In order to inspect the pipe during operation in real-time, Bechtel requires the robot tip camera to
have clear visuals at low latency. We determined that a resolution of 1080p and a lag below 500
ms are adequate for our applications.

The camera system at the tip consists of a USB webcam that connects to a Linux microcomputer
(Orange Pi Zero 2). The microcomputer will connect to WiFi and run the virtualhere software to
broadcast USB signals across the local network. The USB webcam is a standard 1080p 60 fps
webcam. The Orange Pi Zero 2 was chosen based on its compact size and processing power to
handle wireless broadcasting of the USB signal from the webcam. This system operates with an
average latency of 200 ms.

Internal Tip Mount

\

External Tip Mount

Vine Robot Body
User Computer

Microcomputer

I
Tip Router
Ethernet Cable WiFi

Base WiFi Router

Figure 33: Robot tip communication schematic. Internal and external tip mount components are
separated by the vine robot body so we employed a wired-wireless hybrid approach to transmitting
video data from the tip

5.4.3 Communications

A WiFi router at the base station hosts a local wireless network through which the user can
communicate with the RPI Pico and send commands. The network is also extended to the tip of
the robot through a spool of Ethernet cable and an extender router mounted on the interior of the

39



tip mount. This method satisfies Bechtel’s requirement for using a primarily wired connection from
the base to the camera at the tip.

The core constraint of our system comes from how the inner and outer tip mount components
are separated by the robot body fabric. As the robot grows, the fabric would slide past the tip
mount, meaning that we cannot pass a wired connection directly from the tip camera back to the
base-station.

The high-level communication scheme (Figure. 33) mixes both wired and wireless connections
to overcome the imposed constraints. A wireless camera at the tip will connect to the network of
the WiFi router (serving as a signal repeater) at the tip, which extends the network from the base
WiF1i router using an Ethernet cable.

5.4.4 Tip Localization and Position Sensing

A custom linear encoder was developed for monitoring and controlling the position of the robot tip
in the pipe. The Ethernet cable connecting the base-station to the tip mount was guided through
a set of roller bearings before leaving the base-station. This guiding feature allowed us to localize
the tip position by striping the ethernet cable and sensing the changes in the cable color using
an infrared (IR) reflectance sensor. The striping pattern was selected to enable a 5” positional
resolution, which was confirmed experimentally.

5.5 Software

In order to use the vine robot for inspection, a user interface (UI) was created for the user to
conveniently view the sensor readings and the live camera feed. In addition, this interface allows
the user to send wireless command signals to the various actuators on the vine robot to control its
operation.

5.5.1 User Interface for Diagnostics

In order to test the various actuators and sensors that interface with the Raspberry Pi, the Ul
shown in Figure 34 was designed. This version of the Ul allows the user to control the fabric spool
(motor 1), ethernet spool (motor 2), brake mechanism, fan rotational speed, and the fan intake
servo motors. For these components, sliders were used to allow for intuitive control over the PWM
(pulse width modulation) signals for motor speed commands. Value entry elements were added
to also allow the user to specify exact PWM or voltage commands. Live readings of the pressure
sensor and the feed from the camera are displayed continuously once the buttons to begin streaming
them are pressed.

The interface was designed using Python and the PyQT module. Python was selected for this
application because of our integration of the sensors with Raspberry Pi and for ease of use. The
PyQT package was selected because of its performance in relaying the live camera feed and for its
library of convenient Ul elements.

5.5.2 User Interface for End User

For the end user, we intend to design a user interface similar to the one designed for diagnostics
testing, but to abstract the low-level controls into higher-level commands. This user interface would
allow the end user to have simple controls to change the direction of growth /retraction and speed of
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Collect Reading Stop Pressure Reading

Start Video Stop Press start to stream video

Figure 34: Screenshot of Ul for diagnostics testing.

the tip. The user interface will take these commands and from them, determine the appropriate set-
points for the relevant motors and for the fan. Feedback from the pressure sensor and localization
will be used to close the loop on this system and simplify the interface for the end user.

5.5.3 Control Flow

In order to design the user interface for the end user, a preliminary control approach has been
outlined in Figure 35. This approach uses PID (proportional, integral, and derivative) control for
both the fan and the motor PWM signals. The pressure sensor and the localization velocity sensor
close the loop for control of the fan and motor respectively, allowing the system to meet the desired
reference pressure (modeled in Section 3) and velocities. The fan and motors are controlled by
separate controllers and feedback loops, but connect in the ” Tip Eversion” block to show that both
have an impact on the tip velocity of the robot.
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Figure 36: Base station with supporting subassemblies (left). Vine robot body grown to full length
of 110 feet during testing at UCSB (right).

Plant :
Modeled + - i ——— ;
L 0 o . . " .
Reference Controller > Fan > o ossurization »{ Tip Eversion ——o° Tip Velocity
Pressure | :
- A H
Pressure Sensor [«
Plant
User Input * PID o| Spool Unspoolin
Tip Velocity Controller " 71 Motor pocling
Localization |_

Velocity Sensor

Figure 35: Control scheme for controlling fan and spool motors using feedback from sensors.

5.6 Final Product

The various sub-systems discussed above were combined to create the final version of the robot,
show in Figure 36. Prior to on-site testing at Bechtel Corporation, preliminary testing was carried
out on-campus to validate the functionality of the robot and the successful integration of its sub-
systems.

6 Testing and Validation

6.1 Test Site

The testing site for this project corresponds to ”"Task 1”7 outlined by Bechtel Corporation. Task
1 consists of the inspection of a 160 ft. pipe with a 90-degree turn and a 40 ft. vertical section.
Testing and validation performed was conducted using the standard operating procedures outlined
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in Appendix E.

..........................

3
Increased /
diameter Long
vertical
section
90 degree 40
long-radius
Access Point elbow

Figure 37: Bechtel Task 1.

In order to validate the functionality of the vine robot system, the base station assembly was
shipped to Bechtel’s headquarters in Houston, where Bechtel constructed a pipe for our testing
purposes. The pipe was similar in geometry to that shown in Figure 37, except the horizontal
section was only 60 feet, and the vertical section was only 20 feet.

The goals of testing in Houston were to demonstrate full vine robot body growth through the
pipe (no tip mount), tip mount camera functionality, sensor data collection capabilities, and full
growth through the pipe with tip mount and sensors attached.

6.2 Test Results

The first test that was conducted was full vine robot body growth through the pipe. The base
station was placed at the entrance to the pipe and the body was inflated through the pipe. By
keeping the internal body pressure greater than 0.02 psi gauge pressure, the body was kept from
buckling through the vertical and unconstrained sections of the pipe, as shown in Figure 38.

Next, the tip mount with the camera was attached and grown through the pipe. The user
interface was connected to the sensors and camera through the Wi-Fi network as outlined in Sections
5.4 and 5.5. A screenshot of the user interface and the demonstration for Bechtel engineers is shown
in Figure 39.

6.3 Takeaways from On-Site Testing

The target specifications outlined by Bechtel were satisfied, as outlined in Table 4. In addition, the
Bechtel engineers that watched the demonstration were impressed by the capabilities of watching
the live camera feed throughout operation. While the sensor suite and tip mount camera were
successfully demonstrated, the tip mount was not able to traverse the 90 degree elbow and the
vine robot was not able to enter the vertical section with the tip mount attached. From testing,
it was determined that failure occurred in the umbrella section of the tip mount, where increasing
the pressure in the vine robot body crushed the carbon fiber rods in the tip mount. For future
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Figure 38: Vine robot body growth through the full pipe system without buckling was demon-
strated.

iterations of the tip mount, increasing stiffness in the tip mount rods may work to ensure that the
rods are able to push the vine robot around the elbow.

Qualitative Quantitative Our Result
Wired Communications ) Yes
Physically Tethered
Reasonably Quick 20 minutes to traverse entire pipe length 15.7 minutes
Transportable At least one dimension <36” Max. Dim. : 317
No single component >50 lb Max. Weight: 49 1b.

Table 4: Design specifications given by Bechtel were satisfied by our design.

Record/Reset | Write Out Data Low-level Controls/Diagnostics Emergency Stop
Power Supply PWM Percentage
Update stop FabricMotor 56%

Update stop Ethernet Motor

4[5
3% s 5
Update Stop FanPWM —_— 1000% 4[5

SetPoint Stop Intake Servo. Odeg

Calibrate Stop + Reset  Abs: 14.73063 psi Gauge: 0.02163 psi Atm Pressure:
Stop UttraSonic: 9.5 cm Fab Cur: 313A Eth Cur: 91.7 mA
Locakization: 46 ft Fabtorque: 508 Ncm  Eth torque: 2.7 Nem
End Control | Set Poln:0.02 002 cro0s (008

Fab Motor Control End Control SetPoint =3

Figure 39: The user interface (left) was demonstrated for Bechtel engineers (right), with real-time
sensor readouts and a live camera feed.
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6.4 Future Steps and Improvements

While full-system functionality was demonstrated, several improvements can be made to the robot
to expand it’s capabilities. The modification suggested to the tip mount will address the failure
encountered in testing. However, the logistic and technical difficulties of deploying the 36” body
robot were enough to motivate a closer investigation of the viability of using modified thin-bodied
robots for pipe inspection. One proposed scheme is admitting some transverse buckling as long as it
does not inhibit continued growth, though this modification will result in substantial complications
in retraction.

Finally, steering needs to be implemented for tasks that require additional mobility. Existing
steering methods have been exclusively designed for small, lab-scale robots. We anticipate that cre-
ating scalable, robust steering mechanisms will be an appreciable challenge, requiring modifications
to the robot body fabrication and base station design.
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7 Appendix A - Systems-Level Drawings
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8 Appendix B - Sub-System Level Drawings
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9 Appendix C - Detailed Drawings

Drawings of 3D printed and laser-cut parts are omitted since these manufacturing processes do not
require an engineering drawing and are carried out directly based on the 3D models.
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10 Appendix D - MATLAB Scripts
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Calculate the minimum pressure required to
grow through pipe system

close all; clc; clear;
run('data input.m');

$¥8tage 1l: talil and ethefnet dragged in the horizental sectioh [0 = Bl.5ft)
S1D = linspace(0,Ls, (Ls*10)+1); %Define the length vector [n ft = 10n + 1
element]
$Find the tension in the body [N]
S1T = f factor silnylon.*S1D + tip mount friction +
base friction silnylon + f yield + f v;
$Find the tension in the ethernet cable [N]
S1Te = f factor ethernet.*S1D + base friction e;

$Stage 2: tail shortening and replaced by spectra, ethernet dragged in the
%$horizontal section [81.5 - 120ft]

S2D = linspace(Ls,Lt, ((Lt-Ls)*10)+1); %Define the length vector [n ft = 10n +
1 element]

$Find the tension in the body [N]

S2T = f factor silnylon.*(Ls-(S2D-Ls)) + 2.*f factor spectra.*(S2D-Ls)...

+ tip mount friction + base friction silnylon + f yield + £ v;

%$Find the tension in the ethernet cable [N]

S2Te = f factor ethernet.*S2D + base friction e;

$Stage 3: entering vertical section with tail shortening and replaced by
$spectra, ethernet draging im the horizontal section [120ft - 141.5ft]
S3D = linspace(Lt,Lv, ((Lv-Lt)*10)+1); %$Define the length vector [n ft = 10n +
1 element]
$Find the horizontal tension in the body [N]
S3T = £ factor silnylon.* ((L-Lt)-2.*(S3D-Lt)) + 2.*f factor spectra.*(S3D-Ls);
S3Te = f factor ethernet.*Lt;
$Account for Capstan friction at the turn
S3T = S3T.*exp((mu_capstan.*pi)./2);
S3Te = S3Te.*exp((mu_capstan.*pi)./2);
$Find the vertical tension in the body [N]
S3T = S3T + w_per 1.*(S3D-Lt) + tip weight +
base friction silnylon + f yield + f v;
S3Te = S3Te + w_ethernet_per_l.*(S3D—Lt) + base_friction_e;

$8tage 4r wvertical section secticn after the snd of horizontal tail,
% ethernet dragging im the horizental section [141.5ft — 163 ft]

S4D = linspace(Lv,L, ((L-Lv)*10)+1); %$Define the length vector [n ft = 10n + 1
element]

$Find the horizontal tension in the body [N]

S4T = f factor spectra.*Lt;

S4Te = f factor ethernet.*Lt;

$Account for Capstan friction at the turn

S4T = S4T.*exp((mu_capstan.*pi)./2);

S4Te = S4Te.*exp((mu_capstan.*pi)./2);

$Find the vertical tension in the body [N]
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S4T = S4T + w_per 1.* ((L-Lv)-(S4D-Lv)) + tip_weight +
base friction silnylon + f yield + £ v;
S4Te = S4Te + w_ethernet per 1.*(S4D-Lt) + base friction e;

%Combine stages to obtain growth tension requirements
growth min T = [S1T S2T S3T S4T];

growth min Te = [S1Te S2Te S3Te S4Tel;

pipe length = [S1D S2D S3D S4D];

%Combine stages to obtain growth pressure requirements
P grow min = 2* (growth min T+growth min Te)./A; %[Pa]
P grow min psi = P _grow min./6894.76; %[psi]

$5afety Factors with respect to burst and yield
pressure_sf = max pressure pa./P_grow min; %[ND]
tensile sf = max_silnylon_tensile./growth_min_T; % [ND]
1w = 1.5; %Plot line width

% %Plots

% %$Figure 1: Tail Tension

% figure;

% plot(pipe_ length,growth min T,pipe length,growth min Te, 'LineWidth', lw);
% ylabel ('Tail Tension (N)');

% xlabel ('Distance Along Pipe (ft)');

% legend('Body', 'Cable', 'location', 'best');

% title('Tail Tension in Growth'):;

% set(gca,"FontSize",20)

¥ primt ("—dpog" , "-c3007,"E£igl")

& BFigure 2: Min Pressiure to Grow

% figure;

% plot(pipe_length,P grow min psi, 'LineWidth', 1lw);
% ylabel (“Pressure to grew (psi) )}

% xlabel ('Distance Along Pipe (ft)'):;

% title('Required Growth Pressure');

% set (gca,"FontSize",20)

% %$Figure 3: Tensile Strength Safety Factors

% figure;

% plot (pipe_ length,tensile sf, 'LineWidth', 1lw);
B xlimi(] 50 1:50.]") 7

% ylabel ('Tail Tensile Stress Safety Factor');
% xlabel ('Distance Along Pipe (ft)');

¥ title("safety Eactor fer Tensile Tail Failure™)s
% Het(gea,"FontSize",20)

% %Figure 4: Burst Pressure Safety Factors

% figure;

% plot(pipe_ length,pressure sf, 'LineWidth', 1w);
% Rlami([50. 1501 ;

% ylabel ('Burst Pressure Safety Factor'):;

% xlabel ('Distance Along Pipe (ft)');

% title('Safety Factor for Burst Pressure');

% set(gca,"FontSize",20)
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Calculate the minimum pressure to grow with-
out buckling

close all; cle; clear;
run('data input.m');
run ('growth pressure.m');

%$Constrained growth
Pl = zeros(l, (hv/2)./0.1); %Allocate storage for first half of the pipe
p2 = Pl;

3: entering vertical section with tail shortening and replaced by

ra, ethernet draging in the horizontal section [120ft - 141.5ft]
Lt:0.1:Lt+(hv/2) %Loop through growth heights
linspace (Lt,h, ((h-Lt)*10)+1); %Define the length wvector [n ft = 10n +

P1(i) = max ((tip weight + flip(S3Dv-Lt).* (w per 1) + (h-Lt).*(w per 1)...
)./ (0.5.%A + (mu wall.*pi.*D.*(flip (S3Dv-Lt).*0.3048))));

i = i+1;
end

age 4: vertical section section after the end of horizontal tail,
% ethernet dragging in the horizontal section [141.5ft - 163 ft]

i

H

1:
or h = Lt+ (hv/2):0.1:L
54Dv = linspace (Lt,h, ({(h-Lt)*10)+1); %Define the length vector [n ft = 10n +
element]
P2 (i) = max((tip_weight + (L-h).*(w_per 1) +
flip(S4DV—Lt).*(w_per_l))./(O.5.*A + (mu_wall.*pi.*D.*(flip (S4Dv-
Lt) .*0.3048)))):
i = 1i+1;
end

%Unconstrained growth
P3 = zeros(1,30); %Rllocate storage
hu = linspace(0,3,30); %Linear space for body size
1 = hu.*0.3048; %Body length [m]
alpha = atan(0.5*D./(1lthv_m}); %Find angle of tail
r = D./2; %Body radius
W = hu.*w_per 1; %Body mass [kqg]
T t = growth min T(160*10+1:160*10+30);
$Moment balance equations:
P3 1 = ( tip_welight.*(D.*0.5) + body w.*(D.*0.3) + )
T t.*(l.*sin(alpha)+D.*0.5.*cos (alpha)) )./ (RFE)
F axial = T_t.*cos(alpha)+tip_weight+body w; %*Axial Force [N]
P3 2 = P3_1.*A; %Crushing force is equal to pressure force [N]

%Pick the larger value between crushing and transwvers buckling
for i = 1:30
if P3 2(i)>F axial(i)
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P3(i) = P3 _1(i):; %[Pa]
else
P3(i) = P3 2(i)./A; %[Pa]
end
end

%Combine results

P = [Pl P2 P3];

P psi = P./6894.76;

5Dv = linspace (Lt,L,length(P));

%$Plots

$Figure 5: wvertical growth

figure;

plot (SDv, P_psi, 'LineWidth"', 1w},

ylabel ('Minimum Required Pressure (psi)'):
xlabel('Distance Along Pipe (ft)'):

title ('Pressure Required for Growth Without Buckling'):

of o ol ol ol o ol

Published with MATLAB® R2022b
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Calculate the minimum pressure to retract
without buckling

close all; cle; clear;
run('data input.m');
run ('gron

h pressure.m');
run ('growth_without buckling')

$Constrained retraction

Plr = zeros(1,1600)+(2.*(f_yield + tip_mount_friction))./A; %$Pressure requi

to invert without buckling

$Unconstrained retraction

ch = 0; %Counter for unconstrained region
P2r = zeros(1,30); %Rllocate storage
for hu = 0:0.1:3 %Loop through heights

1l = hu.*0.3048; % ly length [m]

ch = ch + 1; %Update counter
alpha = atan(0.5*D/ (1+hv m)); %Find angle of tail
p_test = linspace(0,300000,100000); %Setup test pressures and forces
p force = p test.*A;
r = D./2; %Body radius
body w = hu.*w_per 1; ly mass [kg]
T t = (0.5.*p force +f yieldt+tip mount friction)./cos(alpha);
%$Moment balance egquations:
LHS = p_test*A*r;
RHS = tip_weight.*(D.*0.5) + body w.*(D.*0.5) +
T t.*(l*sin(alpha)+D*0.5*cos (alpha));

F axial = T_t*cos(alpha)+tip weight+body w; %Axial Force [N]
CF = p_force; %Crushing force is equal to pressure force [N]

%Find Values of pressure that don't cause crushing or axial buckling
P2r (ch) = min(p test(CF»=F axial & LH3>=RHS));
if isempty (P2r(ch))
P2r (ch) = 0;
end
end

FCombine results

Pr = [Plr P2r]:

Pr psi = Pr./6894.76;

5Dr = linspace(Lt,L,length(Pr))

% %Plots

% %Figure 5: vertical retraction

% figure;

% plot(SDr, Pr_psi, 'LineWidth',1lw);

% yvlabel('Retraction Pressure (psi)'):

% xlabel('Distance Alcong Pipe (ft)'):

% title ('Required Retraction Pressure');

% set(gca,"FontSize", 20)

66



Calculate the torque and speed required from
the motor

close all; cle; clear;

run('data input.m');

run ('growth pressure.m'};

run ('growth without buckling'};

run ('retraction_without buckling'):

$Estimate diameter of fabric spool
length = linspace (0, (L.*0.3048),length(growth min T)); %Length of spool [m]
pf = 2.906; %Packing factor

of the pull string [m]

string thickness = 4.064e-5; %Thickness
the shaft [m]

r_shaft = 0.004; %Minimum radius of
d shaft = 2.*r_shaft;

r in = sgrt( ((2).*string thickness.*length(end)) ./ (pi) + (r shaft."2) );
%Shaft radius [m]

spocl length = 0.3048; %Length of spool [m]

r out = sqgrt( ((D.*length.*pf.*thickness) ./...
(spool length)) + (r_in."2) );

spocl diameter = 2.*r out; %Diameter of spool [m]

$Estimate motor requirements

tau = flip(growth min T).*r out; %Torgue [Nm]
] 5

omega = (2.*v)./r out; %Sp [rad/s]
speed = omega.*9.549297; % ] PM]
power = tau.*omega; %Power [W]

tEstimate safety factor for shaft w/r to yield
%Von mises stress [Pa]
vield strength = 689; %Yield strength of steel [MPa]
beam length = 0.6096; %$Length of the beam [m]
%0btained from McMaster
sigma = (4.*growth min T.*beam length)./(pi.*(d shaft.”3))...
+ sgrt( ((l6.*tau)./(pi.*(d shaft.”3)))."2 +...
((4.*growth_min_T.*beam_length)./(pi.*(d_shaft.AB)).”2) )z
sigma max = max (sigma) ./ (10.76); SMaximum Von mises stress [MPa]
N shaft = yield strength./sigma max; %Safety factor
% %$Figure 7
% figure;
% plot(length,tau, 'LineWidth', 1w) ;
% hold on;

Mctor torque, speed, and power requirements

% plot(length, speed, 'LineWidth', lw) ;

% hold on:

% plot(length,power, 'LineWidth', lw) ;

% hold on:

% xlabel('Length of Spooled Material (m)');

% ylabel('Torque [Nm], Speed [rpm], Power [W]');
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11 Appendix E - Standard Operating Procedures
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Safe Operating Procedure:
Vine Robot Testing Operation

Author: Vedad Bassari, William Heap, Steven Man, Steven Nguyen, Rajveer Oberoi
Department: Mechanical Engineering

Building/Room: Engineering Il Room 2234

Date Approved: 5/5/2023

Approved by: Signature:

1. Description

This SOP describes the procedure for growing and retracting a large diameter vine robot while collecting
data on the operational parameters of the robot. The base station is comprised of various electronic and
mechanical components: motors, pneumatic valves, fans, shafts, bearings, and vine robot material. The
base station is pressurized and the robot grows through eversion. Multiple subsystems including
pneumatics, electronics, and mechanical assemblies work in conjunction to support the operation of the
robot. The robot body is soft and fabricated from silicon-coated Nylon. Data is collected using integrated
electronics systems and a human operator with measuring equipment.

1of3



— SOP:Vine Robot Inflation—

2. Hazards Overview

® Burst Hazard
0 The bag surrounding the base station holds the air pressure required to support eversion.
0 To prevent bursting of the pressurized bag, stop operation by unpowering the robot if
pressure exceeds the maximum operating pressure (0.04psi).
0 Wear safety glasses to protect eyes from projectiles in case of burst.

0 The base station includes high voltage electronics.
0 Ensure that all loose wires are properly secured, and don’t access the electronics box
when power supply is plugged in.
0 The high voltage electronics box should remain closed when plugged in. If wiring needs
to be modified ENSURE that the box isn’t plugged into power.
® Fingers can get caught in rotating shaft/bearings
0 Keep hands away from the shaft when in operation.
0 When opening the base station bag to collect radius measurements, ensure motor spools
have completely stopped.
e Potentially High Motor Speeds
0 Powerful motors can cause components to break away and cause bodily harm. Maintain
distance from the base station during use, and wear safety goggles.

3. Required Personal Protective Equipment (PPE)

Safety Goggles
Closed Toed Shoes

Pants

4. Waste Disposal

Vine Robot Inflation does not produce waste in most cases. In the rare case of component failure,
dispose of broken components in the nearest trash/recycle bin.

5. Accident and Spill Procedure

® Minor cuts can be addressed using the Band-Aid station located above the sink.
e Seek medical help in the event of significant cuts/injury: Call 911. Notify the lab manager.

The lab manager must be notified in the event of any significant injury. A significant injury is any injury
that cannot be addressed by the contents of the room’s Band-Aid station.

The lab manager must be notified in the event of a large spill, i.e., greater than 5 gallons, or a spill of
any hazardous waste.

6. EQuipment

® Tip Mount Assembly
® Base Station Assembly
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— SOP:Vine Robot Inflation—

Vine Robot Fabric

Fan Subassembly

Electronics Box and Power Supply
Caliper

7. Approvals Required

Permission of the capstone advisor is required only before the initial run of the procedure.

8. Procedure

1. Setup/Start/Pre-run:
a. Follow the base station and tip mount operating procedures for setting up the robot.

b. Ensure all electronics systems are operating as expected by growing, stopping, and
retracting the robot.

2. Process/Run:

a. Following the base station operational guide, the base station operator regulates the
growth and retraction of the body according to commands from the inspector.

b. Asthe vine robot grows or retracts, the base station operator stops the vine robot by
stopping the motor and fabric spools using the electronics user interface.

c. Asecond operator unzips the base station, and uses a caliper to measure the radius
of the fabric around the spool.

d. The second operator removes the caliper, and closes the base station.

e. The base station operator then records the operational pressure and tension at the
given vine robot length.

f.  This process is repeated until the full length of the vine robot is reached.
3. Post-Run/Shut-down/Clean-up:
a. Re-Spool the dispensed Syl-Nylon.

b. Unplug and decouple fan mechanism and electronics ASM from the base station.
Reference the tip mount and base station SOPs for complete disassembly.
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Safe Operating Procedure:
Vine Robot Internal Operation

Author: Vedad Bassari, William Heap, Steven Man, Steven Nguyen, Rajveer Oberoi
Department: Mechanical Engineering

Building/Room: Engineering Il Room 2234

Date Approved: 3/2/2023

Approved by: Signature:

1. Description

This SOP describes the procedure for growing and retracting a large diameter vine robot that originates
from a base station while an inspector is sealed inside the robot body for visual inspection of robot
operation. The base station is comprised of various electronic and mechanical components: motors,
pneumatic valves, fans, shafts, bearings, and vine robot material. The base station is pressurized and the
robot grows through eversion. Multiple subsystems including pneumatics, electronics, and mechanical
assemblies work in conjunction to support the operation of the robot. The robot body is soft and
fabricated from silicon-coated Nylon.
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— SOP:Vine Robot Inflation—

2. Hazards Overview

® Inspector Entrapment
0 While the inspector is inside the robot, there is no emergency exit from the soft body.
0 A second user will accompany the inspector while staying outside the robot body.
0 If the inspector, for any reason, needs to exit the body, they will tear the body with
scissors or shears.
0 The accompanying personnel also will carry a cutting tool to tear the nylon body to
allow the inspector to escape if needed.
® Burst Hazard
0 The bag surrounding the base station holds the air pressure required to support eversion.
0 To prevent bursting of the pressurized bag, stop operation by unpowering the robot if
pressure exceeds the maximum operating pressure (0.04psi).
0 Wear safety glasses to protect eyes from projectiles in case of burst.

0 The base station includes high voltage electronics.
0 Ensure that all loose wires are properly secured, and don’t access the electronics box
when power supply is plugged in.
0 The high voltage electronics box should remain closed when plugged in. If wiring needs
to be modified ENSURE that the box isn’t plugged into power.
® Fingers can get caught in rotating shaft/bearings
0 Keep hands away from the shaft when in operation.
e Potentially High Motor Speeds
0 Powerful motors can cause components to break away and cause bodily harm. Maintain
distance from the base station during use, and wear safety goggles.

3. Required Personal Protective Equipment (PPE)

Safety Goggles
Closed Toed Shoes

Pants

4. Waste Disposal

Vine Robot Inflation does not produce waste in most cases. In the rare case of component failure,
dispose of broken components in the nearest trash/recycle bin.

5. Accident and Spill Procedure

® Minor cuts can be addressed using the Band-Aid station located above the sink.
e Seek medical help in the event of significant cuts/injury: Call 911. Notify the lab manager.

The lab manager must be notified in the event of any significant injury. A significant injury is any injury
that cannot be addressed by the contents of the room’s Band-Aid station.

20of3

Approver’s initials:



— SOP:Vine Robot Inflation—

The lab manager must be notified in the event of a large spill, i.e., greater than 5 gallons, or a spill of
any hazardous waste.

6. EQuipment

Scissors/shears

Tip Mount Assembly

Base Station Assembly

Vine Robot Fabric

Fan Subassembly

Electronics Box and Power Supply

7. Approvals Required

Permission of the capstone advisor is required only before the initial run of the procedure.

8. Procedure

1. Setup/Start/Pre-run:
a. Follow the base station and tip mount operating procedures for setting up the robot.

b. After the robot has been grown 10-15 ft, the inspector enters the robot’s proximal
end and crawls to the tip mount.

c. The accompanying user will at this point seal the robot body to the base-station
using the intake plate or harnesses.

2. Process/Run:

a. Following the base station operational guide, the base station operator regulates the
growth and retraction of the body according to commands from the inspector.

b. The inspector, inside the robot body, visually inspects the tip mount operation and
communicates with the accompanying user (outside the robot) and the basestation
operator.

c. The accompanying user monitors the inspector and rips the body open if asked to do
so, enabling the inspector to exit the robot.

3. Post-Run/Shut-down/Clean-up:
a. Re-Spool the dispensed Syl-Nylon.

b. Unplug and decouple fan mechanism and electronics ASM from the base station.
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Safe Operating Procedure:
Vine Robot Base Station Operation

Author: Vedad Bassari, William Heap, Steven Man, Steven Nguyen, Rajveer Oberoi
Department: Mechanical Engineering

Building/Room: Engineering Il Room 2234

Date Approved: 3/2/2023

Approved by: Signature:

1. Description

This SOP describes the procedure for growing and retracting a large diameter vine robot that originates
from a base station. The base station is comprised of various electronic and mechanical components:
motors, pneumatic valves, fans, shafts, bearings, and vine robot material. The base station is pressurized
and the robot grows through eversion. Multiple subsystems including pneumatics, electronics, and
mechanical assemblies work in conjunction to support the operation of the robot.
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— SOP:Vine Robot Inflation—

2. Hazards Overview

® Burst Hazard
0 The bag surrounding the base station holds the air pressure required to support eversion.
0 To prevent bursting of the pressurized bag, stop operation by unpowering the robot if
pressure exceeds the maximum operating pressure (0.04psi).
0 Wear safety glasses to protect eyes from projectiles in case of burst.
® Choke Hazard
0 While unlikely, the lengthy syl-nylon can pose a choking/suffocation hazard.
0 Exercise care, and always keep airways unobstructed

0 The base station includes high voltage electronics.
0 Ensure that all loose wires are properly secured, and don’t access the electronics box
when power supply is plugged in.
0 The high voltage electronics box should remain closed when plugged in. If wiring needs
to be modified ENSURE that the box isn’t plugged into power.
® Fingers can get caught in rotating shaft
0 Keep hands away from the shaft when in operation.
e Potentially High Motor Speeds
0 Powerful motors can cause components to break away and cause bodily harm. Maintain
distance from the base station during use, and wear safety goggles.

3. Required Personal Protective Equipment (PPE)

Safety Goggles
Closed Toed Shoes

Pants

4. Waste Disposal

Vine Robot Inflation does not produce waste in most cases. In the rare case of component failure,
dispose of broken components in the nearest trash/recycle bin.

5. Accident and Spill Procedure

® Minor cuts can be addressed using the Band-Aid station located above the sink.
e Seek medical help in the event of significant cuts/injury: Call 911. Notify the lab manager.

The lab manager must be notified in the event of any significant injury. A significant injury is any injury
that cannot be addressed by the contents of the room’s Band-Aid station.

The lab manager must be notified in the event of a large spill, i.e., greater than 5 gallons, or a spill of
any hazardous waste.
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— SOP:Vine Robot Inflation—

6. EQuipment

Base Station Assembly

Vine Robot Fabric

Fan Subassembly

Electronics Box and Power Supply

7. Approvals Required

Permission of the capstone advisor is required only before the initial run of the procedure.

8. Procedure

1. Setup/Start/Pre-run:

a.

b.

Spool Syl-Nylon vine robot body onto the large spool of the motor spool ASM.

Simultaneously clamp both the syl-nylon robot body and the base station bag in
between the 2 acrylic plates of the intake ASM.

Now, clamp the base station between the two acrylic plates of the backplate ASM:
be sure to orient the bag such that its holes align with the acrylic cutouts.

Plug in the 4 cables originating from the Electronics Box into the back plate ASM.

Obtain 2 pipe connectors, and fasten them such that they connect the base station
to the fan mechanism.

Take 4 U-Channels and attach them to the sides of the base station, be sure to
sandwich the bag in between the baseplate and the U-Channels. Engage the clamps.

Ensure there are no loose cables originating from the electronics box, close the
cover, and plug it into a wall outlet. Do not open the box while it is connected to
power.

2. Process/Run:

a.

Utilize the Wi-Fi based user interface to control motor and fan output. Motor 1
corresponds to the fabric spool, and Motor 2 to the ethernet.

Configure settings to rotate the motor 1 on 40% power and motor 2 at 10% speed.
Use the fan PWM toggle to control airflow into the base station.
Lastly, adjust the servo toggle to 70 for growth and 0 for retraction.

Be sure to slowly adjust motor settings as this can be quite jumpy. Play around with
Ul to ensure that ethernet, vine body, and fan flow are all in sync.

3. Post-Run/Shut-down/Clean-up:

a.
b.

C.

Re-Spool the dispensed Syl-Nylon.
Unplug and decouple fan mechanism and electronics ASM from the base station.

Disengage the U-Channel clamps.
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1. Description

This SOP describes the procedure for growing and retracting a large diameter vine robot with a tip or
sensor mount. The tip mount is used to mount sensors or actuators to the tip of the vine robot and
consists of mechanical components (inter-locking roller bearings, frame) and the electronics it is
intended to carry at the tip. The tip mount SOP is augmented by the base station operating SOP, which
details the operating procedure of the robot’s electronic and pneumatic equipment.
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— SOP:Vine Robot Inflation—

2. Hazards Overview

® High Speed Rotating/Moving components
0 The roller bearings on the tip mount rotate at potentially high speeds during operation.
O Before operation, check to ensure that hardware mounting points are functional.
0 Wear safety glasses to protect eyes from projectiles in case of failure.

® Choke Hazard
0 While unlikely, the small components of the tip mount assembly may be a choking

hazard.

0 Exercise care, and always keep airways unobstructed.

® fingers can get caught in rotating bearings
0 Keep hands away from the tip mount mechanism when in operation.

® [ong Structural Components
0 The tip mount is constructed of a long carbon fiber rod that could pose a hazard.
0 Exercise caution when handling the tip mount and carriage outside of the body.

3. Required Personal Protective Equipment (PPE)

Safety Goggles
Closed Toed Shoes

Pants

4. Waste Disposal

Vine Robot Inflation does not produce waste in most cases. In the rare case of component failure,
dispose of broken components in the nearest trash/recycle bin.

5. Accident and Spill Procedure

® Minor cuts can be addressed using the Band-Aid station located above the sink.
e Seek medical help in the event of significant cuts/injury: Call 911. Notify the lab manager.

The lab manager must be notified in the event of any significant injury. A significant injury is any injury
that cannot be addressed by the contents of the room’s Band-Aid station.

The lab manager must be notified in the event of a large spill, i.e., greater than 5 gallons, or a spill of
any hazardous waste.
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— SOP:Vine Robot Inflation—

6. EQuipment

Tip Mount Assembly

Base Station Assembly

Vine Robot Fabric

Fan Subassembly

Electronics Box and Power Supply

7. Approvals Required

Permission of the capstone advisor is required only before the initial run of the procedure.

8. Procedure

1. Setup/Start/Pre-run:

a. Grow the robot body (based on the base station SOP) until 10-15 ft of free body is
available for adding the tip mount assembly.

b. Add the tip mount to the robot by pulling the fabric through the interlocking
bearings.

c. Continue pulling the body through the tip until the tip mount starts passing the
fabric smoothly and in a uniform fashion.

2. Process/Run:
a. Operate the robot as normally done based on the base station SOP.

b. Periodically conduct a visual inspection of the tip mount assembly to check for the
following issues:

i. Bulging/non-uniform version of robot body.
ii. Twisting or severe deformation of the fabric being everted from the body.
iii. Severe tilting of the tip mount in one direction.

c. If any of the above issues are observed, stop growing or retracting the robot. Try to
manually pull 5-10 ft of fabric through the tip mount. If poor performance persists,
stop testing and inspect the tip mount out of the body.

3. Post-Run/Shut-down/Clean-up:
a. Retract the robot body until 10-15 ft of body remain everted.

b. Invert the setup stage by manually pulling the fabric through the interlocking
bearings until the tip mount is removed from the body.
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