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Summary

MRI-based invasive surgery requires that the equipments should be MR safe or MR conditional and does
not interfere with the MRI scan. One such application is detection of lesion in breast that can only be
detected on MRI. There are limitations in manual biopsy procedures, such as, the space inside the MRI
scanner is not adequate for the radiologist to insert needle inside the scanner under visual guidance. While
performing the procedure blindly outside the scanner may result in a failed biopsy. This can be overcome
by using MR safe robotic system inside the scanner to increase accuracy and reduce the total time for the
procedure.

The STORMRAM series and SUNRAM 5 are MR-safe robotic systems for breast biopsy, which uses
pneumatic stepper motors and driven by feed-forward control algorithm. There are currently no sensors
in the robots that makes calibration difficult and detection of missed steps impossible.

The objective of this thesis is to create a smart control of the pneumatic stepper motor for next-generation
SUNR AM and related robotic systems. At the end of this thesis the new controller is able to apply features
such as automatic calibration, position feedback system, higher speed and higher accuracy in comparison
with previous controller.
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Chapter 1

Introduction

Breast cancer is the most common cancer in women worldwide, with nearly 1.7 million new cases diag-
nosed in 2012, representing about 25% of all cancers in women. The superior sensitivity of magnetic
resonance imaging (MRI) is reported to be as high as 94%-100%[3], thus it has been used for breast can-
cer screening and medical imaging by a radiologist to explore abnormalities. In this procedure, a biopsy
needle is inserted to the location of the suspicious lesion under some imaging guidance after which the
tissue is sampled and examined. While the larger lesions are well visible on other imaging techniques like
X-ray and ultrasound but smaller lesions are only visible through MRI. The current MRI-guided breast
biopsy is inaccurate and inefficient which results in long procedure times, additional tissue damage, and
possibly a false negative biopsy[4].

This resulted in the development of several robotic systems which can be used inside an MRI scanner
and allows precise needle operations under near-realtime MRI guidance which could improve the breast
biopsy procedure. The construction and actuation method for this type of robot would require special
consideration due to the MRI environment in which the robot needs to operate, making sure that using
arobot inside an MRI scanner should not cause any interference with the imaging quality. In the current
terminology as defined by the ASTM F2503-13 standard, three possible classifications are given to medical
equipment: MR unsafe, MR conditional and MR safe. The strongest classification being MR safe is
assigned to devices that are entirely constructed of materials that would not cause any interference with
the imaging quality produced by the MRI scanner.

Since the robot actuates under an MRI environment, the energy source for actuation and sensor device
cannot be electrical as it creates Radiofrequency (RF) interference which directly affects the MRI images
being produced, this leads to actuation using mechanical energies such as pneumatic, hydraulic or cables.
All three methods have their own advantages and disadvantages, but a major focus is given to the pneu-
matic system as it utilizes pressurized air as the medium which has the advantage that, it is abundant in
hospitals, small leaks are acceptable as air is not hazardous and neither creates any sanitation problem even
if it leaks. An important drawback is that air is compressible: while a single pneumatic cylinder could be
used as an actuator, precise position control of the piston is difficult and the only well-defined positions
are the two end-stop positions. This can be mitigated by using a stepper motor mechanism in which
two or more pneumatic cylinders drive a rack or gear in discrete steps resulting in a pneumatic stepper
motor [1].

1.1 Problem statement

The pneumatic stepper motors which are used by the different robotic systems have long pneumatic tubes
in order to use the robot in MR safe conditions. The long pneumatic tubes that are connected with the
robots cause pressure drop which results in low force output, this causes slipping, if the stepper motor is
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operated at a high step frequency or high velocity. Due to this reason, the robotic system is operated at
a slower speed in order to maintain position accuracy as there are currently no MR safe position sensors
available for integration.

To improve the performance and reliability of the stepper motor there is a need for a feedback system. But
the addition of the feedback system should not create any artifacts in the MR image. To tackle this prob-
lem, an MR safe optical encoder shall be developed, integrated, and tested in this thesis. Using this optical
encoder, different control strategies shall be developed and tested. Currently, solenoid valves are widely
used to send pneumatic signals to the stepper motor. In this thesis, its MR -safe alternative, a pneumatic
osctllator shall also be tested. Further, a comparative study of performances of both solenoid driven system
and pneumatic oscillator driven system shall be conducted.

The goal of this thesis is twofold: i) analysis of optical encoder system with a pneumatic stepper motor,
thereby referring it as smart pneumatic stepper motor, and i) analysis of driving a smart pneumatic stepper
motor with preumatic oscillator. These goals are then transformed into research questions which are:

1. What are the advantages and disadvantages of adding an optical encoder in a Pneumatic stepper
motor?

* How to implement an optical encoder in an MRI environment?

* Whatis the optimal control strategy for driving a smart pneumatic stepper motor among Feed-
forward control, Error Correction strategy, and Adaptive Frequency strategy?

* How does a smart stepper motor compare to a standard stepper motor?

2. What are the advantages and disadvantages of adding an Oscillator in the control system of a Pneu-
matic stepper motor?

* Which is better: an oscillator or traditional valves using long pneumatic tubes?

1.2 Organization of the Thesis

The report of this thesis is organized in the following structure:

Chapter 2 provides background information on MRI, current MRI guided breast biopsy and robotic
system developed to perform the biopsy, along with information on fiber optic sensors and information
regarding the actuation principle used by the stepper motor and finally a state of the art Oscillator system
which is a replacement of the traditional manifold system used in the previous robotic systems.

Chapter 3 discusses the different steps taken to design and integrate the optical encoder developed, the
different control strategies developed using the optical encoder, and finally integration of smart pneumatic
stepper motor with the oscillator system. The final section of this chapter describes the experiments done
and the motivation behind them.

Chapter 4 shows the result obtained by performing the experiments and discusses what is the interpreta-
tion of the found result.

Chapter 5 draws the conclusion of the work done throughout the thesis where the main research ques-
tions and sub-question formulated in this chapter are addressed and answered. Finally ending this chapter
with future recommendations where the further work that can be done to improve the smart pneumatics
stepper motor and the oscillator system.

Smart Control of MR Safe Pneumatic Stepper Motor



Chapter 2

Background

The purpose of this chapter is to provide information on the different aspects required to understand the
purpose of creating a smart control for the MR safe Pneumatic stepper motor.

21 MRI

Magnetic Resonance Imaging (MRI) is a medical imaging technique used in radiology to form pictures
of the anatomy and the physiological processes of the body. It uses strong magnetic fields, magnetic field
gradients, and radio waves to generate images of the organs in the body. Since it does not involve X-rays
or use ionizing radiations, which distinguishes it from CT and PET scans so it does not deal with hazards
of ionizing radiation. Due to this reason, an MR is seen as a better choice than a CT scan.

T1 with

e CONfrast
~ B

69

(a) MRI scanner (b) MR Composite

Figure 2.1: MRI machine and Different results obtained by varying the parameter

MRI scanners use a strong magnetic field with oscillating gradients which resonate with protons. In a
uniform magnetic field, the spin axes of all protons line up with this magnetic field. These spins can be
deflected to a different alignment by superimposing an oscillating magnetic field on top of the uniform
field, this is done by rapidly oscillating a set of electromagnetic coils. After turning off these oscillations
the proton naturally falls back to its natural position, aligning the spin with a uniform magnetic field
again and hereby transmitting a radiofrequency (RF) wave. The time needed to transfer from the excited
to the original state is called the T1 relaxation time which is dependent on the type of tissue. Position
information can be encoded by applying gradients to the magnetic field to define two-dimensional slices
and using phase & frequency encoding schemes to distinguish rows and columns within that slice.

Several acquisition sequences are possible by changing various parameters such as the repetition time
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(TR), echo time (TE), and others. Example sequences are the T1-weighted spin-echo which uses short
TR and TE, while T2-weighted spin-echo uses long TR and TE times as it is observed in organs or parts
which contain more water content as in edema, tumor, infarction, inflammation, and infection.

When a lesion is found which is classified as BILRADS 3 or higher then a biopsy is generally advised.
Biopsies can be done under ultrasound, x-ray, or MRI guidance. If the biopsy is not visible by ultrasound
then MRI-guided biopsy is the next preferred method as MRI has the highest sensitivity among the other
techniques and is also the safest method.

2.2 MRI Guided Breast Biopsy

Lumps or abnormalities in the breasts are often signs of a cancerous lesion in the breast. They are often
detected by physical examination, mammography, or other imaging techniques. It is not always possible
to tell from these imaging tests whether a growth is benign or cancerous. A breast biopsy is performed to
take a sample from a suspicious area in the breast and then examine them to determine a diagnosis. This
is done by using an image-guided needle biopsy using MRI or Ultrasound depending on the resolution
needed.

If an Ultrasound biopsy is infeasible due to the invisibility of the lesion, then an MRI-guided biopsy is
done. The breast is immobilized by two vertical plates. As seen in the image, one of the plates contains a
rectangular grid which is used to get a better reference point to take a sample from the detected area. The

(a) Grid structure (b) Biopsy method

patient is first scanned in MRI with and without the contrast agent and the suspicious lesion is localized
and selected. Then using the biopsy software, the required grid and needle insertion depth is calculated.
The patient is then moved out of the scanner and a stylet through a sheath is inserted to create access to
the lesion. The stylet is replaced by an obturator and the patient is scanned again to confirm the location
of the tip coincides with that of the lesion. If not then the last steps are repeated until the tip is at the right
site. The patient is then moved again out of the scanner and the biopsy needle is inserted, usually taking
multiple samples under the vacuum assistance. A localization clip is inserted and a final confirmatory
scan is taken. The whole MRI-guided biopsy procedure takes around 45 to 60 minutes. A relatively
thick needle is used to allow taking approximately ten samples and transport these through the needle to
a container under vacuum assistance.

2.2.1 Current Benchmarks and Limitation

As discussed above the manual MRI-guided biopsy procedure requires the patient to move in and out
of the scanner multiple times. The lesion is localized after a scan inside the scanner, but the needle can
only be inserted outside the scanner by the radiologist. Although the breast is squeezed in-between two

Smart Control of MR Safe Pneumatic Stepper Motor
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plates, the lesion may still move due to breathing, involuntary muscle movement, and/or needle-tissue
interaction. The aforementioned inaccuracies more or less force the radiologist to take away a relatively
large volume of tissue samples. The vacuum-assisted biopsy device is an effective tool for this, but the
thick needle results in significant tissue damage. The length of the MRI-guided biopsy procedure which
is around 45-60 minutes combined with relatively high tissue damage makes the manual MRI-guided
biopsy procedure inaccurate and inefficient.

Figure 2.3: Stormram-4 (left)[5] and SUNRAM-5(right)[6]

The more efficient way is to use an MR safe robotic system which can improve the accuracy and efficiency
of biopsies of MRI visible lesions in the breast. The found lesion’s coordinate can be then transformed to
the robot’s coordinate system and using a robotic system will ensure accuracy and repeatability. Some ex-
amples of these robotic systems are: Stormram and SUNR AM series developed by the RAM department
of University of Twente, MrBot by Stoianovici et al and Soteria RCM by Bomers et al.

Figure 2.4: MrBot by Stoianovici et al.(left) Source: [7] and Soteria Remote Controlled Manipulator
(RCM) by Bomers et al(right) Source:[8]

The latest Robotics system developed in the University of Twente, SUNRAM-5 an MR safe robotic sys-
tem is used for MRI-guided breast biopsy. As per [5] and [6] the control strategy of stormram & SUN-
RAM series and design of the stepper motor [1], when one motor is commanded to move to a new po-
sition its valves are operated for the required number of steps at a given stepping frequency. As there is
no position sensor, it solely works on feed-forward control strategy which limits its operating frequency
and losses confidence in accuracy. Also, some of the other limiting factor for its lower step frequency is
the length and diameter of the pneumatic tubes, the cylinder stroke volume and the valve’s airflow. Cur-
rently the SUNR AM series (the latest) takes about 3 minutes and 25 seconds in average to complete the
procedure [9]. In this whole procedure, the movement of robot is done for only around 1 minute and 38
second in average. This duration of time can further be reduced if the system had a feedback system in

Smart Control of MR Safe Pneumatic Stepper Motor
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order to account for the mistakes it might make and to increase the confidence of the procedure.

2.3 MRI compatible Sensor

In the last few years, there has been an increase in MRI-guided minimally invasive surgery. MRI is char-
acterized by excellent soft-tissue contrast, high spatial resolution, the use of non-ionizing radiation, and
image-based tracking and guidance. Thus there is a natural clinical aspiration to use live MR to monitor,
feedback, guide, and control interventions. which brings the need for robotic systems which can perform
the said procedure in an MRI environment faster and with higher accuracy. For performing the procedure
faster and more accurately, the actuators of the robotic system or the robot itself should have a feedback
system, this will theoretically increase the accuracy and safety of the system.

One of the conditions for using a feedback device inside the MRI scanner is that it should be safe to use in
the given environment. The ASTM F2503 standard defines three categories of MRI devices which are:
MR safe, MR conditional, and MR unsafe. The MR safe requirement implies that the device should be
free from all the items which can interact with the magnetic field i.e. the device should be free of metallic,
ferromagnetic, and conductive materials. Essentially, it should be free of any material which can cause
distortion or create an artefact in the image produced by the MRI scanner. This will allow the device to
work in all MRI scanners. MR conditional classification indicates that the device would work safely only
for certain given conditions and the MR unsafe classification pose an unacceptable risk and should not be
kept inside the MRI room.

MR Safe MR Conditional MR Unsafe

Figure 2.5: MR categories

From the energetic perspective, electricity excludes an MR-safe option, because electrical currentinevitably
generates electromagnetic waves causing imaging artefacts due to radiofrequency (RF) interference. Based

on the definition of MR safe”, optical sensors are essentially the only type of sensors that can be used in

an MRI environment safely.

2.4 Fiber Optics Sensors

The first application of optical fibres to the medical field enabled the illumination of internal organs dur-
ing endoscopic procedures. These sensors are commonly grouped into two categories, Intrinsic and ex-
trinsic sensors. In intrinsic sensors, the optical fibre is itself the sensing element and in extrinsic sensors, it
is used as a medium for conveying the light whose characteristics are modulated by the measurand. The
second type allows deploying the basic components of the Fiber optic sensor, i.e. the light source and
photo-detector away from the sensing element, in order to develop a small size sensor and hybrid solution
like MR safe optical encoder.

Smart Control of MR Safe Pneumatic Stepper Motor
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According to the optical modulation mechanisms, fibre optic sensors can be classified as:

* Intensity modulation
* Wavelength modulation

¢ Phase modulation

Different working principles based on light intensity modulation allow developing Fiber Optic Sensors(FOS)
for MRI application. In this kind of sensor, the measurand modulates the intensity of light passing

through the fibre.
Input Light Source —'-E I

S —
r’'d

Input Light Source Output Light Source
= ® = is 4m-

Input Light Source Output Light Source

':q ¥> - ® g\ F> (b) Intensity reflective FOS
. j : Displacement

(a) FOS based on coupling of fiber

(c) Macrobending FOS

Figure 2.6: Different working principles of fiber optics using Intensity modulation mechanism

The working principle can be categorised in three different categories:

* FOSbased on coupling between two or more fibres (cf. fig. 2.6a). In this type of sensor, the intensity
changes as the distance between the two fibre changes. This type of sensor can also be modified to
become an optical encoder by keeping the distance between the two fibre constant, and a succession
of an opaque and clear section can send an analogue signal of on and off which can be then digitally
converted using a photo-diode or photo-interrupter.

* Intensity reflective FOS (cf. fig. 2.6b), where a reflector is placed at a known distance at the end of
one of the extremities of two optical fiber. The light transported by the first fiber is reflected back by
the mirror to the second fiber which is coupled to a photo-detector. The intensity measured by the
photo-detector is then used to measure the distance. The intensity readings are generally Voltage or
current produced by the photo-detector.

* Macrobending FOS (cf. fig. 2.6c¢): their working principle us based on the light modulation owing
to fibre bending. When alight ray enters the fibre, the amount of radiation lost into the cladding re-
gion increases as there are more bends in the fibre wire. This approach or property can be employed
to measure physical parameters which can cause the bending such as force or torque.

There are multiple MR-safe force sensors present in the literature [10] but there is no MR-safe position
sensor, although there are MR-compatible position sensors available [11] but, using these sensors creates
artefacts in the MRI image which is not favourable.

Smart Control of MR Safe Pneumatic Stepper Motor
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2.4.1 Optical encoder and Quadrature signal

An optical encoder is a position sensor that is commonly used for measuring rotational motion or lin-
ear position of an actuator or a load. It consists of a shaft connected to a circular disc or a linear shaft,
containing one or more tracks of alternating transparent and opaque areas. A light source and an optical
sensor(photo-interrupter) are mounted on opposite sides of each track. As the shaft rotates, the light sen-
sor emits a series of pulses as the light source is interrupted by the pattern on the disc. This output signal
is then converted to a digital output by using a comparative circuit with the photo-interrupter.

Output signals
=0 e to B LTI
rter
CO: o convel
oz [l

Light-receiving
elements

Light =2

source

-~ Moving disc
with slits

Figure 2.7: Rotation optical encoder Source: [12]

There are two types of optical encoder, incremental and absolute. An absolute optical encoder has several
tracks, with different patterns on each, to produce a binary code output that is unique for each encoded
position. In the incremental optical encoder, there are two tracks that are out of phase with each other,
producing two outputs. The relative phase difference between the two channels indicates the direction of
the encoder.

A rising edge on channel B after a rising edge on channel A means the encoder is moving in one direction,
and a rising edge on channel B after a falling edge of channel A indicates the encoder is now moving in
the opposite direction. A rising edge on channel B followed by a falling edge in channel B with no change
in channel A indicates that the encoder has undergone no net motion. The out-of-phase A and B pulse
train is known as quadrature signal which gives the direction of the encoder. Some encoders have a third
channel which is used to give the index position.

2.5 Pneumatic Controller and Actuation Principle

An individual stepper motor is controlled by a pneumatic valve manifold which is controlled using an
Arduino and can be connected to a user interface as done in [S]. The fig. 2.8b shows a schematic of the
controller including one pair of valves for controlling one stepper motor. The stepper motor is indepen-
dently operated by a pair of 5/2-way valves of type Festo MHA2-MSIH-5/2-2 (Festo AG & Co. KG,
Esslingen, Germany) connected to a S m pneumatic tube. This allows the MR unsafe controller to be
placed outside the Faraday cage of the MRI to eliminate the possibility if RF interference and safety is-
sues.

The pneumatic connection scheme and operating sequence are shown in fig. 2.8b. As stated by V. Groen-
huis and S. Stramigioli in [1], the five states are numbered 0-4 (c.f. fig. 2.9), shows the consecutive position
of the piston and rack when it is operated from left to right. Exactly one piston can be fully engaged on
the rack. This is always the piston that moved formerly and independent of the direction of load. The
piston that moved most recently acts as a wedge between the rack and the cylinder housing, effectively
eliminating any backlash in the motor by design.

Smart Control of MR Safe Pneumatic Stepper Motor
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Pneumatic
stepper motor

5/2-way valves

Ef
Y/

1\Y
J Exhaust
>
®
Pressure
‘ source
Arduino
controller

(a) State machine node for quadrature signal (b) Pneumatic control schematic and five consecutive states of a single
A/B channel stepper motor Source: [5]

Figure 2.8: Control scheme for Pneumatic stepper motor

Figure 2.9: Five consecutive states of a single-speed linear stepper motor with the housing (yellow), rack
(purple) and pistons (red and green) Source:[1]

The control sequence can also be explained by fig. 2.8a, the nodes are the state of the individual valves.
Changing the bit in a particular direction changes the direction of the stepper motor. The bit written in
the figure is the state of the two valves. Following the pattern, the motor can be driven in a forward or
backward direction.

2.6 Pneumatic Oscillator

The Pneumatic Oscillator works on the principle of a Ring oscillator circuit. A ring oscillator circuit is
composed of odd numbers of NOT gates in a ring, whose output oscillates between two voltage levels,
representing true and false. The NOT gates or inverters are attached in a chain and the output of the last
inverter is fed back into the first (cf. fig. 2.10a).

The Pneumatic oscillator is based on the same principle of a ring oscillator but, here the circuit is made
of one inverter and one follower which can be seen in fig. 2.10b. To make this circuit into a mechanical-
pneumatic circuit, the gates are changed into a 12/2-way pneumatically actuated valve. As the name sug-
gests the valve has 12 ports and 2 states and in fig. 2.11, of the 12 ports, 4 of them are output ports and
the other 8 are divided between the exhaust port and pressure port. A pneumatic valve has two states,
Normally open (NO) and Normally close (NC). The two states can be seen from the left and right side of
the valve, upon switching the state, the pressure and exhaust ports that are connected to the output ports
are switched.

Smart Control of MR Safe Pneumatic Stepper Motor
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Principle of a simple 3-i ing Oscill
() Principle of a simple 3-inverter ring Oscillacor (b) Principle for pneumatic oscillator system

Figure 2.10: Electrical circuit for ring oscillator and oscillator system principle

Qutput|ports

ot ST SIOIINIIR

Inverter Follower
Exhaust <| | | = ports
Pressure source (@)

Figure 2.11: Pneumatic-mechanical representation of a simple oscillator circuit comprising of an inverter
and follower valve Source: [2]

e
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In order to make a simple pneumatic oscillator circuit, two 12/2 way valves are interconnected in which
the left valve acts as an inverter and the right valves as a follower. Figure 2.11 shows the pneumatic repre-
sentation of the oscillator circuit. The pneumatic lines represented by blue lines in the image are the ones
through which pneumatic air is passing through and the red lines show that they will be actuated once the
switch changes to the left side. Pneumatic line-1is giving a signal to the follower valve, which switches the
right side of the second 12/2 way valve. This enabled the pneumatic line-3 to get connected with the pres-
sure source and further allowed the left side of the first valve to switch on. This way in the next iteration,
pneumatic line 2 will be connected to the pressure source which would switch the left side of the follower
valve to get the pressure source. This is how the inverter and follower trend is used to switch the states
of this system and allowing oscillation between state 1 and 0 of the valve making a pneumatic quadrature
signal as a result.

Oscillator with speed |
control \ \ \ \
ARARAN]

Exhaust <
Pressure source @

[ e T e ST e

—t— 1

-

Small air O O O O

tanks

Lowspeed — Large air tanks
Highspeed —

Figure 2.12: Oscillator speed mode pneumatic circuit Source: [2]

This system was converted to a mechanical system which was completely 3D printed to make it MR safe.
The prototype uses screws that are metallic and can be easily replaced with nylon screw and bolt. The
physical system is made of six 12/2-way pneumatically actuated valves of which two valves are responsible
for switching the direction (fig. 2.13), one is responsible for changing speed mode (fig. 2.12) and two are
used to create quadrature signal which is then connected to a pneumatic stepper motor to actuate it, the
last valve is unused and can be used as a spare.

The speed mode of this system can be explained from fig. 2.12, the two different tanks are responsible
for switching the speed. The tank dimension decides the time delay between switching the state of the

Smart Control of MR Safe Pneumatic Stepper Motor
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inverter and the follower valve. A single 12/2-way valve is used in order to switch between the two tanks
i.e. switching between ‘Low speed’ and ‘High speed’ mode, the four output ports are connected with air
tanks and the air tanks’ dimension is changed depending on which side of the valve, i.e., left for low speed

and right for high-speed mode is actuated.

Oscillator with direction control [— 11 .. [

e SLLLLLL I SLLLLTLLL I L A i '/'!'/'!}‘

[ —

T

| |

Pressure sourc@

Stage 1 inverter —
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Figure 2.13: Oscillator Direction mode pneumatic circuit Source: [2]

The pneumatic circuit for direction control can be explained using fig. 2.13, the direction of the pneumatic
quadrature signal generated as explained before is done by the follower and inverter valves, the order of
inverter and follower valves decides the order of quadrature signal which is done by the two additional
valves present in fig. 2.13. In case the direction of movement is set to forward or clockwise, the first 12/2-
way valve shown in fig. 2.11 becomes a follower and the second valve becomes the inverter. The extra valves
present in fig. 2.13, is responsible for switching the behaviour of the valves.

Figure 2.14: Oscillator system: It comprises of 6, 12/2-way pneumatically actuated valves

The complete system would include the speed mode attached which would decide the duration after
which the state switches. The complete mechanical realization of the system can be seen from fig. 2.14.
One extra valve is present here which is unused and serves as a replacement in case a valve stops working.
The last two valves are responsible for generating the pneumatic quadrature signal and is connected with
the pressure source directly and gets the signal from switching from the direction valve. The other valves
are controlled with a 5/2-way solenoid valve which is controlled using an Arduino controller. This way
the whole system is MR safe and still able to generate the required force and speed acting as an improved
version of using the traditional approach to control the Pneumatic stepper motor. The only problem
with this system is that it generates the quadrature signal for as long as the pneumatic signal is sending
the signal and cannot account for the number of steps taken without any feedback system which makes
controlling this system very complicated.

Smart Control of MR Safe Pneumatic Stepper Motor
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2.7 Approach

The different MR safe Robotic system developed for MRI guided breast biopsy have proven to be an
improvement on the older method where the vacuum-assisted biopsy was performed by shortening the
time duration. The major draw back of the existing MR safe robotic system was that there was no feedback
system and auto-calibration which forced the robotic system to work at alower speed increasing the overall
time duration of the procedure.

The aim of this thesis is to create a new MR safe optical encoder which is then incorporated into the MR
safe pneumatic stepper motors that are used in Stormram-4 [5] and SUNR AM-5[6] robots but specifi-
cally T-49 stepper motor. Further different control strategies using the feedback system was investigated
and finally, the oscillator system which is an MR safe version of the controller manifold, a replacement of
solenoids is integrated with the MR safe pneumatic stepper motor. The performance of each system was
evaluated and compared.

Smart Control of MR Safe Pneumatic Stepper Motor



Chapter 3

Materials and Methods

This chapter deals with the design choices made in order to make the MR safe Optical encoder and its
integration in the Stepper motor and Oscillator. Later the MR safe optical encoder is used to develop
different control strategy and smart features to efficiently run the stepper motor.

3.1 Design of MR Safe Optical Encoder

In order to create a position sensor for the feedback system in MR safe Pneumatic stepper motor, few
conditions are needed to be fulfilled by the optical encoder to make it MR safe. The conditions are stated
below:

¢ The sensor should not cause any RF interference to MRI scan, i.e., it should not have any electrical
part inside the Faraday cage of the MRI

* The resolution of optical encoder should be at least as much as the step size of stepper motor, i.c.,
1 mm.

* Designed encoder should not effect the performance of the stepper motor, i.e., it should not cause
major changes in the design of the stepper motor.

These conditions were the only design choices that needed to be taken care of in order to make an MR safe
optical encoder. Initially, a mock-up of the sensor housing fig. 3.1a inside the stepper motor was created to
test the feasibility of the sensor. After taking some initial reading using a 5 m fiber-optic cable for sending
light source and for receiving it to photo-interrupter.

.....

2mm

(a) Side view of Mock-up sensor housing (b) Front view of Mock-up sensor housing

Figure 3.1: Mockup sensor design
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In order to get a quadrature signal from an encoder, the two signals should be out of phase by 90°. But
this is only for a rotary encoder, for a linear encoder it should be out of phase by 25% of the step size or
resolution of the track. The value 25 % is taken in order to generate 4 different phase during one step
which generates the quadrature signal. The port for the optical fiber to connect in fig. 3.1a is separated
by a factor of 0.25xstep sizexn, where ‘n’ is decided by the size of the optical fiber being used and the 3D
printer resolution. In this project, the fiber being used is HFBR-RUS100Z Series' (Plastic Optical Fiber)
whose thickness is 2 mm. In order to make it easier for the 3D printer to print the ports correctly and for
the ease of integrating the fiber in the housing we set the factor to be: n = 13 for the mock-up sensor and
n =7 when it was integrated with the pneumatic stepper motor. This made it easier to integrate fiber in
the sensor housing without causing any stress in the fiber itself.

The design of the electrical circuit used for the sensing parts is very straightforward. The LEDs each
have their current limited by 120 2 resistor and the phototransistors were first connected in series with a
variable resistor. The variable resistor is used to get the best sensitivity and once found, the resistance was
used for the other phototransistors. One of the major issues with phototransistors is that they are prone
to get noise from surrounding light. In order to solve that, a housing component for the LEDs and the
photo-interrupters was designed along with the connectors for optical cables (fig. 3.2a), this way no noise
from the surrounding was able to get inside.

/ _—

(a) Sensor housing components (b) Sensor housing cross-section view

Figure 3.2: Sensor housing design. In order: 1. Simplex latching cable output; 2. Latching mechanism;
3. optical cable input; 4. latching location; 5. space for cathode and anode of photo-interrupter and LED;
6. optical cable input location in sensor housing; 7. LED; 8. photo-interrupter

The sensor housing for the electrical component is divided into two parts which can be separated, it was
done in order to make the assembly and 3D printing easier. The first row of the lower part contained all
the LEDs and the second row contains all the photo-interrupters. The upper part is for the Optical fiber
connection. As shown in fig. 3.2a, the grey part holds the connection for optical cables and the other part
contains LEDs and Photo-interrupter.

3.1.1 Working Principle

In order to make the encoder work for MR safe condition, two different working principles were com-
bined to make the encoder MR safe. The working principle of intensity modulation used by coupling
of fibers and incremental optical encoder was used. The optical cables are used for the transmission of a
light source to the sensor housing and another cable transmits it to the photo-interrupter. According to
the principle of intensity modulation for the case of coupling of fibers fig. 3.3, as the separation between
the two coupled fibers increases, the intensity reduces. While making the mock-up sensor housing, the
distance between the two fibers was set to the same value as it would have been in the stepper motor to
check the feasibility of this method. Reading were taken for the two cases, i.e. when the light was passing
through the slit and when no light was passing, the analogue output is shown in fig. 3.4a.

https://docs.broadcom. com/doc/AV02-1508EN
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Figure 3.3: Intensity modulation using coupling of fibers

(b) Digital output after testing with the mock-up sensor
(a) Analogue output of the mock-up sensor housing

Figure 3.4: Analogue and Digital quadrature output from Mock-up sensor

It is clear that the sensor unit S m away from the sensor housing is able to keep track of the change even
though the light source has to travel 5 m from led to the sensor house and then from the sensor house
to the photo-interrupter, travelling a total distance of 10m. The difference between the two cases was 4.3
V for when no light is passing through or the ‘OFF’ case and 1.1 V when light is passing through or the
‘ON’ case. The difference between the two cases was enough to use a simple comparator to change them
in digital signal as seen in fig. 3.4b. The response time is fast enough to work with the stepper motor.
The step resolution for the encoder is 1 mm and since using the 5 m optical cable allows the sensing unit
to be outside the MRI room, the optical encoder fulfilled all the condition required for making it MR
safe. After getting satisfactory readings from the circuit (shown in fig. 3.4b), the optical encoder’s sensor
housing is then integrated with the Pneumatic stepper motor T-49.

3.1.2 Integration with Pneumatic Stepper Motor

In order to integrate with the Pneumatic stepper motor, few changes were also needed to be made in the
design of the stepper motor itself. To incorporate the housing, changes which were made did not alter
the performance of the stepper motor but were additional compartment and change in dimension of few
parameters of the rack. Due to the change in rack, few changes were needed to be made in the middle part
of the stepper motor in order to accommodate this change in the stepper motor. These changes can be
seen from fig. 3.5a, the final design of the stepper motor can be seen from fig. 3.5b

Due to the presence of the optical encoder, a new control schematic was also designed in order to com-
bine the sensor housing with the controller so as to take direct advantage of the feedback system to create
different control strategies. Using the schematics shown in fig. 3.6, two different control strategies were
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3.5 mm I

3.5 mm

(a) Middle part of T-49 Pneumatic Stepper motor with (p) T-49 Pneumatic stepper motor with optical encoder
optical cable housing

Figure 3.5: Comparison of middle part of T-49 stepper motor before and after sensor integration

Pneumatic

Photointeruptor stepper motor

LED

5/2-way valves

e L e L g

Exhaust
LD
®
Pressure
— source
| Sensor Arduino
Housing controller

Figure 3.6: Schematic for Pneumatic stepper motor integrated with optical encoder
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developed which are: i) Error Correction Strategy and ii) Adaptive Frequency Strategy.

3.2 Error Correction Strategy

The first control law was developed in order to deal with the known problem of Pneumatic stepper motor,
while working at high step frequency it starts missing a few steps due to slipping caused by insufficient
pressurization of chambers. To deal with this a simple error correction strategy was developed. In this
control strategy, the controller kept track of the step taken by comparing the programmed step to the
actual step taken which is tracked by the optical encoder. The algorithm being used by this control strategy
is discussed in the next sub-section.

3.2.1 Methodology

The control strategy follows the algorithm represented by the flow chart shown in fig. 3.7.

The linear actuator on which the optical encoder was integrated is the T-49 MR -safe stepper motor. This
particular stepper motor has a resolution of 1 mm. The number of steps required to complete the input
distance is just the conversion of input distance in millimetre or simply take the input distance in millime-
tre.

In the algorithm, the controller keeps checking the step taken at the end of each step duration, the step
duration is decided by the step frequency which is a fixed input parameter for the controller. At the end of
the step duration, the controller switches states of the solenoid which in turn sends the pneumatic signal
to the stepper motor by pressurizing the respective chamber to move the piston which in turn pushes the
rack and the stepper motor moves, the change in the state responsible for moving the stepper motor can
also be seen from fig. 2.9. If at the end of step duration, the optical encoder does not detect any step, the
stepper motor has slipped and correction is made on the commanded step by reducing the step-taken.
This process is repeated unless the recorded step-taken or feedback step is equal to input distance.

3.3 Adaptive Frequency Strategy

The control strategy developed follows the algorithm represented by the flow chart shown in fig. 3.8.

Pneumatic actuators exhibit highly non-linear behaviour given by factors like air compressibility, friction
in pneumatic tubes, mass flow/ volume flow rate characteristics [13]. In order to get a precise motion
control or force output according to the different conditions, proper mathematical models and experi-
mental identification procedures are required. This highly complicates designing the control law for the
pneumatic actuators and it is even more complicated for an MR safe pneumatic actuator, due to which
a pneumatic stepper motor is generally used for actuation purpose. Without a feedback system, the best
way to drive a pneumatic stepper motor without a feedback system is by the feedforward method. But
after integrating the pneumatic stepper motor with an optical encoder, we can efficiently control the step-
per motor by observing its behaviour using the distance travelled vs time plot obtained using the optical
encoder and error correction algorithm. This lead to a new control strategy which is described in the sec-
tion 3.3.2. But before the control strategy can be explained, the approach taken or the limiting function
created for this strategy has to be explained which is done in section 3.3.1.

3.3.1 Approach

After observing the performance of the stepper motor using the Error correction strategy, a detailed study
of the stepper motor behaviour was done. Upon looking at the pressure step response shown in fig. 3.9
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Figure 3.7: Error correction strategy algorithm
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Figure 3.8: Adaptive frequency strategy algorithm
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Figure 3.9: Pressure response for three different tube lengths, with and without 3cc reservoir Source: [1]

taken from the result section of Rapid Prototyping High-Performance MR Safe Pneumatic Stepper Mo-
tors [1], the pressure response for 5 m pneumatic tube length showed the same behaviour as a charging-
discharging of a capacitor from an RC circuit. The discharging curve observed in the figure shows that it
takes around 0.25 seconds to completely discharge the air. Using this property shown by the 5 m pneu-
matic tube, the adaptive frequency strategy was developed. In this strategy, the time delay of discharging
is taken advantage of by gradually increasing the step frequency. This way, the stepper motor’s chamber
maintains the momentum of its motion and is able to work at a higher step frequency.

Using this as an inspiration, the limiting function was designed by exponentially increasing the step fre-
quency. The limiting function followed an exponential equation which is described below:

2=
- L (3.1)
S limit
Jfi= U =a)fi s+ aftim (3.2)

Changing the parameter of eq. (3.2), the controller can control the rate and the limiting value till which
the frequency would increase. The effect of changing the parameter can be seen from fig. 3.10. The effect
of changing parameter L can be seen from fig. 3.10a, in this figure, the G parameter was set to 0.04 due to
which the limiting frequency became 25 Hz. In fig. 3.10b, the effect of changing the G parameter can be
seen, in this figure parameter L, the rate at which the step frequency would increase is kept constant and
G is being varied, due to which the controller limits to a different frequency.

3.3.2 Methodology

The control strategy follows the algorithm shown in fig. 3.8. In this strategy, the controller keeps increas-
ing the step frequency exponentially as explained in section 3.3.1. The controller keeps increasing its step
frequency using the limiting function until it makes a mistake. After making a mistake, the controller sets
the step frequency to the initial frequency at which the stepper motor started moving.

The step frequency at which the stepper motor makes a mistake is recorded and is used to set as the limiting
frequency for the next run. This way, the stepper motor can be calibrated once, and then this calibration
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Figure 3.10: Effect of changing « on the rate of change of frequency: increasing « increases the rate at
which frequency increases

can be used for the entire session the stepper motor is used. The next calibration would be done when
the stepper motor again makes a mistake even though it was calibrated before. The other parameters are
similar to that of the error correction strategy [fig. 3.7], i.e. the controller still accounts for the missing
steps.

3.3.3 Analysis

In this section, the effect of different gain value of the adaptive frequency strategy is shown. In fig. 3.11,
the effect of different gain value can be seen. How changing the gain value and initial step frequency (as
stated in the legend of the figure) changes the performance of the stepper motor.

In the adaptive control method, the stepping frequency is increased exponentially to a limiting value un-
til the stepper motor slips and misses a step. The stepping frequency is then set to its initial value, and
then it rises again. The rate at which it is increased also affects the performance of the stepper motor.
Fig.3.11shows the different gain value and the results obtained are after tuning the gain value which would
result in cases which makes the least error.

To find the gain value for this session, first, the stepper motor is calibrated by initially giving a very low
gain value, which results in a very high saturation for the step frequency. The controller then records the
frequency at which the stepper motor made the first error and uses it to set the new gain value, which is
used to run the stepper motor, and the result is shown in fig. 3.11. fig. 3.11.

From the figure you can see that the stepper motor is faster after calibration, the red line which allowed
the step frequency to go from 6 Hz to 24 Hz encountered an error when step frequency became 21 Hz by
updating the frequency using the limiting fuction, this gave an upper limit to the step frequency at 21 Hz.
Various other tests were also done in which the initial freq was changed in order to get the fastest response
for covering 100 mm. The blue line shows the fastest response, covering 100 mm in S seconds. This gain
value and initial frequency gave the fastest response and it can be considered to be the new calibrated value
for the stepper motor in this run.
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Figure 3.11: Tuning gain value for Adaptive Frequency control strategy

3.4 Pneumatic Oscillator System

The Oscillator system is an MR safe replacement for the valve manifold, it generates a pneumatic quadra-
ture signal in two directions depending on the direction of motion required. It has 3 switches as can be
seen in fig. 3.12, two of them are used to set the direction of the quadrature signal and as a result, set the
direction of the stepper motor. The last switch is a speed mode, moving the stepper motor in two-speed
mode.

The pneumatic oscillator generates a quadrature signal for the duration of time it is activated but there is
no way to be sure the number of times the states have been changed, i.e. the number of steps the quadra-
ture signal has generated. In order to use this system with the pneumatic stepper motor, a feedback system
is required.

3.4.1 Integration

Controlling a Pneumatic stepper motor without any feedback from an oscillator would be very compli-
cated as for this to happen we would need to work on the dynamics of the pneumatic stepper motor and
the behaviour of the oscillator, which is very complicated to determine. Thus the presence of an optical
encoder in the stepper motor, made it easier to make a controller for this combination of system. In order
to control the pneumatic oscillator from outside of the Faraday cage, the three switches are connected with
three 5/2-Solenoid valves in order to send signals for controlling the direction and the speed of the step-
per motor. The oscillator is getting the source pressure directly, which subsequently reduced the distance
between the source pressure and stepper motor from 5 m to 1 m or less. This increased the overall force
output of the stepper motor which also made the slipping of the step even less which overall increased
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Figure 3.12: Pneumatic Oscillator

the average velocity of the system. The only problem with controlling the MR safe pneumatic stepper
motor by integrating an oscillator was that there was no accurate way to know the number of steps taken
by the stepper motor accurately, this was solved through the integration of the MR safe optical encoder
with the pneumatic stepper motor. The control schematic which integrates all the component required
to run this system is represented in fig. 3.13 and the real system can be seen in fig. 3.15.

3.4.2 Methodology

The control strategy for this system is fairly simple. The three solenoids which are now the switches con-
trol the Oscillator system and is 4 m away and the stepper motor is Im away from the solenoid. This
makes the total distance between the stepper motor and all the electrical component to be 5 m. The con-
trol schematic can be seen from fig. 3.13 and the control strategy can be seen from fig. 3.14.

Table 3.1: Chamber’s state depending on sequence and direction

Sequence Clockwise Counter-Clockwise
Chamber-A | Chamber-B | Chamber-A | Chamber-B
I 0 0 0 0
II 1 0 0 1
111 1 1 1 1
I\ 0 1 1 0

The controller gets the input position of the stepper motor using which the direction of the stepper motor
is decided. The two directions switch for the oscillator as shown in fig. 3.13, decides if the stepper motor
has to go in a forward or backward direction. If the stepper motor has to go in a forward direction or
clockwise direction, the pressurized air goes into chambers represented by Roman numbers and follows
the sequence of I->II—-III—-IV and if the stepper motor has to go in backward direction or counter-
clockwise direction then the pressurized air goes into chambers following the sequence of IV—III—-II—I
or follow the sequence of counter-clockwise direction shown in table 3.1. Each sequence marks one step
and the sequence represents the state of the chambers of the stepper motor which can be seen from ta-
ble 3.1. The state ‘0’ represents that the chamber is not getting any pressurized air and state ‘1’ represents
thatitis. The speed mode switch decides if the chambers with capitalized Roman numbers are to get the
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Figure 3.13: Schematic for controlling Pneumatic stepper motor with Oscillator and Solenoid valves.

pressurized air or the small Roman numerics. Due to the difference in the volume of the chambers, the
time requires to fill them would be different which would subsequently decide the time delay of switching
to the next sequence.

The controller compares the feedback steps to the input distance, if the input distance is less than zero, the
controller switches the direction of the stepper motor by sending a signal to the solenoid responsible for
generating the quadrature signal of that direction. Accordingly, the stepper motor is given signal for that
direction until the stepper motor has taken the number of steps required to complete the input distance.
In the case of overshoot, the controller changes the direction of the quadrature signal by switching the
solenoid channel.

3.5 Experiments

This section describes the experiments conducted to investigate the performance of different control
strategies developed using the integration of optical encoder with the MR safe pneumatic stepper mo-
tor and finally to evaluate the performance of the oscillator system integrated with the smart pneumatic
stepper motor.

The experimental setup used is quite straight forward, the stepper motor is commanded to move 100
steps and the distance travelled vs time is plotted for each control strategy developed. The experiments
performed was used to evaluate the performance of the smart stepper motor with solenoid valves as the
controller manifold as well as with the new proposed controller manifold - Oscillator system. All the
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systems are then compared to the previous stepper motor which uses a simple feedforward method and
long pneumatic lines connected to a pair of 5/2-way solenoid valves.

3.5.1 Motivation

The different experiments that are performed using the same test setup had different inferences.

Experiment- 1 is performed with the smart stepper motor, i.e. the stepper motor integrated with the op-
tical encoder in order to see how much the working region has increased with just using a simple control
algorithm i.e. “Error Correction Strategy”. The working region can be defined as the combination of two
parameters, step-frequency and source pressure at which the stepper motor makes no mistake or is able
to complete the commanded steps. For the feedforward control method, if the stepper motor makes a
mistake it would be unable to account for the missing steps, this can be solved either by increasing the
source pressure or by decreasing the step-frequency the right combination of these parameters was found
and shown in the plot.

Experiment-2 is done to get a benchmark of the feedforward method using different pneumatic lines.
Two different pneumatic lines were used, 2 m and 5 m tubes and the working region of the stepper motor
were found for both cases.

Experiment- 3 is done to find the distance travelled vs time plot of the Oscillator at different source pres-
sure. This also gives us the performance of the smart stepper motor at 4 bar pressure which is the standard
working pressure for the robotic system this actuator is used for.

Experiment- 4, the final experiment was done to compare all the control strategies developed, i.e. Error
Correction, Adaptive Frequency strategy and the performance of the oscillator system. This was com-
pared with the feedforward control strategy which was used previously by the MR safe stepper motor and
the different robotic system.
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Figure 3.15: Oscillator integrated with solenoid and stepper motor
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Chapter 4

Results

This section shows the results of the different experiments performed. And in the last section of this
chapter, the results are discussed.

4.1 Working Region of Pneumatic Stepper Motor

The robotic system needs to be MRI safe so, in order to run the robot using a solenoid, 5 m pneumatic
lines would be used, so the major focus for the feedback system was given to this case. This experiment
was focused on the first strategy devised using the feedback system, i.e., Error Correction strategy. The
plot shown in fig. 4.1 shows the increase in the working region using the feedback system.

The plot represents the benefit of using a Feedback system as it shows the increase in the working region or
the combination of pressure and stepping frequency which can be used for the stepper motor to complete
the given number of steps. The presence of a feedback system allows the stepper motor to work at a higher
step frequency, which increases the speed of the stepper motor by 33%.

The result shows the working region of the pneumatic system for 2 m and S m pneumatic line. The plot,
fig. 4.2 shows the combination of Pressure and stepping frequency under which the stepper motor will
work without making any error for a pneumatic tube length of 2 m and 5 m. Longer tube has higher
pressure drop which results in reducing the flow rate Q, due to which it takes a longer duration of time
to fill the chamber and the pneumatic tubes which in turn moves the stepper motor ahead. From the
plot, it is clear that there is a huge effect of the pneumatic tube length on the performance of the stepper
motor. The next experiment is showcasing the new oscillator system which would reduce the pneumatic
lines from S m to 1 m.

4.2  Pneumatic Oscillator

The experiment was done to find the working condition and the average step frequency of the stepper
motor at different pressure. The stepper motor was commanded to move 100 mm and using the optical
encoder the time taken to complete the input step was recorded and is shown in fig. 4.3.

From the figure one can see that for pressure less than 2.5 bar, the stepper motor was making mistake and
slipping. This shows that the system working condition is more than 2 bar. From the figure, it is also clear
that after 4bar, the Oscillator does not show any improvement in step frequency. The average velocity plot
fig. 4.4 shows that at 4 bar and 4.5 bar working pressure the stepper motor has saturated its speed and it
can’tincrease its velocity. Also, the oscillator is not able to move the stepper motor below 1.5 bar pressure.
From fig. 4.3, the average velocity for the oscillator system working at different pressure was found and is

28



29

CHAPTER 4. RESULTS

T T T T T T T
O Feedforward l
O Feedback fo)
20 + fo) i
N
z o)
R
& e
=1 Rl
g 15+ = -
o Rt
9] L
H P iR
jo% el
9] L
Z bt
g i '/, )
=i /’
k -
- v
5 Re J
o 7
,/
o ,//’§
'/
Q @
0@—@ 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Pressure (bar)

Figure 4.1: Working region of stepper motor with and without feedback: Using feedback strategies
has increased the working region of the stepper motor by a factor of 2 below 1 bar and by a factor of 1.5
above 3.5 bar, but only has minor effect between 1 to 3.5 bar.
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Figure 4.2: Working region of stepper motor for 2 m and 5 m pneumatic line without feedback:
Plot shows a linear relation for both 2 m and 5 m line above 1 bar pressure. The difference between the
maximum step frequency for 2 m and 5 m line after 1 bar pressure is on an average greater than by a factor

of 10.
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Figure 4.3: Distance travelled vs time plot for oscillator system at different pressure values: Plot
shows the minimum pressure required to run the stepper motor without slipping which is 2.5 bar and
after 4 bar increasing pressure does not yield better performance.

represented in the next plot, fig. 4.4.

4.3 Comparison of Different Control Strategies

In order to test the performance of the stepper motor with and without feedback, and the two control
strategy developed which are “Error Correction strategy” and “Adaptive frequency strategy”, the step-
per motor was commanded to move 100 steps at 4 bar pressure same as the Oscillator system. Different
readings are taken for the different strategy at different step frequency for Feedforward control and Er-
ror Correction strategy were taken and the results which are the fastest and made no error are taken for
comparison. The plot shown is the distance travelled vs time (fig. 4.5) of each method.

4.4 Discussion

This section discusses the different experiment performed and the interpretation of the found results.

In section 4.1, experiments were done in which the stepper motor was programmed to move 100 steps
and at different combination of step frequency and input pressure, the performance of the stepper motor
was observed and noted in which it made no mistake. This was done for both 2 m and 5 m pneumatic
lines. This was done in order to get a baseline of the performance of the stepper motor without a feedback
system and to find the effect of the pneumatic line on the performance of the stepper motor.

The result shown in fig. 4.2, shows that there is a linear relation between the rise in step frequency and
pressure above 1 bar pressure. There is a spike in the maximum step frequency achieved after 0.5 bar which
is due to the minimum critical force required by the piston to move on the rack. Also at lower pressure,
the flow rate is also reduced due to which the stepper motor requires more time to pressurize the chamber.
The difference between the maximum step frequency achieved by 2 m and 5 m pneumatic line is because
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Figure 4.4: Average velocity of Oscillator at different Pressure value: Plot shows the average velocity of
the stepper motor when using Pneumatic Oscillator to operate. The saturation of the system after 4 bar
can be seen and the minimum pressure required to run the stepper motor using the Pneumatic oscillator
system is 1.5 bar. There is a linear relation between average velocity and pressure for the oscillator system.
The plot also shows the average velocity achieved by solenoid system using 2 m and S m pneumatic lines.
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Figure 4.5: Comparison of different systems: Plot compares the performance of all the systems inves-
tigated in this document at 4 bar pressure. Oscillator system is faster by a factor of 3.3, followed by the
adaptive frequency strategy with a factor of 2 and finally, the error correction strategy by a factor of
1.5 with respect to the feedforward method as a baseline. From the relation between Adaptive frequency
and Error Correction itis clear that there is no advantage in using adaptive frequency strategy for distances

less than 2 cm.
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longer tubes have a higher pressure drop which results in a reduction of flow rate. The difference between
their rise can be found from the slope of the linear fit. The slope for 2 m and 5 m pneumatic lines are
Yom = 15.143x,, and y5, = 4.857x5 . The slope for a 2 m Pneumatic tube is around 3 times greater
than that for a 5 m pneumatic tube. The difference in the slope is due to the relation between flow rate (Q)
and pneumatic lines. The flow rate and input pressure define the duration required to fill the chamber
which in turn pushes the piston to move on the rack.

Now that there is a baseline, we can compare the increase in the working region of the Pneumatic stepper
motor integrated with an optical encoder. The next experiment was done to find how a simple error
correction strategy can increase the overall working region of the stepper motor. Fig. 4.1, shows that
using a simple feedback strategy increased the working region of the stepper motor by 50% below 1 bar
and by 30% above 3.5 bar. There was a very minor effect in increasing the working region between 1 to
3.5 bar, which can e explained by the same pressure and flow rate relation. For pressure less than 3.5 bar,
the flow rate was not enough for higher step frequency to move the rack and due to less pressure, there
was not enough force. And the spike at 0.5 bar pressure is due to fulfilling the minimum pressure/force
criteria.

The next experiment (section 4.2) done was to find the working conditions and average step frequency of
the pneumatic stepper motor at different pressure using a pneumatic oscillator, which is a replacement of
the solenoid valves that were used as the valve manifold. The stepper motor was commanded to move 100
mm and using the encoder the distance travelled vs time plot was made. From the fig. 4.3, it is clear that
for pressure less than 2.5 bar, the stepper motor was making mistake and slipping. This shows that the
systems working condition is more than 2 bar and after 4 bar pressure, the oscillator does not yield any
improvement in average step frequency, the current version of the system gets saturated at 4 bar pressure.
From fig. 4.4, the saturation of the Oscillator system after 4 bar can be seen and the minimum pressure
required to run the stepper motor using the Oscillator system is 1.5 bar. The oscillator also has a linear
relation between the average velocity achieved at different pressure. This is due to the fact that the pneu-
matic lines connected to the stepper motor using the oscillator are only 1 m. Due to the small pneumatic
lines, the flow rate at the pneumatic lines is higher as compared to that of the 5 m pneumatic line using
solenoid as valve manifold. The average velocity achieved by this system is faster than that from the S m
pneumatic lines but still, it is less than that of the 2 m pneumatic line. This is due to the fact that the oscil-
lator is a complete mechanical system and does not have a high response time as compared to an electrical
solenoid system.

The final experiment done was to compare the different control strategies developed or investigated in this
thesis. The stepper motor was commanded to move 100 steps at 4 bar pressure and the performance of
different control strategies were recorded using the integrated optical encoder which is shown in fig. 4.5.
Traditionally feed-forward method was used to control the stepper motor, which limits the maximum
step frequency to 10 Hz due to which the stepper motor completed the commanded steps in 10 second.
This was used as the baseline to compare the different methods investigated in this thesis. The oscillator
system output is the fastest system with 3 sec to complete the commanded steps, after which comes the
adaptive control method which uses solenoid and 5 m pneumatic line, similar conditions were given for
the other methods i.e. Error correction(requires new data) and feed-forward control was also tested with
5 m pneumatic line. The adaptive frequency strategy took 5 seconds to complete the commanded steps
and error correction strategy took 6.6 seconds. Which lead to the oscillator system being faster by a factor
of 3.3 times, adaptive frequency by a factor of 2 times and error correction by 1.5 times.

From this, we can conclude that pneumatic stepper motor with feedback incorporated in them can run
the stepper motor twice as fast without a feedback system. The addition of the feedback system allows
the implementation of different type of control strategy which would allow the stepper motor to become
more robust to the non-linear conditions of the pneumatic system.

The Error Correction strategy also improved the working region of the stepper motor for lower pressure
and stepping frequency but was not enough for the case of 4bar pressure and higher stepping frequency.
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Upon further investigating the performance of the Error Correction strategy, it is found that it is not able
to make correction at higher step frequency when operating at 4 bar pressure. Once it makes a mistake
it gets stuck in that step as it is not able to generate enough pressure inside the chamber to move on the
rack. After performing several experiments and recording data using the optical encoder, it was observed
that at 4 bar for higher stepping frequency (more than 10 Hz) the stepper motor was not able to move
at the beginning which was caused because the chambers inside the stepper motor were not pressurised
enough to push the rack. The adaptive frequency strategy starts with a lower stepping frequency and then
keep on increasing its step frequency exponentially which counters this problem. The adaptive frequency
strategy can be tuned so that it can adapt to the change in the flow rate of the pneumatic signal. This will
allow the stepper motor to become as fast as possible for the given conditions without investigating in
depth. And finally, the optical encoder allowed easier integration of the oscillator with the smart pneu-
matic stepper motor, otherwise controlling the stepper motor using just the oscillator would have been
very complicated.

Table 4.1: Complexity analysis: The smart pneumatic stepper motor with oscillator system is a highly
complex setup in comparison to a simple pneumatic stepper motor without feedback.

No of components:

Type of component -
yp p Smart Pneumatic

stepper motor
with Oscillator

Pneumatic Smart Pneumatic
Stepper motor ~ Stepper motor

Electrical Solenoid 2 2 3

component LED 0 2 2
Photointerrupters 0 2 2

. . Mechanical

Additional mechanical i 0 0 1

component Osc1.llator.
Optical wire 0 4 4

No of pins required to run ) 4 5

one stepper motor (2 interrupt pins) (2 interrupt pins)

The complexity table was made to quantify the advantage or disadvantage of the two systems designed
with the traditional pneumatic stepper motor system. The different components of each system are listed
here and from the table 4.1, it is clear that the smart pneumatic stepper motor with Oscillator is a very
complex system. After adding the extra 9 components in comparison to the standard pneumatic stepper
motor, the oscillator system is able to perform faster by a factor of 3.3 times. Another advantage of the
oscillator system is that the force output is greater than the previous system even after achieving a higher
step frequency. The low average velocity in comparison to the solenoid system using a 2 m pneumatic line
is due to the fact that the oscillator system is a completely MR safe mechanical system due to which the
response time for switching state is not as high as that of the electrical solenoid.
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Conclusion

This chapter explains the conclusion of the work done throughout the thesis and the future recommen-
dations that can improve the performance of the system investigated.

5.1 Conclusion

To conclude this thesis, it will be assessed to what extent the goal described in chapter 1 is met. The
overall goal of this thesis was to design and evaluate a smart controller for MR safe pneumatic stepper
motor and a possibility of integration with the pneumatic oscillator. Therefore, a distance vs time profile
of a traditional and smart pneumatic stepper motor was compared. Also, the use of a pneumatic valve
manifold and oscillator to drive the smart pneumatic stepper motor was investigated.

To this extent, the first research goal was to analyse the use of optical encoder as a feedback mechanism.
Once the MR safe optical was designed, different control strategies were compared against the feed-forward
control strategy as a baseline. By using a simple control strategy involving a feedback system i.e. error cor-
rection method, the stepper motor showed an improvement in its working region by a factor of 2 below
1 bar and for pressure above 3.5 bar by a factor of 1.5. For pressure between 1 and 3.5 bar, it showed very
little improvement. Upon further analysing the working of the stepper motor, the adaptive frequency
strategy was developed which showed an improvement by a factor of 2. Further, it is also observed that
for distances longer than 2 cm the adaptive frequency strategy works best and for distances smaller than
2 cm the error control strategy shows better results.

The second research goal was to compare the performance of a traditional long-distance valve with the
novel pneumatic oscillator. Using the traditional solenoid and 2 m pneumatic lines, after 1 bar working
pressure the stepper motor was able to achieve a maximum step frequency greater than the 5 m pneu-
matic line by a factor of 10. The solenoid valves were used to integrate the pneumatic oscillator with the
stepper motor. Upon this integration, it was observed that the performance of this combined system was
improved by a factor of 3.3 with respect to the feed-forward method with long traditional solenoid valves
as a baseline. The minimum pressure to drive the stepper motor using an oscillator is identified as 1.5 bar,
whereas no further improvement in performance was observed beyond 4 bar. After analysing the differ-
ent components of the three systems, it is clear that a smart pneumatic stepper motor with an oscillator
system is a highly complex setup in comparison to that of a traditional stepper motor system.

To conclude the overall work done in this thesis, an MR safe optical encoder was designed and evaluated,
which was further integrated with the pneumatic stepper motor. This combined system is referred to
as a smart pneumatic stepper motor. Further, this smart pneumatic stepper motor lends itself to facili-
tate automatic calibration and implementation of various control strategies. This further improved the
performance of the overall system by means of feedback control, theoretically increases the safety of the
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system and easy integration with a pneumatic oscillator system.

5.2 Future Recommendations

This section highlights the future work that can be done to further improve the smart pneumatics stepper
motor and the integration with the oscillator system.

The main limitation of the optical encoder which is developed is that it has a resolution of 1 mm which is
similar to the step resolution of the motor. This can be improved further by changing the dimension of
slits and using a thinner optical cable.

Due to the presence of a feedback system, more control strategies can be developed or tested.

Using another Arduino for keeping track of all the position of the stepper motor and serial communica-
tion between the observer and the controller would improve the code performance.

Adaptive frequency strategy can be improved by further tuning the gain values and creating a calibration
protocol for this control strategy.

The main limitation of the oscillator right now is that it doesn’t show any improvement in the average
velocity of the stepper motor after 4 bar pressure, this can be improved by tweaking the architecture of
the oscillator specifically the air tanks which is used for creating the delay.
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