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Abstract

Robots that can operate in MR environments can contribute to more precise biopsies in MRI machines.
An example of such a robot is the Sunram 5 robot which is designed for taking biopsies of the breast.
The Sunram robot is calibrated manually. An MR safe calibration and interface module can contribute
to the calibration of the robot. MR safe materials like plastic and non-metallic strings can be used to
transfer information from outside the MR environment to inside the MR environment. A 3D Printer
can be used for printing plastic complicated designs. Plastic optical fiber is chosen for the information
transfer due to the transmission speed and the fact that information can be generated by obstructing
the light beam. An MR safe sensor and interface module with three buttons and three indicator lights
from PLA and plastic optical fibers are designed and realized. A pneumatic stepper motor is calibrated
with this sensor and controller with this interface module. The position of the motor was registered
and the movement of the motor was bound by the system. The design and realization might be altered
for the use in a next generation Sunram robot.
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1 Introduction

MRI (short for Magnetic Resonance Imaging) scanners are used in the hospital to make images of the
structures of humans. With these images doctors can gain information. The imaging technique is
based on the phenomenon of nuclear magnetic resonance. The MRI machine creates a magnetic field
and emits a resonance radio frequency signal for hydrogen atoms. When this frequency is turned off
the hydrogen atoms in different molecules can be distinguished. Components that are MR safe can be
in an MR environment.

MR safe components are objects that have been tested to demonstrate that it is safe or the objects
are made from materials which are considered to be safe with regard to MR environments. Examples
of these MR safe materials are plastic, silicone and glass [1].

Medical Robots are developed to be used during surgeries and other medical treatments. Robots can
be more accurate than humans. The MR environment of an MRI machine makes it difficult for a
traditional robot to operate. Therefore, nontraditional MR safe pneumatic robots are developed. With
these robots specific, actions can be done in an MR environment. These robots are made of plastic
and other MR safe materials. Air is compressed to transfer energy for the movement of the motors of
the robots. Examples of these robots are the Stormram robots and the Sunram robots [2] [3].

1.1 Problem statement

The Sunram robot is designed to take biopsies of a breastin MR environments. Biopsies are crucial for
the conformation of a diagnosis. Biopsies without a robot can be less accurate because the biopsy
might miss the right location. The robot can be operated in the MRI control room and be guided to
the right position. The robot however is operated manually. This is done because the robot has no
sensors and therefore cannot detect its own position. An MR safe sensor to detect the position of the
robot can be the solution to the position problem and might eliminate the manual control. The robot
with the sensor can be directed to the right position at once without manually controlling. This might
save time and be more convenient for the user.

The Sunram robot is controlled from outside the MRI room. The robot doesn’t indicate when it is
turned on or operating. Communication from the robot to the controller outside the MRI room is also
not present. Future applications for the robot might need a button or some indication light to link the
controller outside the MRI room with the Robot inside the MRI room.

1.2 State of the Art

MR safe sensors exist. Research has been done and concepts have been made of MR safe sensors.
Some sensors for MR environments are commercially available. Below two examples of MR safe
sensors are described.

In 2016 a rotary stepper motor with an attachable quadrature position encoder was designed and
built by C. Rossides [4]. The encoder operated by sending an optical signal through optical cables and
obstructing the light beams by an encoder disc. This encoder disc periodically interrupted the light
beam.

The Company Micronor has multiple MR safe products which are commercially available. The MR343
encoder is for instance a linear incremental sensor [5]. The sensor is optically connected to an MR340
controller via a duplex multimode fiber optic link. The position of an incremental film strip is detected
by the sensor. This strip passes through the sensors. The absolute position of the strip needs to be set
every time the system is powered up. A special area, called the homing area, on the strip is designed



for this. The absolute position is known when the strip detects this homing area and is then moved
out of this homing area. Micronor also offers MR safe and MR compatible rotary encoders [6].

1.3 Hypotheses

An MR safe calibration and interface module for pneumatic stepper motors might be possible to build
with optical fibers. The usage of light to transport information over the years has grown [7]. And the
application “optical endstop” for a 3D printer is already on the market [8] [9], showing that the
calibration of the printhead of 3D printers with the usage of light is possible. The only difference with
a 3D printer and an MR safe stepper motor is that in an 3D printer the optical sensor of the endstop
can be in the 3D printer itself. The distance that the light has to travel in an MR safe endstop is greater
due to the fact that the sensor needs to be placed outside of the MRI room. Due to the speed of light
the signal does not have a critical lag. The usage of light in networks such as the internet shows that
with for instance optical light carriers, great distances can be overcome.

1.4 Concluding remarks

This report is written for the purpose of developing an MR safe calibration and interface module for
pneumatic stepper motors. Future versions of the Sunram robot might benefit from such an MR safe
calibration and interface module. The motor that needs to be calibrated is the T-29 pneumatic stepper
motor. The calibration of the motor due to an MR safe sensor should be achieved for convenient
purposes and for reducing start up time by excluding manual calibration. The motor should be
controllable from the MR safe interface module from within an MR environment. Feedback from the
motor controller outside of the MR environment should be visible on the MR safe interface module
inside the MR environment. The sensor and interface module should be made from solely MR safe
materials so that they don’t have to be tested for MR environments. The influence of the calibration
and interface module on the MRI machine should be as low as possible.



2 Analysis

In order to design and realize an MR safe calibration and interface module some basic understanding
of materials and their manipulation need to be known. This chapter is written to inform about
materials and the usage of materials for designing and realizing an MR safe calibration and interface
module.

2.1 Positioning concept

To calibrate the position of the motor the position has to be determined. Positioning by an encoder
can be done inside an MR environment as is discussed in the State of the art. An MR safe rotary
encoder can be inconvenient to implement in a linear stepper motors used in the Sunram robot. The
linear incremental sensor by Micronor might be able to be used in a calibration system. The size of the
sensor and the fact that the design of the sensor can’t be altered, might obstruct the implementation
in a next generation of a Sunram robot. A sensor with the sole purpose of detecting the position of a
T-29 pneumatic stepper motor is chosen. A sensor built to detect a T-29 stepper motor might be easier
to implement in a future generation of the Sunram robot.

Multiple positioning techniques exist. The position of a phone can be determined by radio waves and
the usage of satellites (GPS). However, to obtain the information in an MR environment without
distorting the MRI machine excludes the usage of electromagnetic radiation. Electromagnetic
radiation might distort MRI machine due to the fact that it operates with elector magnetic radiation
as well. A Sunram robot is also used inside an MRI machine meaning that direct line of sight from
outside the MR environment is not likely which complicates positioning with radio waves.

3D printers use endstops for the calibration of the position of the printhead. Endstops are sensors
which need to be touched or a light beam has to be obstructed. When this is done the endstop can
send a signal. The position of the printhead of a 3D printer is important. When a 3D printer is turned
on it first needs to calibrate the position of the print head. This is done by moving the head to an
extreme/maximum position, for example all the way to the left until it hits the endstop. Due to the
signal of the endstop, the system knows the position of the head. This is done in all three directions
so that the positions in all three directions are known. Due to the stepper motors used in an 3D printer,
the position of the printhead is always known after this calibration.

The concept of an endstop is used because the position of the T-29 motor doesn’t have to be measured
all the time. After the position of the motor is determined by the endstop, the system can keep track
of the position motor. A stepper motor is a motor that only moves in predefined steps meaning that
after the detection of the position of the motor the absolute position is known.

2.2 Information transfer

The concept of an endstop means that the stepper motor needs to physically actuate the endstop.
Due to the MR safe regulations the endstop cannot be made of electronics and cannot contain copper
wire to send signals to outside the MR environment. Other concepts of sending information from one
place to another place need to be investigated for designing an MR safe sensor. An MR safe solution
for the information transfer from inside to outside the MR environment needs to be chosen. Below
some ways of sending information is discussed.

Information can be sent via a mechanical solution with for instance a wire. They can be made of plastic
or other MR safe materials. A mechanical endstop can look like a lever with a wire attached running
through a tube to the non-MR environment were the wire is connected to an encoder. The wire always
has to be tensioned so that when the lever is touched the encoder can immediately detect the
movement. This means that some kind of spring mechanism needs to be in place. The tube around
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the wire might cause friction and the wire itself might act as a spring meaning that there can be lag in
the mechanical system.

Another mechanical solution would be a rigid pipe of MR safe material that spans the distance from
outside the MR environment, where it is connected to an encoder, into the MR environment. When
this pipe is touched in the MR environment the encoder can immediately detect this. Because it is a
rigid pipe less lag would occur. A spring needs to be added to move the pipe into its original position
after the motor hits the pipe. The construction for such a system might consist friction meaning that
there can be lag. Due to the usage of arigid pipe the system becomes less convenient when the motor
is relocated. The pipe might also get in the way in the available space the user has.

Information can also be sent with pneumatics. When a lever in the MR environment is touched, a
valve can be opened and air can flow through a tube to the sensor outside of the MR environment.
The speed of air in the tube depends on the tube and the pressure on which the systems would run.
The tubes can also act as a spring when it is pressurized. Instead of air water can also be used. The
disadvantage of water over air is that if it leaks, water is spilling from the tubes which might cause
problems with for instance the electronics of the MRI machine.

Another way of sending information is by using optical fibers. When propagation of light through these
optical fibers is obstructed the sensor outside of the MR environment detects this. Light in optical
fibers don’t travel with the speed of light in a vacuum but with a slower speed. An optical fiber with a
c 108 2 m

- = S =201 -10% —or roughly 67 % of the
n 1,492 s

speed of light in vacuum. The materials used in the fiber determine the attenuation of light and the

flexibility of the fiber.

refractive index of 1.492 will have the speed of v =

Due to the speed of light and the flexibility of optical fibers, optical fiber is chosen to be used for the
transmission inside the MR environment to outside the MR environment.

2.3 Optical fibers

Before selecting a type of optical fiber, it is important to know how optical fibers work. Optical fibers
work with the concept of refraction and reflection. When light travels through the core of the fiber, it
can be deflected by material around the core or travel further though the core. The deflection or
passing through is described by Snell’s law which can be seen in Equation 1 [10].

sinfq n,

= (1)

sin6, nq

This shows that the angle of attack (8) at a transition from one medium to another is relevant as is the
refractive index (n) of the two media. In Figure 1 is illustrated that the angle 8 is the angle relative to
the perpendicular line of the transition. When the angle of attack is not zero and the index of refraction
is chosen in a certain way a light guide or optical fiber can be obtained. The step index multimode fiber
show that light remains in the core of the fiber. The light “bounces” against the outer medium with a
lower refractive index than the core. The outer medium is also called the cladding.



n, index
v, velocity

interface o

Figure 1: The refraction of light going from one to another medium. [10]
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2.4 Types of optical fibers

The types of optical fibers are discussed in order to select a type of optical cable for data transmission.
There are different types of optical fibers. There are plastic optical fibers (POF) and optical fibers made
of glass. An advantage of plastic optical fiber is that the fiber is more flexible than a glass optical fiber
[11] [12]. A disadvantage of plastic optical fiber is that the transmission is worse than glass optical
fibers. Attenuation, the numerical aperture and other effects cause loss. This is due to material
properties of plastic and properties of fiber optics cables in general [13].

Optical fibers are divided into different types of fibers: single mode and multimode fibers.
Multimode fibers are called multimode due to the way light travels through these fibers. A mode can
be seen as a path of light. In multimode fibers there can be different paths that the light follows. This
is for instance due to the angle of attack. Some light will enter into the opening of the cable parallel
to the cable resulting in a path without bouncing against the cladding (Blue line in multimode step
index fiber of Figure 2), some light will enter the cable with an angle resulting in a light beam bouncing
its way through the fiber (red lines in the multimode step index fiber of Figure 2) [14] [15]. Different
wavelengths of light refract differently. Meaning that red light (ranging from 620 nm to 750 nm) [16]
and green light (ranging from 500 nm to 550 nm) [16] refract differently and will follow different paths.
This will result in some longer paths for some light beams which results in different attenuation for
different wavelengths and an output pulse which is scattered. This can be seen in Figure 2 under
“output pulse”.
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Multimode fibers can be divided in two categories: Step index fibers and graded index fibers. A step
index fiber is an optical fiber with a core with a higher refractive index (n) than the cladding. A graded
index fiber is a fiber with a core with a refractive index which scales off relative to the diameter of the
core. This means that the light beams in the core can be refracted without hitting the cladding. The
cladding has a lower refractive index than the core. This can be seen under “index of refraction” in
Figure 2.

Assingle mode fiber is a fiber with a smaller core than the multimode fibers. Due to this the light beams
don’t bounce but travel parallel to the core of the optic cable. A single mode fiber is a step index fiber
meaning that the core has a higher refractive index than the cladding.

In order to use a fiber optic cable on or near a robot it might be of importance that the optical fiber is
flexible. An MR safe robot like the Sunram 5 can move. At this stadium it is unknown if a next
generation of the sun- and Stormram robots are going to have endstops on moving parts of the robots.
Therefore, it might be beneficial to use plastic optical fibers. These fibers have generally more
attenuation than glass optical fibers but at short distance plastic optical fiber can be used. For the
usage of an endstop and buttons the transmission rate of data is not important. One may only push a
button five times a second. The type of fiber is therefore not important when selecting a POF.

2.5 Build material

In order to build housing for a sensor or interface module multiple materials can be used. Wood is for
instance a material that can be sawed, drilled and sanded into a wanted form. Wood can be precisely
cut with a laser cutting machine. The wood processing can take a lot of time and can require a lot of
manual processing which acquire wood processing skills.

3D printing is also an option for building housings and parts for the sensor and interface module. 3D
printer can print complicated designs without the need for a lot of manual processing. Complicated
designs can be printed relatively fast compared with the often slow processing required to acquire the
same design with wood. 3D models can be made in computer programs and can be send to a 3D
printer. A disadvantage of 3D printing is that simple designs may take longer to print than when the
same partis made from wood. Another disadvantage is that overhang can be difficult to print meaning
that designs might need to be altered in order to be printable. Support structures can also be printed
to support the overhang [17].

3D printing is chosen to be used for building housings and other parts due to the small and complicated
designs that might house the optical fibers.

Two 3D printers in the Robotics and Mechatronics lab are the Ultimaker S5 and the Ultimaker 2. These
printers can print different kinds of material like PLA and CPE. In Table 1 some printer specific
specifications given by the datasheet can be found. Due to the availability and the slightly better
resolution, the Ultimaker S5 is used for the printing parts.
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Specification\printer | Ultimaker 2 Ultimaker S5

Layer resolution 200 pm to 40 pm 600 um to 20um*

XYZ resolution 12.5pum /12.5um /5 pm 6.9um/ 6.9 um/ 2.5 um
Build Volume 223 mmx 223 mmx 205 mm | 330 mm x 240 mm x 300 mm

Table 1: some specifications of the Ultimaker 2 and the Ultimaker S5 [18] [19]

0 1 2 3 4

Figure 3: Five consecutive states of a Pneumatic stepper motor with the housing (yellow), rod (purple) and piston (red and
green) (source: Vincent Groenhuis [20])

2.6 Pneumatic stepper motor
In order to control and eventually calibrate the T-29 stepper motor some understanding of the
operation of the motor is needed.

The T-29 pneumatic stepper motor is a linear motor that uses the same principle as the pneumatic
motors of the Stormram 4 [2]. The motor is made entirely out of plastics meaning that the motor is
MR safe. The linear motor contains two pistons and four air chambers (two air chambers per piston).
A piston is moved up and down by pressurizing one chamber of the piston and depressurizing the
other chamber and vice versa. When two pistons are used and the individual piston have “teeth” that
are aligned in a certain way, as can be seen in Figure 3, a rod can be moved left and right. This rod
itself also has “teeth”. The step size of the motor is 0.25 mm.

The air chambers can be pressurized by using valves and pressurized air. These valves should be able
to pressurize and depressurize the chambers from outside the MR environment. They can be
connected with MR safe tubes to the motor. An example of a valves that are able to do this are the
PV5211-24VDC-1/8 by Pneumatiekvoordeel. These valves can be opened and closed by a DC voltage
of 24 V. In Figure 4 the schematical representation of these valves are shown. In this schematical
representation it can be seen that the valve can depressurize and pressurize at the same time. One
valve needs to be connected to the air chambers of one of the pistons and the other valve needs to
be connected to the chambers of the other piston. Two PV5211-24VDC-1/8 valves by
Pneumatiekvoordeel is chosen to be used to control the pistons due to the ability to pressurize and
depressurize at the same time.

1 According to the datasheet, Layer resolution of the Ultimaker S5 is dependable on the nozzle. There are 3
nozzles with the following layer resolution: 0.25mm nozzle: 150um to 60pm, 0.4mm nozzle: 200um to 20um,
0.8mm nozzle: 600pum to 20um [18].
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Figure 4: Schematical representation of the PV5211-24VDC-1/8 by Pneumatiekvoordeel [21].

2.7 Controller

An Arduino Uno is a microcontroller [22]. An Arduino Uno is programmable and has twelve digitals
(10) pins. These pins can be set to a logical one or zero (5 V or 0 V). The amount of current that a pc
powered Arduino can deliver is around 400 mA. This can be increased when the Arduino is powered
via the DC power jack. The maximum current a single 10 pin can produce is 40 mA [23] [24]. When
more current or a higher voltage is needed a transistor or an op amp and an external voltage/current
source can be used and be controlled via the 10 pins.

An Arduino Uno also has six analog input pins. With these pins voltages can be measured up to a
voltage of 5V with a resolution of 4.9 mV due to the 10 bit analog to digital converter [25].
The Arduino also has pins with 3 volts and 5 volts which cannot be turned off.

An Arduino is chosen to control the valves due to the multiple pins and the ability to control more
than valves. The analog inputs can also be used for voltage measurement of for instance sensors.

2.8 Concluding remarks

The position of the motor will be determined by an endstop. The position will be determined when
the motor interrupts a light beam. When the beam is obstructed a signal will be sent to the controller
by a plastic optical fiber. The housing of the sensor, interface and other parts will be built by 3D
printing. The motor will be controlled by valves. The valves will be controlled by an Arduino.

This given information can now be utilized to design and create the transfer of information from an
MR environment to outside the MR environment and back.
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3 Design & realization

With the information given in the analyses a design can be made for the MR safe calibration and
interface module. The design and realization of this module is discussed below as well as some tests
to validate the design.

3.1 Design of the system

The design of the whole system can be seen in Figure 5. The figure shows that the idea was to connect
the Arduino to the interface module and the endstop. The valves and thus the motor are also
connected to the Arduino. Three buttons and three indicator lights serve as the interface module. The
design and realization of the system is further explained below.

Button

Button

Endstop

Button

Stepper motor -/ @ @ @
T
Control panel

> Valves 4‘[
e A
~
Fibre optics
ransistors transmittors/|
recejvers
— A

A

Air pressure Auxilary voltage

Figure 5: The schematic design of the whole system.

An endstop can be created when the opening of two optic fibers are perfectly aligned so that light can
travel from one optical cable through the air and then into the second optical cable. This air gap can
then be filled with some material that prevents the light from entering the second optical fiber. This
way information, for example a logical one when obstructed and a logical zero when the light is not
obstructed, can be sent. For this to work some optical fiber and light source needs to be selected so
that light can be received after 10 m with a gap of air in between (endstop).

For a button the same idea as for the endstop can be used. The difference is that the button needs to
obstruct the light beam when the button is pressed. Indicator light can be created by displaying the
end of an optical fiber when the light at the end of an optical cable is strong enough to be seen with
the naked eye. Buttons and indication lights can serve as an interface module for the motor.

An endstop will be connected to 10 m of POF, 5 m towards the endstop and 5 m back. This is the same
for the pushbuttons. An indicator light would result in 5 m of POF (from outside the MR environment
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into the MR environment). 5 m is chosen to mimic the distance between MR environment and the
non-MR environment. When one endstop of the pneumatic motor and three buttons and three
indicator lights are created, the total distance of optical fiber will be 55 m ((4-10m) + (3:-5m) =
55 m). The total open endings of these fibers will be 22. For this design more than 55 m of POF and
22 connectors need to be obtained. Three buttons and three indicator lights are chosen to be made
to create two dedicated buttons and indicator lights for the movement of the motor and one
dedicated calibration button and indicator light.

The 100m long HFBR-RUS100Z POF from Broadcom is selected due to its length and price. A
compatible connector for this cable is the HFBR-4532Z from Broadcom. This male connector was
chosen because it doesn’t contain a metal crimp ring. This connector consists of a latching mechanism
so it can latch to a female connector securing the connectors. The male connectors are compatible
with the Broadcom transmitters and receivers. These transmitters and receivers can be costly.
Especially when seven transmitters and four receivers are needed (one endstop, three indicator lights
and three buttons).

Another idea is to use ordinary LEDs as transmitters and phototransistors as receivers. The usage of
ordinary LEDs and POFs might be difficult due to the fact that an ordinary LED produces light in
different directions meaning that it might be difficult to get sufficient light into the POF to create
enough light at the other side of the POF. Attenuation due to the transitions, from LED through air
into the POF, from POF through air into another POF (endstop) and from POF through air into the
sensor, might also create more attenuation than wanted.

This Idea might be more affordable but might also fail. Therefore, a test is designed to test if it is
possible use a led and optical fiber to transmit information through the optical fiber. A summary of
this test can be seen below. In the Appendix the full test can be read.

3.2 Design validation

A wooden plank is used as a frame/connector for LEDs, phototransistors and optical fiber. Holes are
drilled into the plank with the same dimensions of the LEDs, phototransistor and the optical fiber. This
way the fibers and LEDs can fit perfectly in the wooden plank. An example of this can be seen in Figure
6. In the “LED and phototransistor” holes a smaller hole is drilled through the whole plank for an
optical fiber. When an optical fiber and a LED is placed in these holes, an attempt is made to emit light
into the fiber.

A test setup for an endstop is made by drilling a hole through the plank and then drilling a hole through
this hole from another side of the plank. This can be seen in Figure 7.
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Figure 6: A wooden plank with holes drilled for LEDs Figure 7: Endstop made from wood and two plastic optical
fibres

After 5 m of POF visible light was detected by the naked eye, this can be seen in Figure 8. After 5 m of
POF, an endstop and then a POF of 1.5 m, there was still light visible with the naked eye. The
phototransistor was also tested. With the LED-5 m POF —endstop — 1.5 m POF — phototransistor setup,
the light was detectable. The measured voltage difference over the photo transistor (when receiving
light and when not) was depended on the colour of the light that the LEDs emitted. When wiggling the
fibers near the endstop the alignment of the fibers changed. The light at the end of the fiber changed
intensity when this happened.

In conclusion the test showed that a transmission with plastic optical fiber was possible. And
detectable with the sensor. There was a lot of loss when the fibers were not right aligned.
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Figure 9: Attenuation of the POF HFBR-RUS100Z by
Broadcom [26]

Figure 8: End of a POF emitting visible light
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3.3 Design optimization

In order to make the transmission of light better, multiple things can be done. The source signal (the
LEDs) can be made stronger and more directional. This way more light will be sent into the opening of
the POF. The datasheet of the POF contains a figure showing the attenuation in dB/km of light with a
wavelength between 620 nm and 700 nm. This can be seen in Figure 9. The wavelength of the LED is
therefore also important for the attenuation.

The 520 nm (green) LED MC703-1061 by Multicomp Pro and the 624 nm (red) LED VLCS5830 by Vishay
is chosen to be used as transmitters due to the light intensity and the light directionality produced by
the LED. The red LED produces 65 cd [27] and the green LED produces 45 cd [28] according to the
datasheets. This is more than the brightest LED from the test above. The LEDs are also producing light
in one direction resulting in a small emission angle. Smaller emission angles mean that more light will
be emitted into the fiber. A downside is that the attenuation of the red LED is high compared to a LED
with a bigger wavelength. According to Figure 9 the red LED with a wavelength of 624 nm will be
attenuated more due to an attenuation peak that is due to the characteristics of the fiber. Information
about the frequency lower than 620 nm is not given by the manufacturer and the exact material of
the core is also unknow making it hard to approximate the attenuation of the green LED with 520 nm.

The attenuation of the red light in the above-mentioned optical fiber can be calculated. Figure 9 shows
that an attenuation of approximately 460 dB/km Is present at 625 nm. This can also be written down
as 0.46 dB/m. This means that the attenuation will be 0.46 (:n—B- S5m= 23dBat5m. 2.3 dB

—2.3 —4.6

attenuation results in 10710 = 0.5888 or 59 % of the original power. After 10 m this willbe 1010 =
0.3467 or 35 % of the original power.

The transition between LED and POF and between POF and POF can also be improved by sanding and
polishing the connectors with a polishing kit. The polishing alone should have approximately a 2 dB
improvement of optical power in a transceiver-receiver link [26]. The datasheet hints that without any
sanding the attenuation would be worse. This would result in at least an extra 2 dB attenuation.
The total attenuation of a 5 m fiber at 625nm would then be 2 dB 4+ 2.3 dB = 4.3 dB. This will result

—4.3
inatleast 10 10 = 0.3715 or 37 % left of the original power. The attenuation of two fibers of 5 m will
—8.6

be2dB+ 2.3dB + 2dB+ 2.3dB = 8.6 dB. This will resultin at least 10 10 = 0.1380 or 14 % of
the original power. Therefore, the HFBR-4593Z polishing set from Broadcom is selected for the
polishing of the fibers/connectors.

A phototransistor/sensor with a high sensitivity for 625 nm and 520 nm is preferable to prevent loss
of the signal. A sensor with a low sensitivity for the above-mentioned wavelengths would result in
poor reading of the light signals. The TEPT5700 phototransistor from Vishay is a phototransistor with
a maximum sensitivity around 570 nm [29]. Figure 10 shows the relative spectral sensitivity per
wavelength. The sensor is for 90 % sensitive for 625 nm and 520 nm. The sensor is also a directional
sensor. The viewing angle stated in the datasheet is 50 degrees. Due to the directionality of the sensor
loss can be prevented. Due to these characteristics the TEPT5700 phototransistor from Vishay is
chosen.
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Figure 10: Relative sensitivity of the TEPT5700 phototransistor [29]

3.4 Female connectors

In order to connect the male connectors of the fibers to the LEDs and phototransistors, a female
connector has to be made. Three different kinds of female connectors need to be made. A green LED
to fiber, a red LED to fiber and the sensor (phototransistor) to fiber connector.

These connectors can be made by 3D printing. The dimension of the optical fiber connector, LEDs and
phototransistor are given in the datasheets. With the dimensions, connectors can be drawn in solid
works and then be printed. To make sure that these connectors fit all the components right, samples
can be made. an example of these samples can be seen in Figure 11. The sample for the male optical
fiber connector does contain a protrusion for the latching mechanism. The samples for the LEDs and
the phototransistors also contain a shallow hole for the protrusion of the LEDs and phototransistors
to make sure that the whole component is clamped by the sample. The samples are printed with the
Ultimaker S5 with tough white PLA.

Figure 11: Sample with a LED inserted with multiple samples on the background

When the right dimensions are found for these samples the connectors can be made by “gluing” these
parts together in solid works. These parts are mated in solid works so that the center of the holes is
aligned and then saved as part. The result can be seen in Figure 12.
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Figure 12: 3D models of the sensor to POF, green LED to POF
and the Red LED to POF connectors.

Figure 13: 3D model of the endstop.

The sample for the male optical fiber connector can be used when making an endstop. Two of these
samples merged together with some space between the samples (earlier discussed airgap) and some
material to hold them together can form an endstop. In Figure 13 the model can be seen. To make it
possible to interrupt the light beam a 2 mm gap between the two parts was created. Another problem
it that a 3D printer is not good in printing overhang. Therefore, the design looks asymmetrical due to
added fillets. These fillets make it easier to print.

With the components mentioned above a link (LED -POF-endstop-POF-sensor) can be created. This
link can also be tested to see if the brighter LEDs, the polished fiber and the better alignment of the
components help improving the propagation of light.

For this test the ordered LEDs are operated on their absolute maximum rating. This means that the
current through the red LED was set to 0.05 A and the current through the green LED was set to 0.03
A. The phototransistor is set in series with a 100 k resistor. The voltage of the phototransistor is being
measured. 5 V is put over the resistor and the photoresistor. When the sensor detects no light
approximately 5V is measured. When the sensor detects light less than 5 V is being measured

Multiple tests were done but two important observations were done during the following tests

3.4.1 Testl

The difference between a 10 m polished and a 10 m unpolished POF was measured. A red LED and a
sensor were placed in the wooden frame mentioned earlier. The POF without connector is placed in
the holes so that light from the LED propagates through the POF onto the sensor. After this was done
the connectors were put on the POF. The POF was also polished. The same LED and sensor were placed
in a 3D printed female connector and the polished 10 m POFs’ male connector was also placed in the
female connector. This way light could propagate from the LED though the POF onto the sensor.
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3.4.2 Observations test 1

The first observation before measuring is that the LED to POF connector emits light. This is due to the
fact that this connector is printed with tough white PLA. One could see the LED emitting light through
the sides of the connector.

The difference between the measurement with a connector on the POF and without a connector on
the POF can be seen in Table 2. There is a difference but the link was already decent considering that
the voltage over the phototransistor was 4.9 V when the LED was turned off.

Voltage over the sensor 10 m POF 10 m POF with connector
Red LED 28 mV 12 mV
Green LED 32mV 9 mV

Table 2: The difference of a 10m POF link with and without connector and polishing

343 Test2

The endstop is being tested. For this test two polished POFs of 5 m, an endstop, a POF to LED connector
and a POF to sensor connector will be used in a LED-POF-endstop-POF-sensor link. A measurement of
the sensor voltage will be done with the endstop being obstructed and not obstructed. This way the
effect of the endstop can be measured. The endstop will be obstructed with a white 3D printed stick
that fits into the endstop.

3.4.4 Observations test 2

The first observation before measuring is that not only the LED to POF connector emits light but also
the endstop. The light also propagates through the white stick meaning that the light is not entirely
obstructed by the stick. This resulted a voltage 27.660 mV without obstruction and a voltage of 3.8808
V when it was obstructed. Light propagating through the white PLA can be seen in Figure 14.

Figure 14: An obstructed endstop from the top and with two POFs connected (Left) and from the entrance of one of the POFs
with only one POF connected

3.4.5 Other observations

Ambient light fell on the sensor entering the connector from the back of the connector. This resulted
in approximately 3 V measurement instead of something near 5 V when no light was sent from the
LED. This was fixed during the tests by placing a light blocking object over the connector as is shown
in Figure 15.
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Figure 15: A taped female connector with a sensor and POF connected.

After these observations the conclusion was made that the link, with endstop can propagate light on
the sensor resulting in a voltage swing of almost 5 V. This voltage swing can easily be detected by an
Arduino. This result is a combination between the alignment of all the components, the brighter LEDs
and the polishing making the propagation of light from LED to sensor better.

The problems that occurred during the test due to the white tough PLA can be fixed by printing the
component with Black tough PLA. The same test was done with the black components. The result can
be seenin Table 3. The Black endstop and obstruction stick don’t propagate light into the sensor when
the endstop is obstructed.

Without obstruction

obstruction

No light was sent 4,777V 4821V
Red LED 29 mV 4.822V
Green LED 22 mV 4.821V

Table 3: the measured voltage of a POF-endstop-POF link with and without obstruction

An interface module with three buttons and three lights, a pneumatic motor with the endstop and a
connector hub with all the sensors and LEDs so that the POF cables can be easily attached, can be
designed with the connectors and endstop as building blocks.

3.5 Button

Making an MR safe button can be done by 3D printing and implementing the endstop. The idea is that
when the button is pressed a stick connected to the button will enter the endstop and obstruct the
propagation of light. The POF has a diameter of 1 mm meaning that an excursion of 2 mm should be
enough for the obstruction stick to obstruct the endstop when pressed. The design of the button can
be seen in Figure 16.
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Figure 16: Version two of button with in red the modified endstop, in blue the button head, in green the obstruction stick, in
grey the springs and in black the button housing.

Figure 17:Two version of the moving button head with on the left version 1 and on the right version 2.
This design would require the following components:

3.5.1 A moving button head

This is the part of the button that moves up and down when the button is pressed. The first version
can be seen in Figure 17. The button head was designed so that the protrusion of the button would
be 2 mm relative to the Housing. The barb is present so that the button is not pushed out of the
housing. In the bottom of the button head a hole is made for an obstruction stick to be clamped in.

3.5.2 Astationary button housing

The housing of the Button should be tall enough to house the button head and escort the button head
up and down when being pressed. The springs that push the button up and the endstop should also
be housed by the housing. The design of the housing can be seen in Figure 18. The housing consists a
circular opening on top for the button head, two half circular holes for the two spring at the sides and
a specially shaped bottom to cling a modified endstop.
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Figure 18: 3D model of the stationary button housing (left) and the 3D model of the modified endstop housed inside the
stationary button housing

3.5.3 Anendstop

To cling the endstop to the housing the surface of the endstop is modified. The design can be seen in
Figure 18. In order to print the overhang a fillet has been added (the housing also has a round shape
to compensate for a better attachment of the endstop).

3.5.4 An obstruction stick
An obstruction is stick made so that it can be inserted and attached to the head. It remains in the head
due to friction.

3.5.5 Spring

The springs should press the button head up when it is not pressed. To make the springs an earlier
printed obstruction stick was bent by a human to 2 mm. the length of the stick was altered to see
which length was needed to easily bend the stick 2 mm. With this information the design was made.
The printed version can be seen in Figure 19. The two springs can be mounted in the housing. Due to
the fact that the first printed layer is a bit wider than all the other layers, the springs cannot go through
the housing. The first layer works as a barb.

Figure 19: The button springs with on the left version one, in the middle version two and on the right an alteration on version
two

Version one of the spring was created with the idea that an excursion of 2 mm would be sufficient.
The height of the “moving button head” was 9 mm. The head was protruded the housing with 2 mm.
The problem of this design is that the springs wear out and eventually break due to the material
properties of though PLA and the fact that a 3D printed model is weaker in the Z direction. The button
head with worn out springs would protrude less than 2 mm above the housing and eventually level
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out with the housing. This means that the obstruction stick would obstruct the light without the button
being pressed.

The springs could be improved to prevent the light from being obstructed due to wear. This was a
difficult task due to printing with PLA. Other materials were also available but the fact remained that
if a spring wears out the button is pressing itself. Therefore, this idea was dropped and the focus was
directed at increasing the excursion. The length of the obstruction stick could be chosen so that only
when the button is pressed level with the housing (4 mm down), the endstop would be obstructed.
This means that there is a 3 mm range when the button is pushed and the endstop is not obstructed.
The wear of the springs would have less effect on the obstruction of the endstop.

In order to achieve a 4 mm excursion, all the parts with the exception of the endstop have to change.
The Button Head has to be taller so that when the button is not the pressed the excursion is 4 mm
instead of 2 mm. The housing also has to be taller so that the attachment hole for the springs is 2 mm
down so that the bottom of the button levels the attachment of the springs at 4 mm excursion instead
of 2 mm excursion. The springs are made 2 times longer so that the springs bends the same as with
the previous version. Due to the lack of room the design of the springs was slightly altered. Two version
were made of the new springs and this can be seen in Figure 19. The result of version two of the button
can be seen in Figure 20.

Figure 20: The realization of version 1 on the left and version two on the right of the MR safe button.

3.6 Indicator Light

An indicator light can be made by using the end of a fiber as a light due to the fact that visible light
emerges from the fiber when a LED emits light into the other end of the fiber. A female connector is
merged with the button housing so that the open side of the fiber with connector can be seen from
the top of the button housing. The design and realization can be seen in Figure 21.
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Figure 21: The design (left) and realization (right) of the button housing with indicator light.

3.7 Support construction

In order to use the button with indicator light, some kind of housing for the buttons have to be made.
A so-called button support construction should hold the buttons at its place and have some elevation
so that the fibers for the indicator lights don’t have to be band in a tight corner to be connected to
the button. If an optical fiber is bend in a tight corner the fiber could break. The design can be seen in
Figure 22. The structure consists of three printable parts. The structure was difficult to print in once
due to the overhang.

The floor is for the support of the whole structure so that it doesn’t fall when a button is pressed. The
floor also contains attachment structures for the fibers to be attached to with for instance tie rips. The
tunnel is designed so that the fibers can be held together “entering” button section. The pillar of the
construction is designed to elevate the buttons. At the top of the pillar are four protrusions with holes.
These holes can be used for mounting the button hub with bolts and tuts. The button hub is a platform
with blocks. These blocks are made to cling the button housing. The protrusions at the sides are made
to mount the button hub to the pillar. The design can be seen in Figure 22.

Figure 22: Exploded view of the 3d model of the support construction with in red the Button Hub, in green the pillar and in
grey the floor.
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3.8 Pneumatic motor and endstop

The T-29 pneumatic stepper motor needs to obstruct an endstop when the moving rod is nearly out
of range for the motor to control. This can be done by attaching an obstruction stick to the moving
rod of the motor. This can be done by printing a rod that fits exactly in one of the holes present in the
rod of the motor. The design for this obstruction stick can be seen in Figure 23. The endstop and the
motor needs to be mounted so that the endstop is obstructed when the motor pushes the rod to one
of the two outer limits of the motor. The endstop also has to be aligned with the motor. The design is
an endstop floor where the motor and the endstop can be clamped in at the right distance and height.
The design can be seen in Figure 23. The floor of the button structure can also be clamped in the floor
of the endstop floor. The endstop used is the modified endstops made for the buttons due to the
protrusions. The realization can be seen in Figure 24.

Figure 23: 3D model of an attachable obstruction stick for the Pneumatic motor (left) and an endstop floor (right).

Figure 24: Pneumatic stepper motor with an attached obstruction stick, endstop floor and endstop.

3.9 Connector Hub

The female connectors for the LEDs and the sensors (Figure 12) can be merged together in one big 3D
printed “connector Hub”. In this hub the LEDs and sensors can be connected to the male connectors
of the fiber optic cables. The result can be seen in Figure 31.
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3.10 Arduino connection

Four LEDs and four sensors always have to be on to make it possible for the sensors to detect when
one of the three buttons is pressed or when the motor is obstructing the endstop. This means that
four green LED or four red LED need to be on all the time. These LEDs can be connected via the 5 V
connection with the LEDs in parallel. Each LED will have a series resistor to prevent the LEDs from
breaking. The resistance of these resistor can be calculated by subtracting the typical voltage drop

given in the datasheets from the 5 V supply and dividing this remaining voltage by the wanted current
5V-3.3V 5V-22V

30 mA 50mA
56.00 Q series resistor for the red LED. This means that the Arduino is always delivering respectively

4-30mA =120 mA or 4 - 50 mA = 200 mA. This is within the earlier mentioned bounds. There are
three lights that can be turned on when a button is pushed resulting a total of 7 - 30 mA = 210 mA
or7 - 50 mA = 350 mA in total. The four sensors will act as a closed connection between the collector
and emitter (assumed by the measurements) therefore the current will be defined by the series

5V
Tooka = 0.05 mA

because % = R. This results in a = 56.66 () series resistor for a green LED and a

resistor. A 100 kQ resistor and a source voltage will result in a maximum current of

through a phototransistor.

In order to be able to choose between red or green LEDs seven red and seven green LEDs are being
connected to the Arduino. In Figure 25 the schematics of the four green and four red LEDs which
always emit can be seen. A switch is connected so that the user can choose between four green LEDs
that are always on or four red LEDs that are always on.

There are also three green and three red LEDs individually connected to the 10 pins of the Arduino
and can be used for the indicator lights. These LEDs are programmable making it possible to make an
indicator light red or green because these LEDs are individual connected to the |0 pins. The plastic
optical fiber should however be physically in the connector of these LEDs meaning that switching from
color without switching the POF into right connector is not possible. The scheme of how a LED is
connected to one of the IO pins can be seen in Figure 26.

The phototransistors are connected in parallel to the 5 V supply voltage with a series resistor in every
branch. The voltage over the phototransistors is measured by the analog input pins of the Arduino.
The schematic circuit can be seen in Figure 26.

56 Ohm

5 W Arduing

o

u My u

Figure 25: Electrical schematics of the red and green always on LEDS.
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Figure 26: Schematic representation of the connection of a LED and a phototransistor.

The two valves to control the stepper motor are rated for 24 V and 2.8 W. An auxiliary power supply
with a supply voltage of 24 V is needed to control the valves since the Arduino doesn’t produce a
supply of 24 V. Two TIP 120 transistors can be used as a switch to connect the valves to the 24 V supply
voltage. The transistors can be controlled by two 10 pins of the Arduino. The electrical schematics of
the two valves can be seen in Figure 27.

+24 4
Valve Auxiliary power supply
Arduino
10 pin A
+5
3900
Arduino ground ground
Auxiliary power supply
Arduina
1CpinB
+5v
Vfalve +24 Y

Auiliary power supply

Figure 27: Schematic representation of the connection of the valves.

The valves are connected to the air chambers of the motor. One valve controls two air chambers of
one piston. The other vale controls the two air chambers of the other piston. This way the piston
always has one pressurized and one depressurized air chamber. In Figure 28 the schematic connection
of the pneumatic motor can be seen.
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Figure 28: Schematic representation of the connection between the valves and the motor housing.

The Arduino is programmed so that the two outer buttons are used to move the motor up or down.
The middle button is used as the calibration button. The motor will try to find the endstop when this
button is pressed and when the light of the endstop is obstructed, the motor will stop. The position is
also set to zero meaning that the motor can only go away from the endstop when a button is pressed
to move the motor. A negative position cannot be reached in order to protect the motor from hitting
the endstop. A maximum position is also set so that the motor cannot go too far in the other direction.

3.11 Whole system

In Figure 29 the realization of the whole system can be seen with all the components mentioned
above. All the components were made as designed. The dimensions of the parts that were printed
often differed from the dimensions of the model. The error was less than a millimeter. The dimensions
of the 3D models were altered to compensate for this error. All the components were connected
successfully. The design of the whole system is buildable. The performance of the whole system is
discussed in the next chapter.
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Figure 29: The MR safe endstop and interface module with peripheral equipment.

30



4 Results

After the realization, the system was tested to see how it performs. The purpose of these tests was to
observe the performance. Below the observations can be read in four subchapters: Operation of the
motor, Buttons, Link, Calibration.

4.1 Operation of the motor

The motor and endstop works as designed. When the left buttons in Figure 29 is pressed the motor
moves the rod down. When the right button is pressed the motor moves the rod up. When the middle
button is pressed the motor calibrates itself by moving towards the endstop until the obstruction stick
obstructs the endstop (when the Arduino reads more than 3 V over the phototransistor). After this
calibration the motor can only be moved down. When the right button is pressed nothing happens. If
the motor would move up a collision would occur with the rod of the motor and the endstop. The
motor can be moved down until the rod almost disappears in the motor. If the motor moves the rod
further than this point the rod would exit the housing of the motor resulting in an unusable motor.
The motor can be moved up and down between these maximum positions (all the way up and all the
way down).

4.2 Buttons

The buttons work and obstruct the light as designed. In Figure 30 a voltage measurement over the
sensors is shown. The peaks of the lines show the voltage rise when a button is pressed.
The springs of the buttons still wear out in time. Due to the design the springs don’t have to be
replaced often. The endstop in the button is not obstructed if the springs wear out. The buttons don’t
recover all the way up after they are being pressed. This is due to the wear of the springs and the
created extra excursion. After approximately 100 button presses the springs are worn up. Extra
springs were made to replace springs that are too broken to be functional.

Voltage in V
9,0

6,0

3,0

o o - S - | —

0,0

24375 o Samples 24775

Figure 30: Voltage measurement of the phototransistors made with an Arduino Uno with in red the right button, in green the
middle button, in yellow the left button and in blue the motor endstop.

4.3 Link
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The different links are not ideal. This can be seen in Figure 30. The graph shows that when nothing is
pressed the voltages of the different sensors vary from each other. This can be caused due to
imperfections of the fiber or imperfections of the alignment of the connectors. All the other
components in a link can also be causing this due to the fact that every individual component can
always differ from the given characteristics.

The signal created when a button is pressed is well received with a voltage difference of over 1 V. Due
to the speed of light in an optical fiber, the signal doesn’t contain lag and thus is not a limiting factor
for the speed of the motor and the whole system.

Another issue with the link is crosstalk. A LED emits light into a fiber to turn on an MR safe indication
light. When this happens a glimpse of this light is also seen in the other indication lights. This is due to
the construction of the electronics on the protoboard and the open back of the connectors. In Figure
31 the open back of the connector hub creates an opportunity for light from a LED in the hub to be
reflected from the protoboard and go into one of the other connectors. This causes a glimpse of light
in other fibers than the intended fiber.

Figure 31: POFs inserted in the connector hub which is connected to LEDs and sensors on a protoboard.

4.4  Calibration

The total system is also tested. A way of looking if the calibration of the motor is accurate, is by
measuring the position of the rod of the motor at the maximum positions of the motor after
calibration. This is done ten times to see if the calibration positions and the maximum positions
change. This test is done with a motor step frequency of 50 Hz and 20 Hz. The stepper motor can skip
a step or stall completely when the frequency is too high [20] [2].

Steps of the test:
1. Calibrate the motor. Measure the current position relative to the motor housing.

2. Move the motor all the way down until it doesn’t go any further and measure the current position
relative to the motor housing.
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3. Move the motor all the way up until it doesn’t go any further. Measure the position relative to the
motor housing.

The results of the measurements can be seen in Table 4 with a step frequency of 50 Hz and in Table 5
with a step frequency of 20 Hz. The positions were measured with a caliper. The current through the
valves is also measured. V1 and V2 in Table 4 and Table 5 show through which valve (valve 1 or valve
2) current is sent.

Attempt\ | Calibration | V1 | V2 | Maximum Vi | V2 Maximum position | V1 | V2
position | position position at endstop

opposite of

endstop
1 0.60 mm off | off | 82.30 mm off | off 0.60 mm off | off
2 0.60 mm off | off | 82.30 mm off | off 0.60 mm off | off
3 0.85 mm on | off | 82.60 mm off | on 0.90 mm on | off
4 0.90 mm on | off | 82.65 mm off | on 0.90 mm on | off
5 0.60 mm off | off | 82.30 mm on |on 0.60 mm off | off
6 0.60 mm off | off | 82.30 mm on |on 0.65 mm off | off
7 0.90 mm on | off | 82.65 mm off | on 0.90 mm on | off
8 0.90 mm on | off | 82.65 mm off | on 0.90 mm on | of
9 0.70 mm off | off | 82.30 mm on |on 0.70 mm off | off
10 0.90 mm on | off | 82.65 mm off | on 0.95 mm on | off

Table 4: Measurement of the position of the rod of a T-29 pneumatic stepper motor at 50 Hz after calibration.

Attempt\ | Calibration V1 | V2 | Maximum V1 | V2 | Maximum V1l | V2
position | position position position at

opposite of endstop

endstop
1 1.20 mm on | on | 82.80 mm off | off | 1.20 mm on | on
2 1.20 mm on | on | 82.80 mm off | off | 1.20 mm on | on
3 1.20 mm on | on | 82.80 mm off | off | 1.20 mm on | on
4 1.20 mm on | on | 82.80 mm off | off | 1.15 mm on | on
5 1.15 mm on | on | 82.80 mm off | off | 1.20 mm on | on
6 1.20 mm on | on | 82.80 mm off | off | 1.20 mm on | on
7 1.20 mm on | on | 82.80 mm off | off | 1.15 mm on | on
8 1.15 mm on | on | 82.80 mm off | off | 1.20 mm on | on
9 1.20 mm on | on | 82.80 mm off | off | 1.20 mm on | on
10 1.20 mm on | on | 82.80 mm off | off | 1.15 mm on | on

Table 5: Measurement of the position of the rod of a T-29 pneumatic stepper motor at 20 Hz after calibration.

There is some deviation in the positions of Table 5 but the valves are always in the same state. The
fact that the distance of al the measurements is almost identical with a deviation of 0.05 mm and the
fact that a step size is 0.25 mm concludes that the endstop works and limits the motor at exact the
same location. The deviation of 0.05 mm is a measurement error. The deviations in Table 4 are too big
for a measurement error and the valves are also not in the same states. This can be caused due to
step skipping due to the high frequency [20] [2].
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4.5 Concluding remarks

During testing it was observed that the motor is controllable by the interface module. The buttons and
indicator light work as designed. The created signals by the buttons and the endstops are well received
by the Arduino. Calibration of the motor is not achieved at every motor frequency. The realization
errors like the wear in the spring and the loss in the link do not obstruct the tasks.
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5 Discussion

This chapter is written to discuss the strengths and limitations of the design and realization.
Suggestions for improvements of individual parts and the whole system are also given.

5.1 Springs

The springs can be improved so that the wear becomes less. This might be possible my making the
springs longer and the excursion the same so that the bending relative to length of the spring becomes
less. Less deformation might result in less wear.

The printing orientation can also be altered. The length of the spring is printed in the z direction of the
printer. The strength in the length of the spring can be increased when the length of the spring is
printed in the x or y direction. This is because the z direction is the weakest direction of a 3D printed
part due to the printing lines. The model for the springs possibly has to change to make the spring
printable in another orientation.

The material used to print the springs can also be altered. Tough PLA is used for printing but Nylon or
CPE could also be used for printing. Also, other MR safe materials could have been used. The spring
could have been made by laser cutting or by other material manipulations. Elastics could also be used.
The design of the buttons should possibly be changed for the usage of elastics.

The springs are mounted at the sides of the buttons. When all three buttons are in place, the outer
springs of the two outer buttons can be seen. These springs move a little out of the button housing
when an outer button is pressed because the spring is not hold back by the housing of another button.
When placing the spring back into its position the button moves up. This can be obviated by a wall so
that the springs can’t be pushed out of the button housing. This is not a problem for the springs of the
middle button or the inner springs of the outer buttons because the housing of the buttons are holding
the springs at place.

Due to the design of the springs and button housing the springs can be taken out of the housing
quickly. The springs can be replaced when broken. The fact that the springs are printable encourages
the replacement of the springs when needed.

5.2 POF

The flexibility of the cables makes it possible to relocate the whole system without damaging the
system. Nevertheless, POFs with smaller diameters might be needed for an implementation into the
next Sunram version. There are optical fibers with more flexibility due to smaller cores or due to not
having an outer (protection) mantle. Flexible fibers might come with more moving space for the
motors.

5.3 Endstop

The size of the endstop should be made smaller in order to implement in systems with little space.
Some motors of the Sunram 5 are smaller than the T-29. Therefore, the Sunram might benefit from
smaller endstops. This might be achieved by smaller 3D printed connectors. The size of the endstop is
now decided by the size of the male connectors on the fibers. When smaller male connectors are
made, smaller female connectors can be made resulting in smaller endstops because an endstop is
created by two connectors facing each other.

The orientation of the endstop can also be changed. The male connectors of the fibers are now at the
opposite side of each other. This might give difficulties when implementing in a Sunram robot. The
endstops can also be designed with the male connectors inserted on the same side and that the
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obstruction stick has a reflective surface. This way the Arduino can measure when light from one fiber
is reflected in the other fiber with a sensor.

The endstop itself is now stationery and the rod is moving. This can also be changed by implementing
the endstop in the motor housing instead of placing it at the end of the scope of the motor as has
been done in this report. The rod can also be altered so that it has an absorbing or a hole part instead
of an attachable stick to obstruct the light. The always on idea that is used in this report can also be
changed by an always off idea meaning that nothing happens until the sensor is hit with light instead
of the other way around.

5.4 Link

The LEDs in this concept are always on and when the sensors don’t receive any light the Arduino does
an action. When there is some opening in the link through which ambient light can intruding into the
link, errors may occur. This can happen when endstops, connectors or the fiber itself is broken or not
shielding good enough from the ambient light. A solution to this problem is to oscillate the signal light
and use a filter at the receiving side. This way ambient light can be filtered out of the link when it has
intruded the link.

5.5 The whole system

The endstop and the interface module can be improved on multiple areas. The buttons can be made
more robust by redesigning the springs. The endstops should be improved when implementingitin a
future version of the Sunram robot. The robustness of the link can also be improved.

Every component can be replaced due to the fact that every component with the exception of the
POF’s and the connectors is printable and the fact that the whole system can quickly be taken apart
into pieces. The flexibility of the fiber offers freedom of movement. The speed of light in an optical
fiber prevents lag.
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6 Conclusion

An MR safe calibration and interface module for pneumatic stepper motors has been made. The
calibration of a pneumatic stepper motor is achieved with an optical endstop. The motor can be
controlled with the MR safe interface module. After calibration the motor cannot operate out of the
programmed bounds. The accuracy of the motor relies on the step size of the motor itself and the
error made by the stepper motor. The calibration itself doesn’t improve the accuracy but can reduce
time by excluding the manual calibration every time the motor is turned on. The MR safe buttons
work. The motor can be controlled and calibrated by the three buttons. The interface lights work as
well. The lights blink when the motor is calibrated. The lights also produce feedback when a button is
pressed. The crosstalk is minimum meaning that for this application no errors occur.
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8 Appendix

81 Testl

8.1.1 Introduction
Due to the fact that theoretical test set up might differ from the real world the following test is done.

The goal of this test is to see if one can use LED’s to transfer light through a plastic optical fibre with a
visible beam of light at the end of the fibre

The goal is to test if a phototransistor is sensitive enough to detect the light coming out of a plastic
optical cable.

8.1.2 Analyses

In order to get light through a pof one needs to transmit light into this pof. During this transition from
light to air into a pof some loss may occure due to the fact that not al the light coming from the source
(a LED for instance) ends up in the pof. The pof itself is also lossy due to the fact that attenuation of
light occurs due to scattering of light caused by local microscopic density variation of the fibre and due
to absorption of light [15].

The datasheet of a 1Imm pof shows that the attenuation of light with wavelength between 620 - 700
nm is between roughly 150 - 450 dB/Km [26].This can be rewritten as 0.15-0.45 dB/m. This results in
the original power ranging between 90 % and 97 %. According to the same manufacturer, the ending
of the pof can also influence the attenuation when these endings are not polished. The use of the fine
polishing steps results in approximately a 2 dB improvement. When this is not done a 2 dB loss can be
expected.

Expecting that the absence of rough polishing is also contributing to some loss, meaning that > 2 dB
loss can be expected from an unpolished fibre. A total approximation of the attenuation of a POF of 5
m can be show below:

Attenuation at 650 nm: 0.15dB/m *5=0.75dB

Attenuation at 700 nm: 0.45dB/m *5=2.25dB

Unpolished cable end attenuation: >2 dB

This results in a total minimal attenuation of 2.75-4.25 dB. This can also be noted down as 53 % and
38 % of the original power.

8.1.3 Measurement plan

8.1.3.1 Materials

In order to conduct the experiment some materials were used.
The following materials were used during this measurement.

Lab materials:
Delta Elektronika - power supply EST 150
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Agilent - 33220A 20MHz Function/Arbitrary Waveform Generator
Agilent - 34401A 6 % Digit Multimeter

Fibre optic cable:
1 x5 m 1mm plastic optical cable, “unknown specs”
1x 1,5 m 1mm plastic optical cable, “unknown specs”

LEDs:

L-9294CGCK - LED, Low Power, Green, Through Hole, T-1 3/4 (5mm), 20 mA, 2.1V, 570 nm
L-9294SYCK - LED, Low Power, Yellow, Through Hole, T-1 3/4 (5mm), 20 mA, 2 V, 590 nm
L-9294SECK - LED, Low Power, Orange, Through Hole, T-1 3/4 (5mm), 20 mA, 2.1V, 601 nm

Resistors
3 x 150 ohm
1 x 100K ohm

Photo transistor
TEPT5700 - Phototransistor, 570 nm, 50 °, 100 mW, 2 Pins, T-1 3/4 (5mm)

Wood
Wooden panel, 9.6cm x 52.5cm x 2.0 cm

Connector

1x F495 414 red socket 4 mm

1 x F495 426 black socket 4 mm
1 x F495 438 blue socket 4 mm

Figure 1: A LED being installed into a whole to create a countersunk LED in the wooden panel.



Figure 2: The other side of the wooden bénel ‘een in figure 1. Three smal whole in wich a pof can be
placed

8.1.3.2 Setup

To measure if it is possible to get light from an LED into a pof, a wooden plank is used to drill holes in
and to mount countersunk LEDs. From the other side of the wooden plank a smaller whole is made
for the POF. This way the LED and the POF will be mounted against each other. Only light from the
LED can get into the pof. The same way a photo transistor is mounted into the plank. The mounting of
the LEDs and the holes for the LEDs and pof can be seen in figure 1 and 2.

R1 R2 R3 R4 RS

<> D1~/ D2 D3 D4\ /

P1 Vout
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Figure 3: schematic of the test setup

In figure 3 the electrical schematic of the setup can be seen. V1 is set to be 5 V with the Delta
Elektronika power supply. The D2, D3 and D4 is chosen to be the orange, yellow and green LED
respectively. R2, R3 and R4 are the 150 ohm resistors.This way only 20 mA will be going through D2,
D3 and D4. P1 is the phototransistor and R5 is the 100 k resistor. The Agilent multimeter is reading the
dc voltage between Vout and the ground. This way the multimeter will show reading between 5 and
0 volt depending on the amount of light hitting the sensor.

8.1.3.2.1 Experiment 1:
During experiment one the LEDs are being tested without any fibre optic cable.

The LEDs are turned on. The brightness of these LEDs are tested by the eye. The goal is to see if the
LEDs are emitting light and if there is a visible difference in brightness

8.1.3.2.2 Experiment 2:

The LEDs are tested with a 5m POF. The LEDs are turned on. The light is transmitted through a POF.
The goal is to see if the LEDs are emitting enough light creating visible light at the end of the pof.
8.1.3.2.3 Experiment 3:

The LEDs and phototransistor are tested with a POF between these. The goal is to see if the
phototransistor can detect the light coming out of the POF.

8.1.3.2.4 Experiment 4:

The brightest LED and phototransistor are tested with 5 m pof from the LEDs to the “ button test
setup”. Another 1.5m pof is used between the button test setup and the photo transistor. Figure 5
shows how two fibres are lined up and that there is a small distance of 1 mm between these fibres for
material to block the light transfer (button test setup). Sensor is read with and without obstruction for
the orange, yellow and the green LED. A black wooden panel is placed over the hole in figure 5 to
make sure that there enters only the light from the previous POF into the second POF.
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Figure 4: test setup from the back with countersunk LEDs,a countersunk photo transistors, resistors
and wires.
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.

Figure 5: Two fibres connected together with some distance between the fibres.
8.1.4 Results

8.1.4.1 Experiment 1
There is visible light from the three LEDs. There is a difference noticeable with the naked eye between
LEDs:

orange LED is as bright as the yellow LED. The Yellow LED is brighter than the green LED:
orange LED = yellow LED >>green LED.

8.1.4.2 Experiment 2

At the end of the 5m pof there is still visible light from the LEDs. The Yellow light at the end of the pof
has the most intensity, The orange light comes next and the green light has the lowest intensity.

Yellow > orange > green

8.1.4.3 Experiment 3

The fibres could be wiggled in the small holes for the fibres:
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On top of sensor\ Minimal value Maximum value
Wooden plank 5.0204 V 5.0184V

No LED (tl lighting) 49198 V “

orange LED 45.570 mV 52.537 mv
Yellow LED 36.092 mv 37.880 mv
Green LED 0.14293 v 0.16348 v

8.1.4.4 Experiment 4

The fibres could be wiggled in the small holes for the fibres:

On top of sensor\ With Obstruction Without obstruction
Black hole 45746V 4.45721V

Orange LED 4.4952 V 2.3344V

Yellow LED 4.4398 V 0.97917V

Green LED 45752V 4.2858V
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