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Abstract

This thesis describes the early development of 3D printed resistive length sensors
to measure bending movement in soft endoscope. The sensors are printed using
fused deposition modeling (FDM) 3D printer with multi-material printing ability.
Conductive and non-conductive thermoplastic polyurethane (TPU) are used as the
materials of the sensors. The sensors are embedded inside the soft endoscope module
during the fabrication of the module.

Vertical module elongation test is done to characterize the resistance change caused
by the elongation of the sensors inside the module. Di erent elongation between
the chambers results in bending movement. The bending and orientation angle of
the module are converted from the length of each sensor using constant curvature
kinematics. The data calculated from the length sensors are compared to electro-
magnetic tracker to validate the usability of the sensors.

The results show that the approach of using 3D printed resistive length sensors to
measure bending movement is not the best approach. The non-linearity of the mate-
rial and its rate dependant hysteresis are big problems in length sensors. Embedding
the sensors, although it helps to utilize unused space inside the module, is a ecting
the strain perceived by the sensors. The measured strain by the sensors is not only
the desired elongation but also strain caused by chambers in ation.
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Chapter 1
INTRODUCTION

1.1 BACKGROUND

Soft robotics is a growing eld of research about using compliant materials to im-
plement robotic systems [11]. The implementation is often inspired by nature and
might give a solution to a problem that cannot be addressed by a conventional
robot built from rigid bodies. One possible application of soft robotics is in the
medical eld. The compliance characteristic is advantageous to minimize the risk of
damaging human body tissues. In this research, the application is soft endoscope.

An endoscope is a tube-shaped optical device used to look inside the human body.
This device is usually used to visually examine human internal organs or assist in
surgery. The endoscope in this research is made from a bio-compatible material (sil-
icone elastomer) and actuated by giving air pressure into the pneumatic chambers
[17]. The endoscope consists of several endoscope modules. These endoscope mod-
ules are able to bend separately to achieve a speci ¢c shape. The bending motion of
the endoscope module is the main interest in this research.

Figure 1.1: Soft endoscope with four modules connected together [15].
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One of the major problems of the soft robotics is to gauge its position to be able to
control its motion [1]. A sensor is needed to enable a closed-loop control resulting
in controllable behavior. The sensor can be an external or an internal sensor. An
external sensor is a sensor that needs additional external device to capture the
intended data (e.g. camera, magnetic sensor). An internal sensor is a sensor placed
inside the robot and can provide the intended data without additional external
device. Taking into consideration that the soft endoscope is going inside the human
body and might use magnetic resonance imaging (MRI) as a complementary device,
it is in our best interest to build an internal sensor. Embedding the sensor directly
into the endoscope module is more bene cial because it does not require line of
sight, does not add to the size of the module, and it utilizes unused space inside the
module.

As a conventional sensor may not be a good t for controlling the soft endoscope
module; therefore, a customizable sensor is needed. A conventional sensor tends to
have a standard shape that may not be able to be used together with the endoscope
module. A customizable sensor can be made using 3D printing method [31]. This
method is a form of rapid prototyping. There are many fabrication methods and
materials for 3D printing. The most common used method in 3D printing is fused
deposition modeling (FDM). FDM works by extruding a lament layer-by-layer to
make a solid structure. The development and fabrication of the sensor can be done
faster and cheaper than a conventional sensor. Another bene t of 3D printing is that

it allows for the creation of speci ¢ geometric shape to meet the system requirements.

Considering the fact that the sensor is going to be embedded inside the soft endo-
scope module, it is bene cial to also use exible materials. A lament made from
thermoplastic polyurethane (TPU) has elastic properties. There is a type of TPU
that contains graphitized carbon Il to make it conductive. The commercial name
for this conductive TPU lament is ETPU [29]. The conductivity and exibility of
ETPU bene ts sensor fabrication in soft robotics application. Printing the sensor
also allows further development if in the future it is already possible to print the
whole endoscope. Currently, all soft robotics implementations and their sensors are
made separately and later assembled together. A 3D-printed sensor might still be
relevant from this point forward, seeing that multi-material 3D printing is on the
rise.

1.2 RESEARCH PURPOSE

The main research question is \How to utilize FDM 3D printing methods to develop
a bending sensor for feedback in soft endoscope application?".

The purpose of this research can be derived from the research question. Itis to make
a sensor that is able to measure both bending angle and orientation of the endoscope
module using FDM 3D printing especially with ETPU as its main material.



Chapter 1. INTRODUCTION

1.3 RELATED WORKS

The research on the endoscope module was initially started by Wildan Gifari [17].
However, the speci c endoscope module that was used in this research is based on
the latest iteration by Jornt Lageveen [15]. Itis a STIFF-FLOP surgical manipulator
with three circle chambers without inner sheeting. The module is discussed further
in the next chapter.

Some previous internal sensor implementations in the soft robotics can be classi ed
into three big groups: strain gauge, Hall sensor, and optoelectronic [28]. A strain
gauge is a type of sensor that changes its resistance or capacitance depending on
the applied force. Its application varies from using ionic liquid [20], conductive ber
[27], and conductive lament [10]. The second possible implementation is the Hall
sensor. Hall sensors measure the magnitude of magnetic eld. The usual practice to
implement this is by placing the sensor on one end of the bending module and placing
the magnet on the opposite end [16]. As the module bends, the distance between the
magnet and the sensor also changes, hence the measured magnetic eld also changes
[18]. The third option is optoelectronic. Optoelectronic is the implementation of
electronic device to modulate light [32]. An optical ber is used to propagate light,

a photodiode is used to measure the intensity on the other side of the light source.
The light intensity varies due to attenuation caused by the optical ber bending,
this phenomenon is used as the basic principle of this kind of sensor. All of these
sensors are feasible solutions to Il the sensing part in the soft endoscope module
and going to be discussed further in the next chapter regarding their capabilities to
ful Il the system requirements.

The methods mentioned above are for the general soft robotics. One previous work
to speci cally measure bending and orientation angle of a STIFF-FLOP module was
done by using ber-optics [23]. The aim of the mentioned work is to characterize
the main parameters of the ber-optics as stretch sensors and then to integrate the
stretch sensors into the STIFF-FLOP module for pose measurement. This previous
work is the basis of this research.

1.4 REPORT OUTLINE

This report is presented in seven chapters. The rst chapter is a brief introduction

to the background and purpose of the research. The second chapter is the analysis
of the requirements. The third chapter discusses the sensor design followed by the
fabrication of the sensors and the assembly process with the endoscope module in
the fourth chapter. In the fth chapter, the detailed experiment setup to evaluate

the sensor is discussed. The experiment results are presented and further discussed
in the sixth chapter. The last chapter are the conclusions of the current research
and possible recommendations for the next research.

10



Chapter 2
ANALYSIS

2.1 STIFF-FLOP MODULE

As mentioned before, the module that was used in this research is a STIFF-FLOP
module. STIFF-FLOP is an abbreviation of STIFF ness controllableFlexible and

L earn-able manipulator for surgicalOP erations. There are three pneumatic cham-
bers inside the module and it has a hollow part at the center of each module for
transport of surgical and optical devices. The pressure makes the pneumatic cham-
ber elongates and di erent elongation between the chambers results in bending [17].
The dimension of the STIFF-FLOP module in this research is shown in Figure 2.2.

Figure 2.1: The expansion of the chamber resulting in the bending motion of the
STIFF-FLOP module [17].

11
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Figure 2.2: The drawing with dimension of the STIFF-FLOP module in this research
(in mm).

2.2 REQUIREMENTS

This section explains the details of the expected requirements of the bending sensor
in this research. According to [21], there are three basic requirements for sensing
part in soft robotics:

" The sensor should be compliant enough; therefore, it does not a ect the prop-
erties of the soft endoscope module.

" The sensor should have enough durability as one of its characteristics, hence
it is able to withstand many deformation (stretch) cycles.

" The sensor should not damage the soft parts of the system.

The design of the sensor, as a part of the whole system, should also consider other
elements it interacts with (e.g. available space, elasticity of the module). This
causes some limitations to emerge. Using these limitations, the requirements of the
sensor can be further de ned as: application requirements, actuator requirements,
and sensor requirements.

APPLICATION REQUIREMENTS

The application requirements consider the dimension of the whole system and how
the whole system is going to work. As stated in Chapter 1, the soft endoscope

12
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consists of multiple modules that can bend independently. Each module has three
pneumatic chambers as the actuators and hollow center part for other devices. Tak-
ing into account all of the mentioned system characteristics, the application require-

ments are:

A

The sensor can at least measure 3 DOF.

There are three chambers that can be activated separately, hence at least
there are three bending directions in the 3D space. The bending direction
includes the amount of bending angle and also the bending orientation of the
module. Combination of two or more activated chamber might result in other
bending directions [17]. The sensor should also be able to capture these three
directions.

Sensor development in multi modules setting.

In this research, the sensor is only applied in one endoscope module but in the
future the modules are going to be controlled together. Hence, the method to
measure the bending should also take this further development into account.

The sensor can be embedded into the module.

As mentioned before in Chapter 1, an embedded sensor is more favorable for
this application. The endoscope is going inside the human body, consequently
a big sensor or sensor requiring line of sight will not be ideal. The sensor

should be simple enough to be installed and used. Its implementation should

not make the usage of the endoscope more complicated.

The sensor setup does not interfere with the hollow center part of

the module.

An embedded sensor should consider the available space inside the module and
also the shape of the module. The hollow center part of the module is going to
be lled with other optical and medical devices, thus leaving it empty is one

of the requirements of the sensor setup. The setup of the sensor should not
only leave the center part empty but also not interfere with the movement of
the center part. Therefore, the dimension of the sensor should not exceed the
remaining space of the module.

The electrical connection of the sensor should use as few as wires as
possible.

The remaining space inside the module is pretty small and more wires inside
the module means a lot more wires in multi modules setting. Although the
soft endoscope is still in its early development, it is important to consider
the electrical connection early because it is going to add up with increasing
amount of endoscope segments. The wiring should not hinder the movement
of the endoscope module.

ACTUATOR REQUIREMENTS

The next requirement type is actuator requirements. Actuator requirements are
some sensor characteristic that need to be ful lled in regard to its implementation
e ect to the characteristic of the pneumatic chamber of the soft endoscope. The
requirements are closely related to how the actuators behave:

13
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" The sensor should not signi cantly reduce the amount of bending.
The sensor implementation inside the soft endoscope module has high possibil-
ity to change the compliance of the module. It might add more sti ness to the
module. Sti er modules have the potential to bend less. The implementation
of the sensor should also not deter the actuation method using air pressure.
The target is to see no more than 50% bending reduction.

The sensor should not signi cantly change the amount of pressure

needed to bend the endoscope module.

The shape of the sensor or the means to measure the bending might a ect the
amount of pressure going inside the pneumatic chamber. There is a limit to
amount of pressure that can be withstood by the module, hence it is necessary
to consider the e ect of the sensor to the pressure inside the actuator. The
maximum amount of pressure that can be withstood by the STIFF-FLOP
module is 0.55 bar. The target in this research is to be able to reach at least
0.4 bar where the change of bending angle is still pretty signi cant [15].

SENSOR REQUIREMENTS

The last one is the sensor requirements themselves. The sensor requirements are
some sensing and manufacturing parameters that are needed to be satis ed by the
sensor:

" The sensor should have been able to be made using 3D printer.
One of the main focuses in this research is 3D printing method and its capa-
bility of faster prototyping and manufacturing. It is best if the whole part of
the sensor can be manufactured using 3D printing method. The preferred 3D
printing method in this research is FDM with ETPU as the main material.

The sensor should have acceptable resolution and error.

Resolution is the smallest change the sensor can detect. Referring to [17], a
slight change (increment of 0.05 bar) to the applied pressure results in 5 degrees
to 20 degrees change of bending angle depending on the current bending angle.
A sensor that is able to measure 5 degrees change is presumably good enough.
The maximum error of bending angle on [23] is 13%. Referring to this, the
target for maximum error in this research is no more than 20%.

The sensor should only sensitive to the bending movement. Seeing
the environment where the sensor is going to be used, there might be some
e ect from outside the system. The sensor must have some resistance to the
environment e ect, such as temperature from the human body or magnetic
eld from the MRI machine.

All of the requirements can be summarized and prioritized using MoSCoW method.
This method is a form of prioritization to focus the most important requirements
rst.

14
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Table 2.1: Priority of the requirements with MoSCoW method.

- Can be made using 3D printer.

- Can measure 3 DOF.

- Not signi cantly reduce the amount of bending.
S (Should-haves) - Acceptable resolution and error.

- Can be embedded.

- Multi modules setting.

Co (Could-haves) - Not signi cantly change the amount of pressure
- Not interfere with the hollow center part.

- Use as few as wires as possible.

- Only sensitive to the bending.

Mo (Must-haves)

W (Won't - or Would-haves)

2.3 SENSOR SELECTION

This section describes the choice of the sensor type. One of the purposes of this
research is to build a sensor using 3D printing method; therefore, this is going to be
the rst consideration to choose what kind of sensor is going to be implemented.

Using thermoplastic with magnetic ller particles, a polymer bonded permanent
magnet can be fabricated. It is also achievable to make di erent shapes of magnet
to generate a speci ¢ stray eld [12]. As stated before, the solution to measure the
bending using magnet and Hall sensor is by placing the magnet at one end of the
elastomer and placing the Hall sensor at the opposite end. When the elastomer
bends, the magnetic ux will change. The previous implementation [16] [18] still
used a commercial Hall sensor IC and magnet. Using 3D printer to manufacture
magnet and Hall sensor is an interesting idea; however, this solution has con icting
things with the requirements. The rst limitation is the incompatibility of the
solution with the future application. The soft endoscope is going to be used with
MRI machine, thus using magnet as a sensor is not possible. The second limitation is
the material, the most common used material to manufacture a 3D-printed magnet
is NdFeB and this material is outside the scope of this research. There is still no
working 3D-printed Hall sensor [4], thus this solution still requires a commercial
Hall sensor.

15
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Figure 2.3: The bending model between the magnet and the Hall sensor [16].

Manufacturing optical element using 3D printer is already achievable. Light pipe is
one of the possibilities [19] [30]. It is a structure that has the ability to transmit
light in a similar manner to optical ber, the light is re ecting as it travels the pipe.
This is still an early implementation and the light transmission is limited by the pipe
length and curvature. Beside the aforementioned limitations, the material used to
make the light pipe is a rigid material named VeroClear. It is not desirable to embed
rigid material inside the soft endoscope module. Consequently, the optoelectronic
solution still requires commercial ber-optics to be implemented.

Figure 2.4: The illustration of how to measure curvature using light intensity [32].

A strain gauge is a type of sensor that has often been made using 3D printing
method [3] [7] [10]. This kind of sensor can be made wholly using a 3D printer;
thus, it ts the purpose of this research to utilize FDM method and conductive
lament to manufacture a sensor. Compared to the other two solutions, a strain
gauge can be made using elastic lament and is able to work inside magnetic eld
to some extent.

16
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Figure 2.5: A 3D printed exible strain sensor [10].

There are two types of strain gauge, resistive and capacitive. Both of them can
be manufactured using 3D printing method. The resistive strain gauge can be
made only from the conductive lament. On the other hand, the capacitive strain
gauge needs another elastic lament as a dielectric material. There is no conclusive
document that states which one is better between the capacitive and the resistive
strain gauge. According to [25], the resistive type has higher gauge factor that
translates to better strain detection. It is easier and faster to be manufactured.
On the other hand, the capacitive sensor has better linearity and repeatability.
However, the performance of a 3D-printed sensor is heavily a ected by the materials,
geometry, and printing direction. One advantage of the resistive strain gauge is
the straightforward measurement. It is typically simpler to implement resistance
measurement in a mechatronic system.

The module is bending because of the di erent elongation between the chambers.
Based on how the module operates, the most straightforward solution to measure 3
DOF bending is by assembling at least three parallel strain gauges to measure each
chamber elongation [23]. The combination of the sensors results in 3D sensing of
the module, both bending angle () and orientation ( ). The design approach of
the sensor can be seen below.

Figure 2.6: The design approach of the sensor.

17
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Figure 2.7: An illustration of how three parallel strain gauges measuring each cham-
ber elongation.

2.4 CONCLUSION

The system requirements are introduced and prioritized. The sensors should be
compliant, have enough durability, should not damage the soft parts of the system,
can be made entirely using 3D printer, and can measure 3 DOF. The type of sensor
that meets the top priorities of these requirements is strain gauge. The other two
types of sensor, Hall sensor and optoelectronic, still need commercial components
and cannot be fully printed. There are two types of strain gauge, resistive and
capacitive. Resistive strain gauge is selected because of the more straightforward
measurement.

The bending movement of the module is the result of di erent elongation between
the chambers, therefore; the bending movement can also be measured by measuring
each chamber elongation. The most direct approach is by assembling three parallel
strain gauges to measure each chamber elongation. After the selection of the type
of the sensor, the design approach is introduced. The kinematics model is the
model that explains how the bending and orientation angle are connected to the
length of the sensor. The resistance model de nes how the length change of the
sensor a ecting its resistance. The electrical model demonstrates how to measure
the resistance change as a voltage change. These models are explained further in
the next chapter.

18
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DESIGN

3.1 SENSOR PLACEMENT

As mentioned in Chapter 2, the chosen measurement approach is by using three
parallel strain gauges to measure the bending and orientation angle. This section
discusses several ideas about where to place the sensors. There are three main ideas:

AROUND THE CHAMBERS

The general idea of this sensor placement is to improve the sensing ability of the
sensor by placing it directly around the moving element, the chambers. The added
value of this idea is also to help restricting the radial expansion of the chamber while
improving the longitudinal expansion. The strain gauge shape idea for this kind of
placement is a spiral. This placement idea and the spiral shape of the strain gauge
were already tried to be implemented however the result was not satisfying. It was
pretty hard to achieve a spiral shape with the currently available FDM printer. By
placing the sensors around the chambers, the sensor were not embedded well inside
the silicone module. The implementation can be seen on Appendix A.

Figure 3.1: lllustration of sensors placement around the chamber (cross section
view).

BETWEEN THE CHAMBERS

The purpose of this idea is to utilize unused space between the chambers. The sensor
is not directly measuring the chamber elongation as the rstidea. The sensors might

19



Chapter 3. DESIGN

be slipping inside the silicone module while it moves because of di erent material
surface roughness; therefore, the shape of the sensors must support better grip on
the silicone.

Figure 3.2: lllustration of sensors placement between the chambers (cross section
view).

OUTSIDE THE MODULE

By placing the sensors outside the module, the direct measurement of the chamber
elongation becomes possible again. It can be placed on the silicone module using
adhesive or on the outer sheeting of the module. However, the sensors need to be
very thin to be able to stick on the silicone module. The sensor produced using
currently available FDM printer cannot withstand many stretch cycle if it is too
thin. As for the placement on the outer sheeting, it was pretty hard to design a
shape that can be stuck on the surface of the sheeting.

Figure 3.3: lllustration of sensors placement outside the module (cross section view).

Using currently available method, placing the sensors between the chambers is the
most feasible solution. The rst idea was already tried but the result was not good
enough as stated above. The third idea was failed during the sensor fabrication
process; therefore, it was not necessary to continue to module fabrication to see
that the third idea is also not good enough.
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3.2 SENSOR SHAPE DESIGN

A usual strain gauge has active grid section. Active grid section is where the strain
gauge is sensitive to its length change [26]. Because the sensors should be able
to measure the chamber elongation, the active grid section on the printed sensors
should be parallel to the elongation direction of the chambers.

Figure 3.4:. Sketch of commercial strain gauge [26].

As indicated earlier, the shape of the strain gauge needs to improve its grip on the
silicone. The strain gauge will not be able to sense the elongation if it slips inside
the silicone module because it will stay in its position while the silicone module
elongates. A simple shape modi cation on the linear active grid section might help
with the grip. A wavy shape on the active grid section is proposed to have "rougher”
surface and bigger contact area between the sensor and the silicone. The proposed
design is presented in Figure 3.5

Figure 3.5: Proposed design of the sensor.
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A commercial strain gauge usually has more than one zigzag cycle of the conductive
material. However, due to limited space between the chambers and printer resolu-
tion, only one zigzag cycle is able to be made on the sensor. The top end of the
sensor also has bigger area with sharp corner to help the sensor to hook the sensor
with the silicone module. The component and exact dimension of the sensor are
presented in the next chapter.

3.3 KINEMATICS MODEL

The kinematics model of this endoscope adopts the constant curvature continuum
robots modeling. This model provides the means to measure bending and orientation
angle by knowing the arc length of the robot [13]. The arc length of the robot in this
experiment is measured by the length of the printed strain gauges. This kinematics
model has an assumption that no external forces applied to the module and the
module bends only because of the pressure inside the chambers.

The arc length (S) is the length combination of the three strain gaugess(; s,; Sz).
The bending orientation () is the module orientation in o-xy plane xed on the
base of the module. The bending angle ) is the angle between the base and the
top of the module. Constant curvature model assumes that the module bends with
constant radius ofr. According to [13] [24] the bending angle and orientation can
be calculated as follows

P
_ 2 si+s3+ S5 S1S;  S1S3 oS3 (3.1)
3d '

P 3(s2+ Sz 2sy)
3(s2  s3)

tan (

) (3.2)

whered in the equation is the distance between the central axis of the module and
the parallel strain gauges.

22



Chapter 3. DESIGN

(b)
(@)

Figure 3.6: (a) Three dimensional parameters of the module [23]. (b) Cross section
view indicating the position of sensors and actuators.

3.4 RESISTANCE MODEL

The non-linear properties of ETPU makes it really hard to model how this material
performs as a strain gauge. The model is separated into three parts, the basic strain
gauge model, the resistivity change model, and the stress-strain relation of TPU
model.

3.4.1 BASIC STRAIN GAUGE MODEL

The electrical resistance of a wire depends on its resistivity X length (L), and
cross section areaX). The resistivity is the material property. The length and
cross section area are geometric properties.

R = (3.3)

The change of the resistance (R) can be written as a partial derivative formula.

R R R
R= — L+ — A+ — 3.4
3 A (3.4)
L L
= L — A+-— .
A A? A (35)

Using 3.3 and 3.5, the relative resistance change;{t) can be written as follows
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= + (3.6)

=(1+2VvV)"+ — (3.7)

wherev is Poisson's ratio and' is the strain. The reasonable assumption of Poisson's
ratio for TPU material is around 0.48 to 0.5 [22].

3.4.2 RESISTIVITY CHANGE MODEL

The sensor material in this research is thermoplastic polyurethane imbued with
carbon black. Carbon black is a semiconductor that can improve the electrical
conductivity of a base material [8]. As the implementation of the sensor in this
experiment was not exposed to drastic temperature change, the resistivity change
model in this chapter only assumes resistivity change caused by geometric change.
A conductor has a band structure that describes the energy states that an electron
is allowed or restricted to be in [6]. There are two bands that a ected conductivity,
valence band and conduction band. Conductor conductivity depends on its capacity
to ow electrons from valence band to conduction band. The energy level gap
between valence band and conduction band can be a ected by strain. According to
[2], the resistivity change is related to piezoresistive coe cient of the material ()
and contact stress (), the formula is as follows

= (3.8)
= E" (3.9)

whereE is the Young's modulus.

Combining 3.7 and 3.9, the relative resistance change formula is as follows

?R:(1+2v+ E )" (3.10)

3.4.3 STRESS-STRAIN RELATION OF TPU MODEL

The silicone module can be considered as a rod made from elastic material. Accord-
ing to Hooke's law, this can be viewed as a linear spring. The length change of the
module (elongation) can be calculated as follows
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_ FLo

L= A€

(3.11)

whereF is the combined force from the pressure inside the three chambdrg,is the
initial length, ACis the cross section area of the silicone part of the module (module
cross section area minus area of three chambers), aBdis the Young's modulus,
and the nal length can be calculated ad. = Lo+ L. Assuming that the sensor
elongates together with the silicone module, the length change of the module directly
a ects the length change of the sensor. According to constant curvature model [13],
the length of the module is simply the average length of the three sensors.

S1+ S+ S3
3

L = (3.12)

Knowing the length of each sensor only by using the nal length of the module is
pretty hard. To simplify the modeling, the assumption is made that the closer the
sensor to the activated chamber the more its length is a ected by the length change
of the silicone module. For example, using Figure 3.6, @ is activated then the
length of s, and s3 increase with the same length change whilg retains its initial
length.

3.5 ELECTRICAL MODEL

The simplest electrical circuit to measure resistance is a voltage divider circuit. The
circuit produces output voltage that is a fraction of its input voltage. The fraction is
a ratio between output resistance and total resistance. The circuit in this experiment
is shown in Figure 3.7.

Figure 3.7: The schematic of voltage divider circuit used in this experiment.
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The resistance of each sensoR§,,) can be measured using formula below. The sup-
ply voltage (V;) and three divider resistors R,,) are known variables and determined
by the user. The output voltage {/rs, ) is measured.

RSn
V, = V 3.13
RSn RN + RSn 1 ( )
Rn
RSn = ~ 1 (3.14)
VRrsn

The implementation of the circuit to measure the resistance is shown in Chapter 5.

3.6 CONCLUSION

One of the important design factors for the sensor is the placement of the sensor
relative to the module. There are three options, around the chambers, between the
chambers, and outside the module. The second option was chosen. The rst option
needs better 3D printing method and equipment to achieve a spiral shaped sensor to
wrap around the chambers. The third option needs a very thin sensor to be stuck to
the module using adhesive. The alternative for the third option to place the sensor
on the outer sheeting of the module is also not possible due to the wavy surface of
the outer sheeting.

The shape of the 3D printed sensor is modi ed from the usual strain gauge shape.
A wavy shape is implemented on the active grid section of the sensor to help the
sensor "grips” the silicone. Constant curvature continuum robots modeling is used
to model the kinematics of the module. This model utilizes the length of the sensors
to determine the bending angle and orientation of the module. To model the change
of the resistance, a combination of basic strain gauge model and resistivity change
model is proposed. However, piezoresistive coe cient of the used material has not
been researched thoroughly. The stress-strain relation of the sensor assumes that
the sensors really elongate together with the module. Based on this assumption, the
length change of the module directly a ects the length change of the sensor. The
length change of the module is modeled using Hooke's law for linear spring.
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FABRICATION

This part of the document explains the details of how the sensors and the endoscope
module were made and assembled together.

4.1 MATERIALS

There were two main components used in this research, the silicone elastomer and
the 3D printer lament. The tables below show the details of the available materi-
als. The table is presented to show the compliance and durability of the available
materials as those two characteristics are the basic requirements for sensing part in
soft robotics.

Table 4.1: Available materials for the endoscope module.

NAME SHORE HARDNESS EQUIVALENCE[9]
Eco ex—00-30 00-30 Gel shoe insole
Dragon Skin—10 FAST | 10A Rubber band

Table 4.2: Available materials for the sensors.

SHORE ELONGATION

NAME HARDNESS | AT BREAK EQUIVALENCE]9]
X60 60A 700% Tire tread

PI-ETPU 85-700+ | 85A 700% Shoe heel

Eel NinjaTek 90A 355% Shopping cart wheel
PI-ETPU 95-250 95A 250% Shopping cart wheel
NinjaFlex SemiFlex | 98A 200% Shopping cart wheel

4.2 SENSOR

The sensor has two parts, the elastomer (red) and the conductive part (black). The
conductive part was designed as a strain gauge and the elastomer was there to
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keep the initial shape of the sensor while being assembled with the silicone module.
The dimension of the sensor is shown in Figure 4.1. The length and width were
chosen based on the maximum available space between the chambers and the printer
resolution. The sensor should not be too thick that it will decrease the compliance
of the module but also should be thick enough to not bend while being embedded
into the module.

Figure 4.1: The dimension of the sensor in mm.

The chosen conductive lament for the sensor was PI-ETPU 85-700+. It has the
lowest shore hardness and highest elongation at break; hence it was the most com-
pliant and durable among available materials for this research. It also has good
conductivity at <500 cm. For the elastomer in this research, the best suited la-
ment was NinjaFlex SemiFlex. Although X60 has lower shore hardness and better
elongation at break, it did not stick really well with the PI-ETPU 85-700+.

The sensor was printed using Flashforge Creator Pro. The printer is equipped
with exion extruder to achieve better exible material printing. The extruder is
equipped with two nozzles which allows for two di erent materials printing. The
diameter of the rstnozzle is 0.4 mm and it was used to print the NinjaFlex SemiFlex
lament. The diameter of the second nozzle is 0.6 mm and it was used to print the
PI-ETPU 85-700+.

Simplify3D was used as the slicer for the 3D printing. The sensor was printed at on
the bed with a printing speed of 2000 mm/min. Both the NinjaFlex SemiFlex and
the PI-ETPU 85-700+ were printed with the temperature of 228C. The heating bed
was kept at 60C. The sensor was printed with 0.2 mm layer height. The conductive
part was printed with two solid upper layers to give some space for the connection
with the wire. The elastomer part was printed with only 20% in |l so it did not add

a lot of sti ness to the sensor as its purpose was only to maintain initial shape. The
nal result of the sensor is shown in Figure 4.2.
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