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Abstract 

 The objective of this thesis is the development of a computational method for 

finding the torque induced on an object when placed in the static magnetic field of an MR 

scanner. As a preliminary step, the classic EM problems of a sphere and infinitely long 

cylinder of linear material was modeled in commercially available simulation software. 

Upon verification of the parameters implemented, the second step is the simulation of 

simple objects with realistic material properties, stainless-steel cylinders. Physical 

cylinders were machined to match those in the simulations and underwent the ASTM 

standard method for measuring induced torque. An adjacent study that was also performed 

was finding the measurement uncertainty in a prototype ASTM abiding apparatus, separate 

from the one used for experimental verification. 

 It was found that the sphere and infinitely long cylinder models differed less than 

5% from the analytical solutions. Implementing the correct material properties, magnetic 

susceptibility in particular, to the grades of stainless-steel used in this study was particularly 

challenging. However, when the experimentally measured results were used to find the 

necessary susceptibility values for the computational methods, it was found to be in 

agreement with literature values. The following computationally-found torque values 

agreed within 10% difference from the experimentally measured values. The induced 

torque increased linearly with the length of the cylinders and the square of magnetic 

susceptibility.  

 In the uncertainty analysis of the torque measurement apparatus described in ASTM 

F2213-17, it was found that the apparatus described in the ‘Pulley Method’ offered a lower 

instrument uncertainty than the apparatus described in the ‘Torsional Spring Method’. This 

study emphasized on the contribution of static friction and is important to consider should 

the apparatus be used in the future to verify computational results. 

Keywords: Magnetic Resonance Imaging; Static Field; Magnetic Field; Magnetic Flux; 

Magnetically Induced Torque; Implantable Medical Devices; Stainless-steel; Cylinder; 

Sphere; Linear Material; MR Safety; MR Environment; Magnetic Susceptibility; ASTM; 

COMSOL 
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Summary for Lay Audience 

 Magnetic Resonance Imaging (MRI) is a method of visualizing the inside of the 

human body by using a variety of magnets to create a complex electromagnetic 

environment, or MR environment, contained within the scanning room. Since the 1990s, 

MRI has seen widespread adoption around the world and has since received a reputation 

being a safe imaging method due, in part, to the intense scrutiny that MRI technicians place 

on what is allowed into the scanning room.  

A common signage at any MRI site is the warning that ‘The Magnet is Always On’. 

When foreign material, anything not already contributing to the MR environment, enter the 

MRI site, it may interact with the magnetic fields being generated. Material of any kind 

have magnetic properties. Pure iron for example, can fly across the scanning room, like a 

projectile, due to the displacement force exerted on it by the scanner’s magnetic fields. 

Human tissue, on the other hand, is so weakly magnetic that  they appear to be inert until 

extremely high magnetic field strengths, far above what is currently clinically approved. 

A significant population of patients who may benefit from MRI exams are those 

living with medical implants. However, the magnetic properties of the implant are not 

always known. Testing for implant safety is often laborious since implants often have many 

components allowing for innumerable configurations making it impractical to rely on 

experimental testing alone. Therefore, the objective of this thesis is the development of the 

capability to assess medical implants quickly and accurately by computational means. The 

particular interaction explored in this thesis is the induced rotational force on an implant 

from the magnetic field generated by the main magnet. 
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Chapter 1 

Introduction 

 This thesis investigates the capacity to use computer simulations to predict the 

phenomenon of an induced torque on medical devices placed in a static and uniform 

magnetic field, such as those produced at the magnetic isocentre of an MR scanner. The 

phenomenon of magnetically induced torque is an aspect in the regulation of medical 

devices entering the commercial market. The motivation behind this thesis is first described 

through the current prevalence of MRI as an imaging modality and the usage of medical 

devices. The electromagnetic environment concerning medical devices is described 

through the technical details of a typical MRI scanner. This is followed by a description of 

material properties that a medical device may have and what interactions arise from foreign 

objects, inanimate and biological, entering an electromagnetic environment. Mathematical 

concepts of electricity and magnetism that are relevant to torque are then described for 

objects of simple geometries. An overview of the regulatory environment and standard 

testing methods for medical devices is presented. Finally, the last section contains an 

overview of the thesis. 
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1.1 Motivation 

Magnetic Resonance Imaging (MRI) is a non-invasive and non-ionizing imaging 

modality that has seen annual growth in Canada and abroad. In Canada, three times as 

many MRI units were installed than decommissioned between 2012 and 2016, suggesting 

a trend of net growth in the future [2]. An estimated 1.86 million MRI examinations were 

performed in the 2017 to 2018 Canadian fiscal year, approximately 51 examinations per 

1000 people, up from 1 million MR scans in 2007 [1]. Internationally, the Organization for 

Economic Co-operation and Development (OECD), an intergovernmental economic 

organization whose mission is to improve the economic and social well-being of people 

around the world, uses the number of MRI units and examinations as a metric for assessing 

quality of healthcare [3]. Amongst OECD members, there was an upwards trend in the 

number of MRI examinations between 1995 to 2017 [4]. 

The growth in the use of MRI has been in parallel with the growth in the 

implementation of permanent and semi-permanent implantable medical devices [5]. In 

2003, over 370,000 implants of device-based therapies using implantable cardiac systems, 

pacemakers and implantable cardioverter defibrillators (ICDs), occurred in the United 

States [5]. In Canada, there were more than 120,000 patients and 15,000 patients living 

with pacemakers and ICDs respectively [6]. With the growth of these two phenomena, it is 

estimated that 50-75% of patients living with such an implant will require an MRI exam 

over the lifetime of their device [5]. 

During an MRI exam, the patient is exposed to strong, static, magnetic fields from 

the main magnet, 𝐁𝟎. In addition, there are also the radiofrequency (RF) fields and the 

spatially and temporally varying gradient magnetic fields. During an MRI scan, the patient 

(or parts of) is exposed to all these fields and the safety of the procedure has been a concern 

since the introduction of MRI as a clinical imaging modality. The gradient and RF fields 

require upper limits since there are known phenomena that may cause harm to a patient. 

From the gradients, there is peripheral nerve stimulation (PNS) while the RF fields cause 

tissue heating. However, apart from short-term discomfort, there has yet to be a known 

case where long-term irreversible patient injury was brought upon by the static field [7,17]. 
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There have been no indications that fields as high as 16 T have an adverse effect on animal 

subjects, well above the 1.5 T to 3 T fields used in clinical scanners [7,8]. In 2017, the FDA 

approved the first clinical 7 T scanner limited to the head and extremities, arms and legs 

[55]. Although exposure to strong magnetic fields have not shown adverse effects on 

patients without medical implants, the same cannot be said for patients with medical 

implants. 

 As mentioned, up to 75% of patients living with medical implants may require an 

MR exam over the lifetime of their device however, there are concerns regarding safety 

when examining patients with medical implants. These concerns include, but are not 

limited to, magnetically induced displacement force and torque, gradient and RF induced 

heating, and gradient induced vibrations [9,10,11]. It becomes clear that the growth of MRI 

as a diagnostic tool together with the increased use of medical implants, there is a need to 

accurately and systematically test for the safety of such devices in the MR environment. 

Commercially available medical implants need to be approved by a governing body 

to enter an MR scanner. To determine the risk that an implant poses, implants are subjected 

to experimental testing outlined by test standards for different interactions between implant 

and scanner. Test standards are available for investigating the following, but are not limited 

to, force torque from the static field, heating, vibrations, and voltages from the pulsed 

gradient coils, and heating from the RF coils [11,13-15].  The results from testing for each 

interaction are compiled to create a safety label that stipulate whether an implant is safe, 

unsafe, or conditional in an MR scanner [26]. This thesis focuses on magnetically induced 

torque. 

 For a single implant, it is reasonable to rely on physical testing to determine its risk 

in an MR scanner. However, in a family of implants where each serve a similar purpose 

but differ in the material, geometry, position, or orientation, there comes an innumerable 

amount of combinations. It becomes impractical to physically test for every conceivable 

configuration of even a single device. A simulation capable of accurately determining the 

interaction of an implant in an MR environment can alleviate the task of physical testing. 

The MR environment is defined to be the three-dimensional volume of space surrounding 

the MR magnet that contains both the Faraday shielded volume and the 5 Gauss line [26]. 
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Therefore, it includes the uniform field inside the scanner, the static field gradient around 

the scanner, the pulsed gradients and RF fields as well. 

 

1.2 Research Objective 

 The objective of this thesis was to design simulations capable of accurately 

determining the magnetically induced torque on entire families of medical implants in the 

MR environment. As previously mentioned, there are other possible interactions between 

the implant and the MR environment, those interactions are not discussed in this thesis. A 

simulation may alleviate the workload of assessing the safety of all the commercially 

available medical implants. Provided the static magnetic field along with the material, 

geometry, and orientation of the device being tested, the simulations should have the 

capacity to output the induced torque for any combination of the aforementioned 

parameters. The simulations are not intended to replace physical testing altogether, but 

rather, to go through the many configurations that exist and identify the ‘worst-case’ 

configurations. The identified worst-case configuration is then subjected to physical testing 

to identify the conditions for which it is safe for the implant to be present in the MR scanner.  

 

1.3 MR Systems 

A complete MR system is made up of many components working together to 

ultimately form an image. Figure 1.3-1 and 1.3-2 depict cross sections of a cylindrical MR 

scanners from the front and side respectively [16]. Modern 1.5 T and 3 T scanners use 

current-driven electromagnets while permanent magnets were used more often in the past 

in low field (< 0.35 T) scanners. 
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Permanent Magnets – The magnetic field of a permanent magnet is always present. Unlike 

current-driven magnets, permanent magnets supply a magnetic field for an indefinite 

amount of time with no cost to maintenance [17,19]. A common material used to produce 

permanent magnets is an alloy of aluminum, nickel, and cobalt known as alnico [16]. The 

use of permanent magnets is limited due to being extremely heavy and a maximum static 

field of less than 1 T [50]. 

Resistive Magnets – These are made up of coils of wire through which and electrical current 

is passed [17]. The field strength of resistive magnets is dependent on the current that 

passes through the coils. Resistive magnets are less limited by weight than permanent 

magnets but require much higher costs due to the large quantities of power required to 

maintain the magnetic field [16]. The maximum field strength of a system made from 

resistive magnets is typically 0.6 T due to its excessive power requirements [16,17]. 

Superconducting Magnets – Like resistive magnets, these are made up of coils of wire 

through which an electrical current is passed. The phenomenon of superconductivity occurs 

when certain materials conduct electricity with little to no electrical resistance when cooled 

below a critical temperature. Cryogens are the substances used to supercool the coils. The 

cryostat is a device which houses the coils and cryogens and maintains the extremely low 

temperatures for superconductivity. The material used in the large majority of MR scanners 

is niobium-titanium (NbTi), which becomes superconducting at approximately 10 K. A 

common cryogen used to supercool NbTi is liquid helium (LHe) which has a boiling point 

of 4.2 K [17,39]. Once a current has been established and the field has been ramped up, a 

superconducting magnet requires little to no additional power to maintain the magnetic 

field. Superconducting magnets are used in mid and high-field systems with field strengths 

greater than 0.35 T [17,18,41]. 
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Figure 1.3-1: The components of a complete MR system. The patient table is used to 

position the patient into the bore. The main magnet shown is a superconducting magnet 

made up of a set of coils (blue) inside a cryogen bath (dark gray). The active shielding coils 

reduce the fringe fields around the magnet. The quench pipe is used to expel evaporated 

cryogens outside into the atmosphere. Shim coils are used to correct for field 

inhomogeneities and improve uniformity at the imaging region within the bore [16,17]. 

The RF transmit and receive coils (red) and gradient coils (green) are vital components that 

generate an image. 
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Figure 1.3-2: A cross-sectional view of an MRI scanner. The most exterior object is the 

main magnet which houses the main magnet coils (red), active shims (green), and active 

shielding (red) all submerged in liquid helium. Nested within the main magnet are gradient 

coils (b/w grid) and a set of passive shims (green). An RF transmit/receive coil (pink, left) 

is placed over the knees of the patient and a set of receive only coil array (pink, right) are 

placed below the spine. Courtesy of Allen D. Elster, MRIquestions.com. 
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1.3.1 The Main Magnet 

The main magnet supplies the static magnetic field, 𝐁𝟎. This field is in the direction 

of the bore, where the patient lies. Low-field MRI magnets (less than 0.35 T) use a 

combination of resistive and permanent magnets. However, resistive magnets require large 

power consumption and permanent magnets have high installation cost [41]. Over time, 

low-field scanners have been replaced by 1.5 T scanners while studies that require greater 

resolution in MRI have been conducted using 7 T and 9.4 T [8,40,41]. The benefit of higher 

fields is the increased signal-to-noise ratio (SNR), a crucial aspect for image quality. Fields 

greater than 0.35 T require superconducting magnets, with 1.5 T scanners being the 

predominant field strength in the clinical setting, MRI is the largest commercial application 

of superconductivity [41]. 

In theory, superconducting magnets require no power to maintain once a current is 

established since zero electrical resistance means the current never dies out. In reality, 

imperfections in coil design add some resistance to the circuit and over time, there is a loss 

in magnetic field. Historically, the LHe used to supercool coil windings regularly 

evaporates into gas that needs to be expelled into the atmosphere requiring refills every 4.5 

months [17,41,42]. Modern magnets have zero-boil off technology allowing helium gas to 

re-condense into LHe within the cryostat [41,42]. 

Ideally, the region of the scanner bore where the patient lies should have a 

completely homogeneous static field from the main magnet. Field homogeneity is 

measured in parts per million (ppm) over a certain diameter of spherical volume (DSV). 

The magnetic isocenter is the centre of the DSV. The requirement for commercial 1.5 T 

and 3 T magnets is a homogeneity on the order of 10 ppm of the static field over a 50 cm 

DSV [41]. For context, any two positions within ± 25 cm of the magnetic isocentre of the 

bore should not differ more than 1.5 µT or 3 µT on a 1.5 T or 3 T scanner respectively. The 

loss in field strength should be no more than 0.1 ppm per hour [41,42].  

Due to design limitations however, the static field produced from a commercial 

magnet is not entirely homogeneous [17]. Standard commercial magnets may have 

inhomogeneities of up to a hundred ppm [41]. Reducing inhomogeneities is done through 
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passive and active shimming. In the absence of a patient, passive shimming is performed 

by placing ferromagnetic metal sheets, shims, in shim trays that are arranged along the 

circumference of the bore [41,43]. When field inhomogeneities arise from interactions 

between a patient and the static field, active shimming is used. Shim coils, either 

superconducting or resistive magnets, rely on a current to generate a magnetic field 

opposite to the inhomogeneities [17]. 

A quench refers to the loss of superconductivity, and consequentially the magnetic 

field, when the coil windings are raised above the critical temperature [17]. NbTi is 

superconducting at approximately 10 K and cooled in LHe at 4.7 K [17,39]. During a 

quench, the heat generated raises the temperature enough such that there is a large amount 

of boil-off of LHe [17]. The quench pipes are to guide the gas out of the building. Quenches 

can be accidental or intentional in emergencies, such as when there is a fire in the scanner 

room or when a patient is pinned to the scanner. The latter is a concern when ferromagnetic 

objects in the scanner room become a projectiles due to an induced force from the static 

field. In those events, the field needs to be turned off by an emergency quench [51]. 

Magnetic shielding is the process of reducing the size of the fringe fields, the stray 

fields produced by and surrounding the exterior of the main magnet [17]. The strength of 

the fringe fields decreases with distance but may interfere with sensitive electronic 

equipment [51]. Early unshielded magnets were placed inside large rooms to accommodate 

for fringe fields. Passive shielding methods incorporate iron or steel plates into the walls, 

ceiling, and floor of the magnetic room while self-shielding magnets use iron plates either 

attached to the outside of the cryostat or incorporated them into the magnet design [17,52]. 

Modern superconducting magnets for MRI are actively shielded and include an additional 

set of coils separate from the main coils that generate 𝐁𝟎 . In actively shielded 

superconducting magnets, the fringe fields are suppressed within the cryostat where the 

shielding wires are superconducting as well. The industry standard requires the field 

outside of the scanning suite to not exceed 5 Gauss. It is assumed that at 5 Gauss, devices 

such as pacemakers, remain properly functional [17,41]. Pacemakers often include a 

magnetic switch that may be affected by the magnetic field strengths higher than 5 G. 
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Figure 1.3-3: a) Diagram showing the arrangement of shim trays (yellow) along the inner 

bore of the magnet (blue). b) Photograph of shim trays arranged along the magnet bore. c) 

Positioning the shim tray. Courtesy of Allen D. Elster, MRIquestions.com. 

 

 

Figure 1.3-4: a) Main and shielding coils of a superconducting magnet before being 

enclosed in a cryostat. b) Shielding coils (blue) are in series with the main coil windings 

(orange) but carry current in the opposite direction. Courtesy of Allen D. Elster, 

MRIquestions.com. 
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1.3.2 The Gradient Coils 

 The purpose of the gradient magnetic fields from the gradient coils is to spatially 

encode the positions of the nuclei of the sample in the scanner by creating a variation in 

the Larmor frequency, the intrinsic processional frequency of a magnetic dipole in an 

external magnetic field, as a function of position [36,49]. The cylindrical gradient coils are 

placed inside the bore and sit between the main magnet and the RF coils. The most common 

configuration used consists of three sets of coils used to generate three orthogonal fields 

𝐺𝑥, 𝐺𝑦, and 𝐺𝑧 that are pulsed intermittently [35,36]. The role of the gradient coils is to 

vary the z component of the static field, 𝐵𝑧, linearly along the Cartesian axes x, y, and z. 

The gradients are resistive magnets and the fields are produced by passing a current through 

the wires arranged on a cylindrical surface. For clinical scanners the gradient strengths are 

on the order of mT per metre.  

The variation in static magnetic field is achieved by superimposing the gradient fields on 

the static field [16,35]. Since the static field is in the direction of the bore, 𝐵𝑥 and 𝐵𝑦 are 

negligible and assumed to be zero. After the gradients have been applied, the field is still 

in the direction of the bore, but the field strength varies linearly along x, y, and z depending 

on the applied gradient. Before applying gradients, the static field is given the following,  

Afterwards,  

The gradient fields are not always present, they are pulsed intermittently and the 

rate at which they are pulsed have an operational limit that is in part determined by PNS 

𝐺𝑥 =
𝜕𝐵𝑧
𝜕𝑥

𝐺𝑦 =
𝜕𝐵𝑧
𝜕𝑦

𝐺𝑧 =
𝜕𝐵𝑧
𝜕𝑧

 (1.3-1) 

𝐁 = (

𝐵𝑥
𝐵𝑦
𝐵𝑧

) = (
0
0
𝐵0

) (1.3-2) 

𝐁 = (

0
0

𝐵0 + 𝐺𝑥𝑥 + 𝐺𝑦𝑦 + 𝐺𝑧𝑧
) (1.3-3) 
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[36]. PNS is discussed in greater detail in section 1.4.2.2 on gradient interactions. In short, 

by Faraday’s law of induction, a changing magnetic field will induce an electromotive force 

(EMF), measured in volts, across a conducting material [17,23]. The switching of the 

gradients can induce a voltage on nerves, conductive tissue in the human body [17]. The 

effect of stimulation occurs when the induced current exceeds the depolarization threshold 

of the nerve and initiates an action potential across the cell membrane [17,54]. 

As mentioned, the gradient fields are pulsed intermittently. By Faraday’s law of 

induction, the rate of change of pulsed gradients can induce localized electric currents, eddy 

currents, in conductive material. Scanner components such as the shims, coils, cryostat, 

and scanner housing are all subject to induced eddy currents. One method to avoid or 

reduce eddy currents outside the imaging region is to use active shielding. This is 

accomplished by implanting an additional set of coils, shield coils, that are placed exterior 

to the gradient coils [36]. The wires of the shield coils are positioned such that the fields 

generated in between the gradient and shield coils cancel out [36,38]. 

Some characteristics of the gradient field produced are the amplitude, rise time, and 

slew rate [16]. The strength of the gradient, the gradient amplitude, are typically between 

10 and 60 mT/m. The gradient amplitude directly affects image resolution. High gradient 

amplitudes are required for images with smaller field of views and thinner slice widths. 

The rise time is the time it takes for gradients to reach the gradient amplitude. Conversely, 

fall time is the time it takes for the gradient strength to fall from the gradient amplitude to 

zero. The rise time, and fall time, is usually expressed in microseconds with typical values 

from 1000 to 200 microseconds [17]. In order to maintain the same resolution and field of 

view, higher gradient amplitudes allow for shorter rise times. High speed imaging 

techniques require gradient amplitudes of 20 mT/m or higher. The slew rate is described 

as the strength of the gradient over distance and is calculated by dividing the gradient 

amplitude by the rise time [16,17]. Typical gradient slew rates for body coils are in the 

order of 150-200 T/m/s and can go above 400 T/m/s for head-only. 
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Figure 1.3-5: Positioning of RF coils, gradient coils, and actively shielded gradients in the 

MR scanner. The outermost structure is the main magnet. Placed within the main magnet 

are actively shielded gradients. Actively shielded gradients consist of primary (gradient) 

coils and secondary (shielding) coils. The RF coils are the smallest are placed between the 

gradients and patient. Courtesy of Allen D. Elster, MRIquestions.com. 

 



14 

 

 

Figure 1.3-6: A gradient pulse in a trapezoidal shape. Moving from left to right, the 

strength of the gradient rises from zero to its max amplitude and maintains that amplitude 

for some time before falling to zero. The reverse then occurs, where the gradient strength 

falls to the min amplitude and rises to zero. Take for example, when the z-gradient is 

applied with a max amplitude of 10 mT/m (1 G/cm). Inside of a 120 cm long bore of a 3 T 

scanner, the field strength along z would vary from 2.994 T to 3 T at the isocentre and to 

3.006 T. At the min amplitude of -10 mT/m, the field inside varies from 3.006 T to 2.994 

T from end to end. The gradient then rises to zero. The rise and fall times in this figure are 

equal [16,17]. 

 

1.3.3 The Radiofrequency Coils 

 The physical phenomenon that MRI relies on to generate a signal from is nuclear 

magnetic resonance (NMR) [17]. NMR describes how nuclei aligned to an external 

magnetic field are exposed to an RF source at the resonant frequency, it will respond by 

producing a detectable electromagnetic signal [53]. The application of an RF source that 

exploits the phenomenon of resonance is termed excitation. In MRI, the nuclei that is often 

excited is hydrogen, whose nucleus consists of a single proton. The Larmor frequency, 𝜔0, 

is an intrinsic property of nuclei with odd number of protons and neutrons. The Larmor 

G 

t 
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frequency is the frequency at which such a nuclear system precesses about an external 

magnetic field, 𝐁𝟎, and is directly proportional to 𝐁𝟎 by the gyromagnetic ratio [49].  

Excitation of the nuclei and detection of the signal produced is performed by the RF coils. 

The RF transmit coil send out short bursts of electromagnetic waves in the radio frequency 

range, known as an RF pulse, to excite the nuclei and the signal produced is detected by 

the RF receiver coil [16]. 

In the absence of an external field, the nuclear magnetic moments of the nuclei in 

a sample are aligned randomly resulting in no net magnetization, 𝐌 [16]. Classically, 

magnetization is described as net magnetic dipole in a volume [48]. The main magnet 

supplies the necessary external field, 𝐁𝟎 , and subsequently generating some net 

magnetization aligned with 𝐁𝟎 . Net magnetization, as with any other vector, can be 

separated into components. The longitudinal component, 𝐌𝐳, is aligned with 𝐁𝟎 while the 

transverse component, 𝐌𝐱𝐲, is in the plane formed by the remaining two directions [49]. 

With the use of gradients in addition to a strategically chosen and simultaneously applied 

RF pulse, a particular slab of material can be excited [16,47]. The 𝐌𝐱𝐲 created by resonance 

can then be detected by a receiver coil [16]. 

The RF transmit coil produce a time varying RF field, denoted by 𝐁𝟏 , that is 

perpendicular to 𝐁𝟎. The net magnetization, 𝐌, is aligned with 𝐁𝟎 until 𝐁𝟏 is applied at the 

Larmor frequency and ‘tips’ 𝐌 away by some tip angle, 𝛼. The duration of the applied 𝐁𝟏 

field is short and typically in the millisecond range. It is for that reason that they are referred 

to as RF pulses. After excitation, the signal produced in response to the RF pulse are 

detected by a receiver coil [17]. To put it simply, it is known that by Ampere’s law, a 

magnetic field is generated when a current passes through a wire [23]. Conversely, by 

Faraday’s law, if a loop of wire is exposed to an oscillating field, a current is induced in 

the loop and the resulting voltage constitutes the MR signal [16,23]. The purpose of the 

receiver coil is to maximize signal detection while minimizing the noise, in other words, 

maximize SNR [17]. 

𝜔0 = 𝛾𝐵0 (1.3-4) 
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A volume coil can both transmit and receive and encompasses the entire anatomy 

for head, extremity, or whole-body imaging [16]. In horizontal bore MR systems, where 

𝐁𝟎 is oriented horizontally, the transmit coil is likely to be a saddle coil or birdcage coil 

design. In a saddle coil, six wires are arranged at 60° intervals. This is so that an 

approximate sinusoidally varying current around the surface can be achieved. The birdcage 

coil design improves homogeneity over the saddle coil by increasing the number of 

conductors. It consists of two conductive loops connected by an even number of conductive 

rungs [17]. Birdcage coils are capable of yielding uniform SNR over the entire imaging 

volume [16]. However, although volume coils provide greater uniformity in RF excitation, 

their large size produce images with lower SNR than other types of coils. 

Surface coils tend to be receive-only and are used to improve SNR when imaging 

structures near the surface of the patient. In general, the closer the coil is to the structure 

under examination, the greater the SNR as the coil is closer to the signal emitting anatomy. 

There is also the benefit of shaping surface coils  to fit easily near the anatomy since the 

loop is not restricted to a circle. However, the signal and noise received from surface coils 

only correspond to volume of area located around the coil. For a circular coil, the depth to 

which the coils can detect signal is proportional to the radius of the loop [16]. For example, 

a 10 cm diameter circular loop can image tissue up to 10 cm in length and to a depth of 5 

cm. A coil array system uses multiple surface coils whose individual signals are combined 

to create one image with improved SNR and increased field of view. A drawbacks of 

surface coils is that smaller loops provide greater SNR at the cost of field of view. Array 

systems seek to benefit from greater sensitivity to signal and increased coverage. 

 

Figure 1.3-7: a) A transmit/receive birdcage coil. b) A variety of receive-only coils. 

Courtesy of Allen D. Elster, MRIquestions.com. 
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Figure 1.3-8: The saddle coil and birdcage coil designs of transmit/receive volume coils. 

a) Saddle coil where the current runs from point A to B and so forth until point F. To 

approximate for a sinusoidally varying current, the conductors at A and D carry zero 

current while it rises from . b) Birdcage coil consisting of two conductive loops connected 

by conductive rungs [17]. Reprinted with permission from Cambridge University Press, 

reference 17. 

 

1.3.4 The Electromagnetic Environment of an MRI System 

The electromagnetic environment of an MRI system, the MR environment, is 

defined as the volume of space within the 5 Gauss line that extends in all directions from 

the MR scanner. If the 5 Gauss line is within the Faraday shielded room, the entire room is 

considered to be the MR environment [15]. Surrounding the scanner, the MR environment 

is made up primarily of the fringe fields of the main magnet. Inside the scanner bore, the 

static field is always present while the switched gradients and RF pulses occur 

intermittently for imaging purposes. Understanding the interactions between foreign 

material, biological or otherwise, entering this environment is the objective of MRI safety 

and medical device testing. 
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When biological material such as human tissue is exposed to the MR environment, 

there are two potentially harmful effects that may occur. The first is heating in tissue due 

to exposure to RF pulses. The rate of change of the temperature is directly proportional to 

a quantity known as the specific absorption rate (SAR) which quantifies the power 

deposited into a mass of tissue by RF exposure and is measured in watts per kilogram. As 

a precaution, RF tissue heating is restricted to less than a single degree Celsius of the 

approved SAR limit by body area [9,17]. The second is PNS from the switched gradients 

[17,37]. Generally, PNS causes discomfort but is not harmful as modern scanners have 

stimulation monitor that alerts the operator/technician of the likelihood of PNS. It becomes 

hazardous when occurring on cardiac muscles however, cardiac stimulation requires 80 

times the PNS threshold [17]. Extended exposure to the static field however, has shown no 

long-term adverse biological effects [6,17]. No biological effects have been observed in 

human subjects under 2 T while there have been reports of fatigue, headaches, and 

irritability on subjects exposed to fields greater than 2 T [16]. 

Interactions between medical implants and the MR environment will be discussed 

in greater detail in section 1.4.2. To summarize, there is a great variety of interactions that 

may occur when material enter the MR scanner. The static field may induce displacement 

force [15]. In particular, ferromagnetic objects can experience the projectile effect where 

the induced force is strong enough for the object to become airborne [16]. In addition, 

medical implants may also experience an induced torque from the static field, which is the 

only interaction being investigated in this thesis [14]. Recall that by Faraday’s law, the 

rapidly changing gradients can induce eddy currents on conductive material [11,17]. Eddy 

currents lead to heating in the device enclosures, battery components, and the internal 

circuitry. When eddy currents are induced on planar surfaces, in combination with the static 

field, there is the possibility of induced vibrations [11]. RF induced heating can occur on 

passive and active implants which can in turn lead to temperature rises in area of tissue 

surround the implant [11,15]. In addition, all of the aforementioned interactions can in turn 

lead to device malfunction [11]. 
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Figure 1.3-9: The electromagnetic environment of an MRI scanner, the MR environment, 

is defined to be the volume of space enclosed by the 5 Gauss line produced from the MR 

scanner. The 5G line extends in three dimensions around magnet bore [44]. Reprinted with 

permission from ECRI Institute, Plymouth Meeting, Pennsylvania. 

 

1.3.5 The Screening Process for Patients Entering the MR 

Environment 

The American College of Radiology developed the guidance document for safe MR 

practices. Though not a regulatory standard, the four zones model is widely used in the 

screening processes for individuals proceeding from the outside the MR facility in zone 

one to the scanner room in zone four [44-45]. The four zones are defined by the ACR as 

follows [45]: 

Zone I – All areas freely accessible to the general public. This area is outside of the MR 

environment (no field higher than 5 G) and is uncontrolled and unregulated. 
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Zone II – This area is the interface between Zone I and Zone III. Patients are under 

supervision by MR personnel and are not free to move throughout Zone II at will. Patient 

screening and ferromagnetic detection occurs at this zone. Like Zone I, no field higher than 

5 G in Zone II. 

Zone III – This area is not freely accessible by unscreened non-MR personnel. 

Ferromagnetic objects or equipment in this area can result in serious injury or death as a 

result of interactions between individuals or equipment and the MR environment. All 

access to Zone III, which often provide access to Zone IV, is to be strictly physically 

restricted, controlled by, and under the supervision of MR personnel. Starting in Zone III, 

there begin to be fields higher than 5 G. 

Zone IV – This is the room that contains the MR scanner and is accessed through Zone II 

or III. The highest field strengths are within this room and so, there is also the greatest risk. 

All ferromagnetic objects that have been identified to pose as a risk are excluded from this 

room. 

 The MR screening process is a multilevel process consisting of a preliminary 

interview followed by an MR screening form. The form contains questions to determine 

the medical history and metal exposure history of the patient. There are two levels of MR 

personnel. Level 1 personnel have passed minimal safety education and can work within 

zone 3 and level 2 personnel have received extensive training and education in the broader 

aspects of MR safety. Those who qualify to be level 2 personnel (i.e. MR technologists, 

radiologists, and certified MR physicists) are tasked with conducting physical 

examinations for signs of medical implants if the medical history of the patient cannot be 

obtained [44,45]. 

The use of ferromagnetic detectors should be for the purpose of detecting such 

objects external to the patient before they are brought to zone 4, they are not a replacement 

for the screening process. The ACR guidance document recommends against using 

conventional metal detectors since some MR conditional metals, such as aluminum and 

titanium, may trigger the metal detector alarm while ferromagnetic material in 

nonferromagnetic enclosures may not [44]. 
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Before entering zone 3, any individual undergoing an MRI scan is required to 

remove all readily removable metallic personal items and devices on their body. The 

screening process should have ensured that all non-readily removable metallic items have 

been considered and have been identified as compatible in the MR environment. Any 

individual not undergoing an MR scan is subject to the same screening process before 

entering zone 3 or 4. 

 

Figure 1.3-10: Sample floor plan illustrating the four zones system in a typical magnetic 

resonance suite published by the ACR [45]. Sometimes the 5 G line is wholly contained in 

zone IV and there is no zone III. Courtesy of Allen D. Elster, MRIquestions.com. 
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1.4 Medical Devices 

 The standard published by the International Organization for Standardization, ISO 

13485 is in regard to medical devices and quality management systems. It is an 

internationally agreed standard for quality management in the medical device industry [31]. 

To paraphrase the ISO document, the following is a definition of a medical device [26]. 

Medical Device – any instrument apparatus, machine, implant, material, or other similar or 

related article, intended by the manufacturer to be used, alone or in combination, for human 

beings for one or more of the specific purpose or purposes of diagnosis, prevention, 

monitoring, treatment, or alleviation of disease or injury, supporting or sustaining life. 

ISO 13485 definition is also used by ASTM International in the test standards for 

magnetically induced displacement force and torque as well as for medical device marking 

[14,15,26]. The ASTM standard for RF induced heating from passive implants uses a 

definition for an implant in medicine [13]. It stipulates that an implant is an object, structure, 

or device intended to reside within the body for diagnostic, prosthetic, or other therapeutic 

purposes. The Medical Devices Bureau of Health Canada states that a medical device could 

be any product used in the treatment, mitigation, diagnosis or prevention of a disease or 

abnormal physical condition [24]. Health Canada uses the ISO 13485 when it comes to 

quality system certificates.   

Medical devices vary greatly in complexity, from pacemakers and defibrillators to 

bedpans and gloves [60]. When a device is readily removable, there is little to no concern 

for when the patient enters an MR scanner. This thesis was written in regard to the concerns 

with permanent or semi-permanent implantable medical devices. Systematically testing for 

the safety of medical implants during MR scans began in the 1990s as a response to the 

rapid growth of MRI as a diagnostic method. The U.S. Center for Devices and Radiological 

Health (CDRH), a branch of the Food and Drug Administration (FDA), requested ASTM 

International (then named the American Society for Testing and Materials) to develop test 

standards for various device interactions [25]. This resulted in the development of the 

ASTM standards regarding magnetically induced force and torque, RF induced heating, 

and medical device marking amongst others. The ASTM task group requested by the 
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CDRH proposed the following set of terminology for classifying medical devices by safety 

in an MR scanner [25].  

MR Safe - An item that poses no known hazards in all MR environments. MR Safe items 

are composed of materials that are electrically non-conductive, non-metallic, and non-

magnetic [25,26]. 

MR Conditional - An item that has been demonstrated to pose no known hazards in a 

specified MR environment with specified conditions of use. To be present within an MR 

scanner, the field conditions that need to be known include, but are not limited to, the field 

strength, spatial gradient, dB/dt, RF fields, and SAR [25,26]. 

MR Unsafe - An item that is known to pose hazards in all MR environments [25]. An item 

which poses unacceptable risks to the patient, medical staff or persons within the MR 

environment [26]. 

 

 

Figure 1.4-1: Symbols proposed by ASTM International in ASTM F2503-13 for MR Safe, 

MR Conditional and MR Unsafe [26]. Reprinted with permission from ASTM 

International, reference 26. 
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1.4.1 Electromagnetic Material Properties 

 Some material properties that can result in interactions with the EM environment 

from the MR scanner include conductivity and resistivity, permittivity, and permeability. 

Electrical conductivity represents a material’s ability to conduct an electric current while 

conversely, resistivity is how strongly a material resists the flow of an electric current and 

can be found by taking the reciprocal of the conductivity. An excellent conductor such as 

copper, the material commonly used in coil windings, has a conductivity of 6 × 107 S/m 

and resistivity of 1.68 × 10−8 Ωm at 20℃. Air on the other hand, a poor conductor, has a 

resistivity on the order of 1016 Ωm and a conductivity on the order of 10−15 S/m at 20℃. 

The permittivity of a material describes the amount of charge needed to generate electric 

flux in that material and is denoted by 휀𝑚. The permittivity of vacuum is constant and 

denoted by 휀0. The relative permittivity is the ratio of 휀𝑚 to 휀0 and is denoted by 휀𝑟. 

 The permeability of a material is the measure of a material’s ability to allow an 

external magnetic field to pass through it. It can be described as the degree of magnetization 

that a material obtains when placed in an external magnetic field. The permeability of a 

material is denoted by 𝜇𝑚  while the permeability of vacuum is  𝜇0 . The relative 

permeability of a material is the ratio of 𝜇𝑚 to 𝜇0 and is denoted by 𝜇𝑟. A related concept 

is the magnetic susceptibility of a material, 𝜒𝑚, which is a measure of how much a material 

will become magnetized when exposed to an external magnetic field. Mathematically, 𝜒𝑚 

is a dimensionless quantity that is the proportionality constant found by the ratio of the net 

magnetization, 𝐌, and the magnetic field strength, 𝐇 [56]. 

The magnetic susceptibility of materials can be used to broadly categorize materials 

into one of three groups since magnetism is an intrinsic property of matter and all 

substances possess in some form [16]. Materials are categorized as diamagnetic, 

paramagnetic, or ferromagnetic. As mentioned previously, this thesis focuses on materials 

in the paramagnetic range with the reason being that some of the most common metals to 

be used in medical implants such as stainless steel, titanium, and cobalt chrome, are all 

within the paramagnetic range [27,28].  
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Diamagnetism – Materials of this kind exhibit no net magnetic dipole moment  until they 

are exposed to an external magnetic field. When an external field is applied, these materials 

show a magnetic moment that opposes the applied field. Diamagnetic materials repel the 

external  magnetic field and have a negative magnetic susceptibility. Diamagnetism is an 

effect that occurs in all materials however, the effect is overcome in paramagnetic and 

ferromagnetic material that possess stronger attraction to the external field. Diamagnetic 

substances include inert gases, copper, and silver [16]. 

Paramagnetism – Without an external magnetic field present, the magnetic moments in a 

paramagnetic material exist in random orientations that cancel each other out and thus have 

no net magnetic moment. When an external field is applied however, the magnetic 

moments of paramagnetic substances align in the direction of the field and are denoted  by 

a positive magnetic susceptibility. Paramagnetic materials affect the magnetic field in a 

positive way and are attracted by the applied field [16]. 

Ferromagnetism – When ferromagnetic material, come into contact with an external 

magnetic field, there is strong attraction and alignment. Even when taken out of the field, 

ferromagnetic materials retain their magnetization, are permanently magnetized and 

become permanent magnets [16]. 

 A common source of confusion regarding the magnetic susceptibility of a material 

is the usage of the term itself. There are three concepts to recognize, volume, mass, and 

molar susceptibilities. What is typically referred to as magnetic susceptibility is the volume 

susceptibility, a dimensionless quantity. Mass and molar susceptibilities are defined in 

terms of the magnetization per unit mass or mole of material [56]. When referring to the 

magnetic susceptibility of a material in this thesis, it is the volume susceptibility, the 

dimensionless proportionality constant between 𝐌 and 𝐇, that is being described.  
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Figure 1.4-2: The spectrum of magnetic susceptibility divided into diamagnetic, 

paramagnetic, and ferromagnetic regions with well-known materials labelled [7]. The 

ferromagnetic region of the section begins at 𝜒𝑚 > 10
−2. Medical implant grade metals 

such as commercially pure titanium and stainless steel are shown in the paramagnetic 

region [7,27,28]. Although these materials are not ferromagnetic, they are outside of the 

region of MRI compatibility. Reprinted with permission from John Wiley and Sons, 

reference 56. 

 

1.4.2 Interactions with an MR Scanner 

 The different possible device interactions, and some biological interactions, were 

mentioned previously in section 1.3.4. This subsection will discuss the possible interactions 

in more detail. Interactions of magnetic materials in the MR environment include, heating 

from RF and gradient fields, vibrations from the gradients,  and force and torque from the 

static field. Figure 1.4-3 is from ISO/TS 10974, a document outlining a variety of test 

methods for assessing the safety of medical implants in MRI. 
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Figure 1.4-3: Possible device interactions with the static magnetic field, B0, pulsed 

gradient and radiofrequency fields. This diagram was retrieved from the standard, ISO/TS 

10974, which offers methods for evaluating all of the interactions shown as well as device 

malfunction from output fields individually and in tandem [11]. ASTM International has 

also published test standards for magnetically induced force and torque, and RF induced 

heating in passive implants [13-15]. The International Electrotechnical Commission has 

published test standards on the safety and performance of medical electric equipment in 

MRI [34]. Copied by Xiao Fan Ding with the permission of the Standards Council of 

Canada (SCC) on behalf of ISO. 

 

1.4.2.1 Radiofrequency Interactions 

The primary concern from exposure to the RF fields is heating, which can occur in 

human tissue as well as in the tissue regions surrounded by passive medical implants and 

the leads of active implanted medical devices (AIMDs) [11,15,17]. Passive implants do not 

require a supply of electricity while active implants do. 

The phenomenon of tissue heating in MRI is due to the exposure of tissues to RF 

pulses. Recall that RF pulses are named so because they are millisecond applications of 

electromagnetic waves in the radiofrequency range of the spectrum. Therefore, RF pulses 

are a form of electromagnetic radiation that carry some energy [23]. It is that energy being 
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deposited into the body after an applied RF pulse in MR imaging. The energy deposited 

manifests as joule heating owing to the small electrical conductivity of biological tissue 

[57].  

The characteristics of tissues in relation to the incident RF wavelength are important 

factors in determining power deposited into tissue by and RF pulse. If the tissue is large, 

in surface area, in relation to the incident wavelength, RF energy is predominantly absorbed 

on the surface. Conversely, if the tissue is small compared to the wavelength, there is little 

absorption at all [58]. 

RF induced temperature rise in tissue is related to the SAR, a measure of power 

deposited into tissue by RF exposure. SAR is not a measure of heating, though it is directly 

proportional to the rate of change of temperature. SAR is the RF power absorbed per unit 

mass of an object. The expression for SAR is given in equation 1.4-1 where 𝜎  is the 

conductivity of the material, 𝐸 is the electric field amplitude, and 𝜌 is the density of tissue 

[9].  

The rate of the change of temperature in tissue as a response to SAR is given by equation 

1.4-2 where 𝑇 is the temperature, 𝑡 is time, and 𝐶 is the specific heat capacity and 𝐶water ≅

4186 J/(kg ∙ ℃) [9].  

The International Electrotechnical Commission (IEC) defines four measures of SAR [9], 

Whole-body – SAR averaged over the total mass of the patients’ body over a specified time. 

The limit is 2 W ∙ kg−1 in normal operation. 

Partial-body – SAR averaged over the mass of the patients’ body that is exposed by the 

volume RF transmit coil and over a specified time. The limit is 2-10 W ∙ kg−1 in normal 

operation, depending on the amount of exposed patient mass. 

SAR =
𝜎𝐸2

2𝜌
 (1.4-1) 

d𝑇

d𝑡
=
SAR

𝐶
 (1.4-2) 
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Head – SAR averaged over the mass of the patients’ head and over a specific time. The 

limit is 3.2 W ∙ kg−1 in normal operation. 

Local – SAR averaged over any 10 g of patient body and over a specific time. The limit is 

10-20 W ∙ kg−1, depending on the part of the body.  

The IEC SAR limits are for an averaging time of 6 min, under normal operating 

mode, and SAR values over any 10 s period cannot exceed three times the stated values 

[9]. Normal operating mode is the mode of operation of MR equipment in which none of 

the outputs have a value that can cause physiological stress to patients [11,34]. Normal 

operating mode is in the absence of additional sources that can cause stress/harm to patients 

such as medical implants. With the presence of medical implants, passive or active, RF 

induced heating in tissue can be enhanced. As opposed to normal operating mode, first 

level controlled operating mode is the operation of MR equipment under medical 

supervision appropriate to the patient’s condition. Second level operating mode requires 

ethics approval from an institutional review board and is typically for human research [34]. 

It should be noted that a single RF pulse can produce a large enough instantaneous SAR 

that exceeds SAR limits. A single pulse however, is unlikely to provide sufficient energy 

to result in significant temperature rise [9]. 

 

1.4.2.2 Gradient Interactions 

 Foreign material interacting with the pulsed gradients during MRI may experience 

heating, vibrations, and voltages. Biological tissue interacting with the pulsed gradients 

may experience PNS. Due to the temporally changing gradient magnetic field, dB/dt, eddy 

currents may form on conductive material. Not only conductive components that make up 

an implant in a patient, but also the conductive tissue, nerves, of the patient [9,11]. Device 

interactions may lead to harm, discomfort, or malfunction [11]. PNS causes discomfort and 

becomes hazardous when occurring near cardiac tissue [17]. 

 Gradient induced heating can occur on medical devices that have electrically 

conducting components (i.e. device enclosure, internal circuitry, and battery components). 
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Heating occurs due to the induced eddy currents from the temporally changing magnetic 

field [11]. An alternative name for this effect may be eddy current induced heating [10]. 

Following Faraday’s law of induction, the change of the magnetic field through the suitable 

devices induces eddy currents and the material subsequently converts electric energy into 

thermal energy [17,59]. The effect of heating increase with distance from the magnetic 

isocentre [10]. 

Gradient induced vibrations are most common on conductive planar surfaces and 

are caused by the time varying magnetic moments produced from the aforementioned 

induced eddy currents. Vibrations are a potential for patient harm as they may cause 

devices to malfunction. In the absence of conductive surfaces, there is little likelihood of 

induced vibrations [11]. Apart from vibrations, when the induced magnetic moments 

interact with the static field, there is the potential for induced torque apart from the induced 

static torque from device interaction with static field [9]. 

Gradient induced electric potentials, or gradient induced voltages, can occur within 

a single AIMD lead, between AIMD leads, or between electrodes and a conductive AIMD 

enclosure. These voltages, when in contact with adjacent tissue, can cause harm to the 

patient. As with all the aforementioned device interactions, device malfunction is also a 

possibility [11,33]. 

Apart from foreign objects interacting with the switched gradients, biological tissue 

can also interact leading to the safety concern of PNS [9]. The effect of PNS has previously 

been mentioned in section 1.3.4 and will be discussed in greater detail here. Take for 

example, in single shot echo-planar imaging  (EPI), a rapidly oscillating gradient is used to 

collect all the signal from a sample. As mentioned previously, the gradients are used to 

spatially encode the positions of the nuclei of the sample in the scanner [36]. The method 

by which this is done is by making the magnetic field inside the bore vary linearly with 

position. In single shot EPI, all of the data is acquired after one RF excitation pulse. The 

high dB/dt from this process raises concerns of induced eddy currents on the peripheral 

nerves. It has been shown that PNS affects a substantial percentage of the general 

population [32]. The IEC limit on dB/dt in regard to PNS is given in equation 1.4-3. The 
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limit is on a 20-cm-radius cylinder surrounding the patient where 𝑡rectangle is the duration 

of a rectangular dB/dt pulse [9]. 

 

1.4.2.3 Magnetically Induced Displacement Force 

The static field gradient, the difference in static field strength around the scanner, 

can induce a displacement force on an object [9,13]. Ferromagnetic objects can experience 

an induced force strong enough such that they become airborne as projectiles [16]. Assume 

that a device has an overall magnetic dipole moment of 𝐦 is placed in a spatially varying 

magnetic flux density, 𝐁, the magnetic force, 𝐅𝐦, induced can be described by equation 

1.4-4 [9]. 

When the magnetic field is varying only in the z-direction and that 𝑚𝑧  is the only 

component of the magnetic moment, the magnetic force expression becomes equation 1.4-

6.  

Further considering that a device of volume, 𝑉, and saturation magnetization of, 𝑀𝑠, the 

magnitude of magnetic force becomes equation 1.4-7. 

d𝐵

d𝑡
|
max

= (16 
T

s
) (1 +

0.36 × 10−3 s

𝑡rectangle
 ) (1.4-3) 

𝐅𝐦 = (𝐦 ∙ ∇)𝐁 (1.4-4) 
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 (1.4-5) 

𝐅𝐦 = 𝑚𝑧
𝜕𝐵𝑧
𝜕𝑧
�̂� (1.4-6) 

𝐹𝑚 =
𝑀𝑠𝑉

𝜇0

𝜕𝐵𝑧
𝜕𝑧

 (1.4-7) 
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In equation 1.4-7, 𝜇0 is the permeability of vacuum. This force is proportional to the static 

field of the MR scanner [16]. 

The standard test for magnetically induced displacement force is performed by 

measuring the deflection angle of a device under testing (DUT). The DUT is attached by a 

thread of negligible mass to a fixture. The primary measurement tool is a protractor. All 

material used, other than the DUT, should not interact with the MR environment [9,13]. 

Figure 1.4-4 shows the schematic of a deflection test for magnetically induced 

displacement force. If the deflection angle, 𝜃, is less than 45 deg, then the induced force 

from the scanner poses no more risk than the force experienced everyday from the Earth’s 

gravity. It should be noted that 45 deg is not an acceptance criterion but rather, a 

conservative reference point [13]. For each DUT, an acceptance criterion unique to that 

device needs to be determined. 

 

Figure 1.4-4: The basic schematic of the deflection test method used measure magnetically 

induced displacement force [9]. The DUT, the black circle, experiences a magnetically 

induced force, 𝐅𝐦, as well as its own weight, 𝐅𝐠. 𝜃 is the deflection angle. 

 

 The weight of a device, the force due to gravity, can be found simply as the product 

between the density, 𝜌, volume, 𝑉, and acceleration due to gravity, 𝑔. The force ratio then, 

can be found between the magnetically induced force, 𝐹𝑚, and the weight of the object, 𝐹𝑔. 
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The force ratio is shown in equation 1.4-9 where 𝐹𝑚 was retrieved from equation 1.4-7 and 

the weight of an object can be calculated from 1.4-8. 

 

1.4.2.4 Magnetically Induced Torque 

Apart from a magnetically induced force, the other major interaction between 

material and the static field is a magnetically induced torque. The possibility of torque 

induced on foreign material entering the static field environment of the scanner is the only 

concern of this thesis. 

 Like the displacement force, torque induced on a device is due to interactions with 

the static field of the MR scanner. A magnetic torque is induced on non-spherical magnetic 

objects that have magnetizations not precisely distributed along the axis of the magnetic 

field [9]. A sphere of linear magnetic material will have an induced torque of zero and is 

shown in appendix A.4.  

The torque on non-spherical objects will be in the direction such that the longest 

dimensions of the object will try to align with the static field [9]. For example, a cylinder 

placed in a uniform magnetic field, 𝐇𝟎, will experience an induced torque. The cylinder is 

considered an idealized device given its simple geometry. The field is assumed to be along 

the direction of the MR bore, the z-direction, and the cylinder is assumed to be uniformly 

magnetized with a saturation magnetization, 𝑀𝑠, in the xz-plane. The device has rotated 𝜃 

degrees away from the x-axis and  𝑀𝑠 is 𝛼 degrees away from the normal. The relevant 

magnetic energies are those due to external and normal, 𝑁𝑛 , and transverse, 𝑁𝑡 , 

demagnetizing fields. The total magnet static energy per volume, 𝑊𝑇, is therefore given by 

equation 1.4-10. 

𝐹𝑔 = 𝜌𝑔𝑉 (1.4-8) 

Force Ratio =
𝐹𝑚
𝐹𝑔
=

𝑀𝑠
𝜇0𝜌𝑔

𝜕𝐵𝑧
𝜕𝑧

 (1.4-9) 
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At equilibrium, it is required that the angular of change of 𝑊𝑇 with respect to 𝛼 is zero. 

Equation 1.4-10 then becomes, 

By making the definition 1.4-12, equation 1.4-11, the energy minimization, can be 

rewritten as 1.4-13. 

The torque about the y-axis is given by 1.4-14. 

The maximal amplitude of the torque is 1.4-15. 

In equations 1.4-14 and 1.4-15, 𝑉 is the volume of the device. 

One method of measuring the static field induced torque is to place a device on a 

platform suspended by torsional springs [9,14]. This method was outlined in a previous 

version of the ASTM standard for measuring torque which, as of 2017, has been updated 

to include alternative methods. The torque measured using torsional springs is proportional 

to the deflection angle of spring from the equilibrium position. The angular dependence of 

the torque is determined by measurement of the deflection angle as a function of the device 

position [9]. The acceptance criterion for the torsional spring torque tests is determined by 

the product of the longest dimension of the device and its weight. Should the magnetically 

induced torque be less than this criterion, then the induced torque poses no greater threat 

𝑊𝑇 = −
𝑀𝑠
2

2𝜇0
(𝑁𝑛 − 𝑁𝑡) sin

2 𝛼 −𝑀𝑠𝐻0 sin(𝜃 + 𝛼) (1.4-10) 

𝑊𝑇 = −
𝑀𝑠
2

2𝜇0
(𝑁𝑛 − 𝑁𝑡) sin(2𝛼) − 𝑀𝑠𝐻0 cos(𝜃 + 𝛼) = 0 (1.4-11) 

𝛽 =
𝑀𝑠
2𝜇0𝐻0

(𝑁𝑛 − 𝑁𝑡) (1.4-12) 

𝛽 sin(2𝛼) + cos(𝜃 + 𝛼) = 0 (1.4-13) 

𝜏𝑦 = 𝑀𝑠𝐻0 cos(𝜃 + 𝛼) × 𝑉 (1.4-14) 

𝜏𝑚𝑎𝑥 =
𝑀𝑠
2

2𝜇0
(𝑁𝑛 − 𝑁𝑡) × 𝑉 (1.4-15) 
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than the torque induced everyday from the Earth’s gravity. Similar to induced force, this 

criterion is a conservative reference point [9,14].  

 Apart from the focus of this thesis, the induced eddy currents on conductive 

material is another source of torque [9]. This effect can be observed by measuring the time 

required for a sheet made out of a good conductor to fall flat in the static field. Eddy current 

torque is not believed to pose a safety issue in MRI but has been reported for certain devices 

such as metallic heart valves [59]. Eddy current torque was not considered in the studies 

presented in this thesis. 

 

1.5 Electromagnetic Interactions Relevant to Torque  

 Electromagnetism is the branch of physics that studies the relationship between 

electricity and magnetism (EM). The fundamental concepts of EM used throughout this 

thesis are discussed in this subchapter. Section 1.5 relies heavily on Electricity & 

Magnetism by Munir H. Nayfeh and Morton K. Brussel and Introduction to 

Electrodynamics by David J. Griffiths [22,23]. 

Relationships Between Electromagnetic Quantities 

 The terms magnetic field is often used to describe different but closely related 

quantities, 𝐁 and 𝐇. The magnetic field, 𝐁, is also called the magnetic flux density and is 

given in units of tesla, T. The magnetic field, 𝐇, is also called the magnetic field strength 

is given in units of amperes per meter, 
A

m
. The relationship between 𝐁 and 𝐇 is given by 

equation 1.5-1. 

In the above equation, 𝜇0 is the magnetic permeability in a vacuum and is constant at 

4𝜋 × 10−7
H

m
. 𝐌 is the magnetization in units of 

A

m
. By definition, the magnetization is the 

density of magnetic dipole moments in magnetic material, shown in equation 1.5-2. 

𝐁 = 𝜇0(𝐇 +𝐌) (1.5-1) 
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This thesis primarily examines materials in the paramagnetic range. Materials of 

this variety have a magnetization, 𝐌, sustained by the field that it is in. When the external 

field, 𝐇, is removed, 𝐌 disappears as well. The magnetization, being proportional to the 

field, can be expressed in terms of 𝐇  using the magnetic susceptibility, 𝜒 , as a 

proportionality constant. 

Materials that obey equation 1.5-3 are known as linear magnetic material. Substituting 

equation 1.5-3 into equation 1.5-1 it can be shown that in linear material, 𝐁 is proportional 

to 𝐇 by the magnetic permeability of the material. 

The ratio of  𝜇𝑚 to 𝜇0 is the relative permeability, 𝜇𝑟. The relative permeability itself is 

can be written in terms of the relative susceptibility. 

 

1.5.1 A Sphere of Linear Magnetic Material 

 A classic EM problem involves finding the magnetic flux density, 𝐁, inside and 

outside of a sphere of linear magnetic material embedded a uniform external magnetic field, 

𝐇𝟎. The sphere has a magnetic permeability of 𝜇1 and the medium that it has been placed 

in has a magnetic permeability of 𝜇2. The sphere is placed at the origin with 𝐇𝟎 pointing 

along the z direction. Appendix A.2 details the solution for 𝐁 inside and outside of the 

sphere. 

𝐌 =
∑𝐦

𝑉
 (1.5-2) 

𝐌 = 𝜒𝐇 (1.5-3) 

𝐁 = 𝜇𝑚𝐇 (1.5-4) 

𝜇𝑟 =
𝜇𝑚
𝜇0
= 1 + 𝜒 (1.5-5) 

𝐁𝐢𝐧 =
3𝜇𝑟
𝜇𝑟 + 2

𝐵0�̂� (1.5-6) 
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Equations 1.5-6 and 1.5-7 are true for when 𝐇𝟎 is along the z direction. For a more general 

solution when 𝐇𝟎 and also 𝐁𝟎 is in an arbitrary direction, 

𝐁𝟎 = 〈𝐵0𝑥�̂� 𝐵0𝑦�̂� 𝐵0𝑧�̂�〉 

the magnetic flux density inside and outside of the sphere would be given by the following, 

In equation 1.5-8, the magnetic flux density inside of the sphere is equal in magnitude to 

equation 1.5-6. Though the direction of 𝐁 inside the sphere changes as 𝐁𝟎 changes, the 

magnitude remains the same regardless of direction.  
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𝐁𝐢𝐧 =
3𝜇𝑟
𝜇𝑟 + 2

(

𝐵0𝑥�̂�
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) (1.5-8) 
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1.5.2 An Infinitely Long Cylinder of Linear Magnetic Material 

 Another classic EM problem is finding 𝐁 inside and outside of an infinitely long 

cylinder of linear magnetic material embedded in an arbitrary 𝐇𝟎 . The magnetic 

permeability of the cylinder and surrounding are 𝜇1  and 𝜇2 . Appendix A.3 details the 

solution for 𝐁 inside and outside of the cylinder when the direction of 𝐇𝟎 is perpendicular 

to the longitudinal axis. 

The solution for 𝐁 when 𝐇𝟎 is parallel to the cylinder is the following, 

Equations 1.5-10 and 1.5-11 are true for when 𝐇𝟎 is perpendicular to the cylinder and 

equations 1.5-12 and 1.5-13 are true when 𝐇𝟎 is parallel. As was with the case of a sphere, 

when 𝐇𝟎  and also 𝐁𝟎  is in an arbitrary direction, the magnetic flux density inside and 

outside of the cylinder would be given by the following, 

𝐁𝐢𝐧 =
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𝐁𝐢𝐧 = 𝜇𝑟𝐵0𝑧�̂� (1.5-12) 
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1.5.3 Force and Torque on a Magnetic Dipole Moment 

The force on a magnetic dipole moment was previously described in section 1.4.2.3 

through equation 1.4-4. The use of equation 1.4-4 has previously been shown to be 

effective in finding the force induced on an object that has been discretized into smaller 

components  

In a similar vein to force, it is known that the torque on an object with a magnetic 

dipole moment placed in a uniform field is represented by the following, 

Where 𝛕 is the torque induced, 𝐦 is the magnetic dipole moment, and 𝐁 is the uniform 

field that it is placed in. 

When applied to a sphere, the torque reduces to zero and is shown in greater detail in 

Appendix A.4. 

 

1.6 Regulatory Environment 

 In the United States, the Food and Drug Administration (FDA) is charged with 

ensuring the safety and effectiveness of medical devices. More than 1700 types of devices, 

500 000 medical device models, and 23 000 manufacturers are regulated by this agency 

[60]. The global medical device industry totals in the billions of US dollars with almost 

half the production and consumption occurring in the Untied States [60,61]. This has given 

the United States an effective regulatory environment in regard to medical devices. 

 The FDA’s risk assessment of medical devices is performed through the processes 

of premarket and postmarket evaluations. The FDA premarket evaluation and approval is 

conducted by the CDRH, the same agency that requested ASTM international to produce 

𝛕 = 𝐦 × 𝐁 (1.5-16) 

𝛕 = (

(𝑚𝑦𝐵0𝑧 −𝑚𝑧𝐵0𝑦)�̂�

(𝑚𝑧𝐵0𝑥 −𝑚𝑥𝐵0𝑧)�̂�

(𝑚𝑥𝐵0𝑦 −𝑚𝑦𝐵0𝑥)�̂�

) (1.5-17) 
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test standards for evaluating device safety in MR. Medical devices are placed into three 

classes (I, II, and III) corresponding to low, moderate, or high risk respectively in terms of 

how well their safety and effectiveness can be assured [60]. Class I devices include, gloves, 

stethoscopes and tongue blades. The safety and effectiveness of class I devices can be 

assured through good manufacturing practices, the ethics of producing commercial goods. 

Class II devices include medical equipment such as gastroenterology endoscopes and MRI 

scanners. In addition to good manufacturing practices, class II need to meet or exceed 

predefined industry and performance standards specific to the device. Class III devices 

include medical implants such as pacemakers and joint replacements. Devices of this class 

have the same requirements as the previous two but can only be truly assured with clinical 

trials. 

For a new emerging device, there are several ways of receiving market clearance 

from the FDA. If it’s a low risk device, it may be exempt from intense scrutiny and need 

only registration and listing with the FDA. Moderate and high risk devices however, have 

two ways of receiving market clearance. The first is demonstrating that there is a case of 

‘sufficient equivalence’, meaning the device has the same intended use and technological 

characteristics as a previously approved device. The second is demonstrating its safety and 

effectiveness through premarket approval (PMA), a scientific document submitted to the 

FDA. The PMA includes studies on the device looking into its biocompatibility, toxicology, 

stress wear, shelf life, and since the 1990s, compatibility in MRI. Once a device becomes 

commercially available, the FDA has the authority to surveil and require tracking for any 

device as postmarket evaluation. This is to combat inadequate reporting of approved 

devices. 

 There are several agencies that publish standards in regard to medical device safety 

or patient safety during MRI. The definitions and standards published by the International 

Organization for Standardization (ISO), ASTM International (ASTM), the International 

Electrotechnical Commission (IEC), and the National Electrical Manufacturers 

Association (NEMA) are often cited. Two important documents considering static field 

induced torque on medical implants are ISO test standard 10974 and ASTM F2213-17 

[11,14]. ISO 10974 is the broader of the two and is primarily concerning AIMDs [11]. 
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ASTM F2213-17 takes a more general approach and is applicable to any device [14]. Since 

the ASTM standard is applicable to a greater test population, the ISO standard section for 

torque is brief and directly cites the former. This thesis applies the ASTM method for 

measuring torque. 

 

1.6.1 How Large Families of Implants Are Assessed 

In 2011, the FDA approved for the first time, an MR conditional pacemaker [62]. 

The device, the Revo MRI SureScan Pacing System (Medtronic Inc., Mounds View, USA), 

was designed with the intention of being functional during MRI. Testing on the device was 

modified the system to use as little ferromagnetic material as possible, modified leads and 

internal circuitry to limit interaction with electromagnetic fields. The device was 

conditional to a static field strength of 1.5 T, maximum SAR of 2 W/kg for each sequence, 

and a maximum slew rate of 200 T/m/s [63]. Furthermore, with this device, imaging is 

limited to certain parts of the body. The isocenter of the body RF transmitter coil must be 

positioned such that it is above the superior surface of the C1 vertebra or below the inferior 

surface of the T12 vertebra [62, 63].  

The FDA approval of the Revo system was based on the results from a population 

of 464 patients; 258 individuals receiving an MR exam and 206 individuals in the control 

group. Regulations required the study to have at least 200 scanned patients [64]. The FDA 

required that no patient participating had an existing or abandoned active medical devices 

or leads of any kind. The device being tested must have been implanted at least six weeks 

prior in the left or right pectoral region [62]. Pacemaker performance was assessed by the 

pacing capture threshold at a pulse duration of 0.5 ms. Of the individuals who received an 

MR exam, none had shown MR related complications during or after the scan [62]. 

The postmarket evaluation for this device required the company to conduct a study 

of chronic lead performance and the device’s function following multiple MRI scans. In 

regard to lead performance, the FDA requested a study enrolling 1810 individuals within 

thirty months, with follow up studies conducted for at least five years. What the FDA 

expects is a complication-free rate of greater than 92.5% over the five years of the 
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postmarket study. For multiple MR scans, the FDA requested to see the cumulative change 

in pacing capture thresholds [63]. 

 The Revo MRI SureScan Pacing System is one device that is almost entirely 

enclosed with extended leads. This device was also designed with minimal MR interactions 

in mind. For a product line of similar devices, or a device family, the same scrutiny would 

need to be placed for every individual product. For a device with many components that 

are applied differently depending on the patient condition, each configuration needs to be 

considered. 

 

1.6.2 ASTM Methods for Device Interactions in MR 

 ASTM International has published four documents regarding medical device 

interactions in the MR environment and one for standard marking practices of medical 

devices in terms of their safety in the MR environment. 

ASTM F2052-15 covers the measurement of magnetically induced displacement 

force from the static magnetic field gradients [13]. The test method described in ASTM 

F2052-15 has previously been discussed in section 1.4.2.3 and shown in figure 1.4-4. In 

short, the DUT is attached by a thread and allowed to hang freely. The DUT is positioned 

near the scanner bore, where the static field gradient is strongest, and as it experiences a 

magnetically induced force, it is pulled towards the scanner and the deflection angle is 

measured. The induced force is proportional to the weight of the object and the tangent of 

the deflection angle [9,13]. 

ASTM F2119-07 covers the test method for characterizing distortion and signal 

loss artifacts produced by passive implants during MRI. In this method, pairs of images are 

generated with and without the implant in the field of view. Image artifacts are assessed by 

computing differences outside the region corresponding to the implant between reference 

and implant images. This is performed for spin echo images and gradient echo images [64]. 
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ASTM F2182-11a covers the measurement method for RF induced heating on or 

near passive medical implants. The implant is placed within a gelled saline phantom that 

mimics the electrical and thermal properties of the human body. The local SAR is assessed 

to characterize the exposure conditions at that location. Temperature probes are placed at 

locations where the induced implant heating is expected to be the greatest. The phantom is 

placed in a clinical scanner or an apparatus capable of reproducing the RF field. The 

specification of the RF field is such that it is capable of producing a sufficient whole-body 

SAR of about 2 W/kg averaged over the phantom volume for 15 min. This procedure is 

performed twice, first with the implant in place, and again with the implant removed [15]. 

ASTM F2503-13 is an international standard on marking medical devices and other 

items that might be used in the MR environment [26]. This standard defines the terms MR 

Safe, MR Conditional, and MR Unsafe which has been previously discussed in section 1.4. 

The standard symbols that are used are shown in figure 1.4-1. 

 

1.6.3 ASTM Methods for Torque Assessment 

 ASTM F2213-17 is the most recent document published by ASTM International 

detailing test methods for assessing static field induced torque on medical implants This 

document lists five methods; ‘torsional spring, ‘pulley, ‘low friction surface’, ‘suspension’, 

and ‘calculation based on magnetically induced force’. The calculation based of induced 

force, suspension, and low friction surface methods require further testing from the 

remaining two methods should some torque be observed. The torsional spring and pulley 

methods are the definitive methods for measuring a quantitative torque value. The 

acceptance criterion stated in this document is the torque due to gravity during everyday 

use, the product of the weight of the device and its longest dimension. 
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Calculation Based on Magnetically Induced Force Method 

 The calculation based on magnetically induced force method is meant to be 

performed in conjunction with measurements from F2052 and provides an upper bound for 

the magnetically induced torque. This method is most appropriate for devices composed of 

a single material and not appropriate for devices containing magnets or ferromagnetic 

material and relies on the following equation, 

In equation 1.6-1, 𝐹𝑚 is the induced displacement force, ∇𝐵 is the spatial gradient of the 

magnetic field at the position where 𝐹𝑚  was measured, and 𝑀𝑠  is the saturation 

magnetization. Both 𝐹𝑚  and ∇𝐵  are quantities that are carried over from F2052. This 

method assumes 𝑀𝑠 is unknown. Conservative estimates of 2.2 T, 𝑀𝑠 of iron, and greatest 

𝑀𝑠 value of materials within the implant are used with equation 1.6-1 to generate two upper 

bounds. Should the upper bounds exceed the acceptance criterion, then further testing is 

required from the remaining four methods. 

Suspension Method 

The suspension method is useful for devices that are difficult to place on the low 

friction surface and align the principal axes with the z-axis of the MR system. The device 

is suspended by a thread that is less than 1% of the mass of the device. It is preferable that 

the device be suspended from a single point but if required, the thread should be twisted 

such that it hangs from the fixture at a single point but is attached to the device in two or 

more points. The device is positioned such that its centre of mass is as close to the magnetic 

isocentre as possible and allowed to rotate to equilibrium. The suspended device is now 

rotated slowly in 45 degree increments until a full 360-degree rotation is completed. After 

each rotation, the device is observed for realignment with the static field. If not observed, 

then the induced torque is not substantial, and no further testing is required. Otherwise, the 

low friction surface, torsional spring, or pulley methods should be performed. 

  

𝜏max =
𝑀𝑠𝐹𝑚
4(∇𝐵)

 (1.6-1) 
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Low Friction Surface Method 

 The low friction surface method uses a low friction, non-metallic, and non-

conductive surface. Outside of the MR environment, the device, using the side with the 

lowest friction, is placed on such a surface with one end fixed and slowly raised until the 

angle of repose is reached. That is the angle at which the device is on the verge of sliding. 

It is important that the device should slide and not roll. The coefficient of friction can be 

found from the following equation where 𝜇 is the coefficient of friction and 𝜃repose is the 

angle of repose. 

Once the coefficient of friction is known, the device is once again placed on the low friction 

surface as near the magnetic isocentre of the MR scanner as possible. The device and 

surface are in the xz-plane and the device is oriented such that one principal axis is aligned 

in the z-direction. The device is rotated in 45 degree increments until a full 360-degree 

rotation is completed and observed for alignment with the static field after each rotation. 

This process is repeated for each principal axis. If device remained motionless, then the 

induced torque is less than the product between the longest dimension, 𝐿, and frictional 

force, 𝐹𝑓. 

In equation 1.6-3, 𝑚 is the mass of the device and 𝑔 is the acceleration of gravity. If the 

device did align with the static field, then further testing from the torsional spring or pulley 

methods are required. 

  

𝜇 = tan𝜃repose (1.6-2) 

𝐹𝑓 = 𝜇𝑚𝑔 (1.6-3) 

𝜏 < 𝐿𝐹𝑓 (1.6-4) 
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Torsional Spring Method 

The torsional spring method is the most familiar as it has been discussed briefly in 

section 1.4.2.4. This method has a device fixed to a holding platform, with a fixed angular 

measurement tool, which is suspended above and below by torsional springs. The device 

is allowed to rotate to equilibrium outside of the MR environment. All parts of the 

apparatus should be non-ferromagnetic. The apparatus is placed into the scanner such that 

the device is as close to the magnetic isocentre as possible with one principal axis of the 

device in the vertical direction. The holding platform is then allowed to rotate in 10 degree 

increments until a full 360-degree rotation is completed. With each rotation, the deflection 

angle is measured. This process is repeated for each principal axis. The induced torque, 𝜏, 

is proportional to the torsional spring constant, 𝑘, and deflection angle, ∆𝜃. 

Pulley Method 

 The pulley method is used in this thesis. In this method, the device is fixed to a 

rotating platform that is connected to a low-friction pulley. The apparatus and device are 

placed into the MR scanner such that the device is as close to the magnetic isocentre as 

possible with one principal axis of the device oriented vertically. A thread is extended from 

the pully to a force gauge that is positioned far enough that the device still operates properly. 

The device is allowed to rotate to equilibrium and the thread is pulled slowly rotating the 

platform for 360 degrees. As the platform rotates the device away from equilibrium, there 

is some tension in the thread measured by the force gauge as the device tries to realign with 

the static field. During the rotation, the peak force measurement, 𝐹, is recorded. The device 

is then taken away and an empty platform is rotated with the peak force measurement being 

the friction between the platform and pulley, 𝐹𝑓. This process is repeated for each principal 

axis and the induced torque, 𝜏, can be calculated from the radius of the pulley, 𝑅, and force 

measurements. 

 

𝜏 = 𝑘∆𝜃 (1.6-5) 

𝜏 = 𝑅(𝐹 − 𝐹𝑓) (1.6-6) 
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1.7 Thesis Overview 

 This thesis is organized into four chapters. Chapter 1 provided the background 

information and motivation behind the studies conducted. Chapter 4 concludes this thesis 

with summaries of the studies conducted in Chapters 2 and 3. It continues to discuss the 

future research directions as well as the limitations of each work. 

Chapter 2 presents the computational method for assessing the torque induced on 

several sets of stainless-steel 316 and stainless-steel 304 cylinders. This chapter outlines 

the simulation setup in the finite element method software, COMSOL Multiphysics 

(COMSOL Inc., Stockholm, Sweden) and subsequent analysis in MATLAB (MathWorks 

Inc., Natick, USA). This chapter begins by verifying that the parameters going into the 

COMSOL model yields a result that agrees with theory. Starting with objects with simple 

geometries, i.e. a sphere and a long cylinder, it was verified that the when such objects 

were placed into a static field, the results from COMSOL agree with what the theoretical 

values would be for such objects. This chapter continues to demonstrate how to calculate 

the induced torque on a discretized cylinder of finite length. 

Chapter 3 presents a comparison of measurement uncertainties between 

measurement methods published in ASTM F2213-17 with a focus on the ‘pulley method’. 

The ASTM standard includes five methods, but only two aim to measure a value for 

magnetically induced torque. Those two methods were put through error propagation based 

on instrument uncertainties. The study then continues to examine the systematic 

uncertainty of static friction in the apparatus designed for the pulley method. 
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Chapter 2 

Computational Evaluation of Stainless-Steel 

Cylinders for Static Field Induced Torque 

 This chapter discusses the methods and tools used for the computational evaluation, 

simulation, and subsequent verification of static field induced torque on a set of stainless-

steel cylinders. This study was conducted to obtain preliminary results for the development 

of a fast, accurate, and systematic method of evaluating the torque induced on medical 

devices from the static field of an MR scanner. This chapter begins with a brief background 

and motivation for the study. It goes on to discuss in detail the computational methods used 

and the verification of those methods. Internationally recognized standard test methods for 

measuring the torque induced on objects were used for experimental verification. For an 

object of simple geometry, a cylinder, there is good correlation between simulated and 

experimentally obtained torque values. 
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2.1 Introduction 

 The use of MRI as a diagnostic modality has seen tremendous growth in the past 

decade. In Canada, between 2012 and 2016, three times as many MRI units were installed 

than decommissioned with the trend of net growth continuing into 2018 [1,2]. In parallel, 

the use of implantable medical devices has also seen widespread usage [3]. The presence 

such devices presents a risk to patients who are referred to an MR exam due to the 

interactions between the implant and electromagnetic environment of the MR scanner. 

These safety concerns are an issue that device manufacturers need to address. The various 

interactions that may cause harm to patients in MR include, heating, vibrations, forces, and 

the focus of this study, torques [4]. It is the responsibility of the manufactures to know the 

limitations of the electromagnetic fields produced by an MR scanner such that their product 

does not pose as a hazard. 

 Commercial implants can be placed into one of three categories; MR safe, MR 

conditional, or MR unsafe, depending on how hazardous the implant is in the MR 

environment. The MR environment is the volume of space that surrounds the scanner 

within a magnetic field of five gauss. During a scan, the MR environment can change from 

having a static and uniform field to a spatially and temporally varying one with field 

strengths varying from the milliteslas to teslas. An implant that is MR safe poses no known 

hazards in all MR environments and conversely, MR unsafe implants is known to pose 

hazards in all MR environments. MR conditional implants have demonstrated to not pose 

as a hazard in a specified MR environment with specified conditions of use [5]. MR 

conditional devices are restricted to certain imaging regions of the body and under specific 

field strengths for specific durations of time. It is the purpose of device testing is to identify 

the conditions that make an implantable device MR conditional, compile the results and 

have the device be properly labeled as such.  

 For an implant that exists in a single form, the task of testing for its safety in MR 

may not be so daunting. The challenge arises when medical device is a family of similar 

devices or a device made up of many components. Joint replacements may be an example 

of the former. There is tremendous variability in the anatomical proportions of individuals 
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and joint replacements are often designed as a product line of similar devices that vary 

predominantly by size. An example of the former may be a cervical spine fixation system. 

Depending on the severity of the user’s condition, a fixation system may be implemented 

in numerous orientations. In either case, there may be thousands of configurations to take 

into consideration. It becomes impractical to rely on experimental testing alone for every 

conceivable scenario. There is a need for fast, accurate, and systematic testing of medical 

implants.  

The objective of this study is therefore, to develop and verify a computer simulation 

that solves for the static field-induced torque based on the static field strength, geometry, 

material and orientation of an idealized device, a cylinder. The simulation should have the 

capacity to solve for all configurations and identify the worst configuration, the one that 

suffers from the greatest induced torque. Experimental measurements using standard test 

methods can then be taken on the identified worst configuration. Those results can be 

referred to as conservative limitations for the entire device family. 

 

2.2 Theory 

 The numerical method used to find the magnetic field inside and outside of the test 

cylinders is the finite element method (FEM). It has been shown for objects whose 

geometries are more complicated than a sphere or an infinitely long cylinder, FEM is a 

valid method for solving the associated magnetic fields [8]. This study uses FEM to solve 

for the magnetic fields of a set of cylinders of finite lengths placed in a static field 

environment and from that, solve for the torque induced on each object. 

 There are two parts to this study. The first is a verification of  parameters chosen to 

be used in the FEM simulations. Since it is known that FEM is a valid method, it needs to 

be shown that the implementation of chosen parameters produces a result that can be 

verified. FEM is used to find the magnetic field inside and outside of a sphere and an 

infinitely long cylinder, two objects for which the analytical solutions are known. 

Verification can be done by finding how well the FEM results agree with analytical 
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solutions. The second part of this study is the simulation of stainless-steel rods exposed to 

a static and uniform magnetic field. Rods of finite lengths serve as idealized devices with 

simple geometries. The results from using FEM to solve for the magnetic field inside these 

rods can be used to solve for the induced torque and subsequently verified with results from 

experimental measurements. It is expected that the longest rods will be the ‘worst cases’ 

that experience the greatest torque. 

Part 1 of this study concerns linear media, which obey the following, 

In equation 2-1, 𝐇 is the magnetic field strength and is proportional to 𝐌, the 

magnetization, which the density of magnetic dipole moments, 𝐦, per volume, 𝑉. 

Thus, from equation 2-1, 𝐁 is also proportion to 𝐇 by the following, 

Where, 

Throughout this study, the static field is implemented into the simulation software 

according to the following definitions. Consider that the static field of the MR scanner is 

denoted by 𝐁𝟎 such that, 

Equation 2-5 can be represented as a vector pointing in any arbitrary direction by, 

𝐇 =
𝑴

𝜒
 (2-1) 

𝐌 =
∑𝐦

𝑉
 (2-2) 

𝐁 = 𝜇0(𝐇 +𝐌) = 𝜇H (2-3) 

𝜇 ≡ 𝜇0(1 + 𝜒) = 𝜇0𝜇𝑟 (2-4) 

𝐁𝟎 = 〈𝐵0𝑥�̂� 𝐵0𝑦�̂� 𝐵0𝑧�̂�〉 (2-5) 

𝐁𝟎 = 𝐵0〈cos(𝛼) sin(𝛽) �̂� cos(𝛼) cos(𝛽) �̂� sin(𝛼) �̂�〉 (2-6) 
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In equation 2-6, the static field is pointing in an arbitrary direction defined by 𝛼, the angle 

between the vector and the xy-plane, and 𝛽, the angle between the projection of the vector 

and the y-axis. This is shown in figure 2-1. 

 

Figure 2-1: The method of defining the direction of the static field in cartesian coordinates 

that was implemented in COMSOL and MATLAB. The 𝐁𝟎 vector was separated into its x, 

y, and z components. The angle 𝛼 forms between the vector and the xy-plane. The angle 𝛽 

forms between the projection of 𝐁𝟎 onto the xy-plane and the y-axis. When 𝛼 is 90 degrees, 

regardless of what 𝛽 is, the direction of the field is along the z-axis. When 𝛽 is 90 degrees, 

changing 𝛼 will rotate the field about the y-axis. 
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2.2.1 Magnetic Field Inside and Outside of a Sphere 

 It is known that for a sphere of linear magnetic material, the magnetic flux density 

inside and outside of the sphere is given by the following, 

 

2.2.2 Magnetic Field Inside and Outside of an Infinitely Long 

Cylinder 

 It is known that for an infinitely long cylinder of linear magnetic material, the 

magnetic flux density inside and outside of the cylinder is given by the following, 

𝐁𝐢𝐧 =
3𝜇𝑟
𝜇𝑟 + 2

(

𝐵0𝑥�̂�
𝐵0𝑦�̂�

𝐵0𝑧�̂�

) (2-7) 

𝐁𝐨𝐮𝐭 = 

(

 
 
 
 
 
 
 
 
 (𝐵0𝑥 + 𝑅

3
𝜇𝑟 − 1

𝜇𝑟 + 2
(
3𝑥(𝑦𝐵0𝑦 + 𝑧𝐵0𝑧) − 𝐵0𝑥(𝑦

2 + 𝑧2 − 2𝑥2)

(𝑥2 + 𝑦2 + 𝑧2)
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2
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3
𝜇𝑟 − 1

𝜇𝑟 + 2
(
3𝑦(𝑥𝐵0𝑥 + 𝑧𝐵0𝑧) − 𝐵0𝑦(𝑥
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(𝑥2 + 𝑦2 + 𝑧2)
5
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)) �̂�
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 (2-8) 

𝐁𝐢𝐧 =

(

  
 

2𝜇𝑟
𝜇𝑟 + 1

𝐵0𝑥�̂�

2𝜇𝑟
𝜇𝑟 + 1

𝐵0𝑦�̂�

𝜇𝑟𝐵0𝑧�̂� )

  
 

 (2-9) 
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2.2.3 The Force on a Magnetic Dipole Moment 

 It is known that the force, 𝐅, on a magnetic dipole moment is given by the following 

[7], 

From equations 2-1 through 2-4 and expanding, the force on a magnetic moment can be 

written as the following [20], 

 

2.2.4 The Volume Magnetic Susceptibility of Stainless-Steel Alloys 

 In the second part of this study, the static field induced torque on stainless-steel 

rods is experimentally measured to verify simulations on the same material. The two grades 

of stainless-steel (SS) used are 316 and 304. Both these grades belong to the greater 

category of austenitic stainless-steel and is considered to be weakly magnetic [12]. In the 

simulation software used, the material of the device simulated is defined solely  by the 

relative permeability, 𝜇𝑟, which by equation 2-4, is related to magnetic susceptibility, 𝜒, a 

measure of how much a material will become magnetized when placed in an external 

𝐁𝐨𝐮𝐭 =

(

 
 
 
 
(𝐵0𝑥 + 𝑅

2
𝜇𝑟 − 1

𝜇𝑟 + 1
(
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(𝑥2 + 𝑦2)2
)) �̂�

(𝐵0𝑦 + 𝑅
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𝜇𝑟 − 1
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2𝑥𝑦𝐵0𝑥 + 𝐵0𝑦(𝑦

2 − 𝑥2)

(𝑥2 + 𝑦2)2
)) �̂�

𝐵0𝑧�̂� )

 
 
 
 

 (2-10) 

𝐅 = (𝐦 ∙ 𝛁)𝐁 (2-11) 

𝐅 =
𝜒𝑉

𝜇0(1 + 𝜒)
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magnetic field. As shown in equation 2-1, magnetic susceptibility is a dimensionless 

proportionality constant between the magnetization, 𝐌, and magnetic field strength, 𝐇 [7]. 

The magnetic susceptibility in equation 2-1 is also known as the volume susceptibility,  both 

terms are often used interchangeably with susceptibility. The mass susceptibility, 𝜒𝑚, is 

the ratio of the volume susceptibility with the density of the material. The molar 

susceptibility, 𝜒𝑀, is the product of the mass susceptibility with the molecular weight of 

the material [12]. Throughout this study, only the volume susceptibility will be used. Table 

2-1 shows some values for the susceptibility of SS316 and SS304 in literature. 

Table 2-1: Approximate magnetic susceptibility values collected from literature for SS 

304, SS 316, and relevant alloys. 

 

 From table 2-1, it is clear that there is significant inconsistency within the literature 

for what the susceptibilities of SS304 and SS316 are. This was not unexpected for a number 

of reasons. To begin with, there is not an exact composition for either material. Table 2-2 

lists the relevant chemical composition requirements. It has been shown that changes on a 

chemical composition level can affect magnetic susceptibility [17]. In addition, the 

susceptibilities of stainless steel, in particular grades 303 and 304, depend on their thermal 

Material Susceptibility [ppm] Source 

SS 304 3520 [10] 

SS (MR Safe Type) 3000 to 5000 [11] 

SS (nonmagnetic, austenitic) 3520 to 6700 

[12] Austenitic steels at Room Temp 1000 to 20 000 

SS 316 30 000 to 9 × 106 

SS 304 864 
[13] 

SS 316 2496 

SS 304 20 000 
[14] 

SS 316 20 000 

SS 304 4000 to 4400 
[15] 

SS 316 2800 to 2600 
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history [13]. When heavily cold worked, the susceptibility of SS316 can increase by a 

factor 3000 due to its internal structure changing from austenitic (paramagnetic and MR 

conditional) to martensitic (ferromagnetic and MR unsafe) [12]. It has also been shown 

that differently cut stainless-steel samples exhibit different magnetic properties when in the 

vicinity of a magnetron magnet [13]. The only definitive way of finding the susceptibly is 

to measure each individual lot. 

 

Table 2-2: ASTM A240/A240M-18 standard chemical composition requirements, as 

percentages of total mass, for SS304 and SS316. It should be noted that iron, Fe, is the 

predominant ingredient for both grades of stainless-steel [16]. 

 

One method of measuring susceptibility is by using the deflection test from ASTM 

F2052-15 [18]. In equation 2-13, 𝛼 is the deflection angle, 𝜌 is the density of the material, 

𝑔  is the acceleration due to gravity, 𝜇0  is the permeability of free space, |𝐁𝟎|  is the 

magnitude of the static field, and |∇|𝐁𝟎|| is the magnitude of the static field gradient. 

 In this study, a parameter sweep of the magnetic susceptibility from 1000 ppm to 

15000 ppm was performed in COMSOL Multiphysics for cylinders that vary from 3, 5, 7, 

and 9 cm in length and diameters of 0.5 in and 0.25 in, same as the machined cylinders that 

will be used for experimental measurements. The magnetic susceptibility was assumed to 

be the same although as mentioned previously, how a piece of stainless-steel is cut can alter 

its magnetic properties. The anticipated magnetically induced torque was plotted against 

C Mn P S Si Cr Ni Mo N

Min - - - - - 17.5% 8.0% - -

Max 0.07% 2.00% 0.045% 0.030% 0.75% 19.5% 10.5% - 0.10%

Min - - - - - 16.0% 10.0% 2.00% -

Max 0.08% 2.00% 0.045% 0.030% 0.75% 18.0% 14.0% 3.00% 0.10%
SS316

SS304

𝜒 =
𝜌𝜇0𝑔 tan(𝛼) 

|𝐁𝟎||∇|𝐁𝟎||
 (2-13) 
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the magnetic susceptibility to generate a curve that will be used to approximate for the 

magnetic susceptibility of the machined cylinders. 

 

2.3 Methods 

 The computational software used was COMSOL Multiphysics 5.3a (COMSOL Inc., 

Stockholm, Sweden). The AC/DC module within COMSOL was used for all simulations. 

Subsequent analysis was performed in MATLAB (Mathworks Inc., Natick, USA). 

Experimental measurements were performed on a Discovery MR 750 3.0T clinical 

magnetic resonance imaging scanner (GE Healthcare, Chicago, USA). 

 

2.3.1 Part 1: Verification of Parameters for Simulating Linear 

Magnetic Material in a Static Magnetic Field 

 The setup in COMSOL for the verification of parameters was heavily based on 

COMSOL tutorial 12735, Magnetically Permeable Sphere in a Static Magnetic Field, 

where a sphere of some relative permeability, 𝜇𝑟 , was placed in a uniform and static 

magnetic field, 𝐵0 [9]. Since the analytical solutions for the magnetic fields inside and 

outside are known for a sphere and an infinitely long cylinder, the results from COMSOL 

can be verified. 

Setup of Parameters in COMSOL Multiphysics 

Two separate models were created for this portion of the study; a long cylinder 

where the radius is at most one tenth that of the length, and a sphere defined solely by the 

radius. These objects were placed within a two layered block as shown in figure 2-2. The 

outer layer of the block is the Infinite Element Domain (IED), an exterior shell volume that 

was assumed to extend to infinity. All domains with the exception of the device, the 

cylinder and sphere, were made out of air. The material properties of the device were 
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defined solely an arbitrarily chosen 𝜇𝑟 such that it remained a linear magnetic material. 

The field, 𝐁𝟎, was arbitrarily chosen as well. 

 The physics used in COMSOL was Magnetic Fields, No Currents (mfnc) for which 

all domains were selected for. In the settings for this physics, under Background Magnetic 

Field, a Reduced Field was selected. This allowed for the x, y, and z components of the 

static field to be defined. Equation 2-4 was implemented into COMSOL as the reduced 

field in terms of the magnetic field strength, 𝐇, rather than 𝐁. The orientation of the static 

field relative to the objects, defined by 𝛼 and 𝛽, were arbitrarily chosen since the resulting 

fields in any arbitrary direction are known from equation 2-7 through 2-10. 

All domains were discretized and meshed with free tetrahedrals. The size of 

tetrahedrals for the domains that made up the objects used the predefined Extremely Fine 

setting while the remaining domains were meshed with the Finer setting. The meshed 

diagrams for both models are shown in figure 2-3. 

 

Figure 2-2: On the right is a long cylinder defined in a two-layered block. On  the right is 

a sphere defined in a two-layered block. In both models, some domains have been hidden 

from view so that the cylinder and spheres are visible. The outer layer of the block is the 

IED. The objects, cylinder and sphere, and the blue portion of the block are what COMSOL 
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solves the B field for, the IED is not solved for. The objects are defined by an arbitrarily 

chosen relative permeability and all surrounding domains were defined by air. 

 

Figure 2-3: The objects from figure 2-3 discretized with free tetrahedrals. The objects, the 

cylinder and sphere, were discretized with a finer setting than the surrounding environment. 

 

Setup of Study, Results, and Data Export in COMSOL Multiphysics 

To find the magnetic fields inside and outside of the objects from these two models, 

a stationary study can be computed. Without specifying any parametric sweeps, COMSOL 

solves for what the magnetic fields are inside and outside of the cylinder and sphere, 

defined in Geometry, placed in the magnetic field, defined in Magnetic Fields, No Currents 

(mfnc). In each step of the study, the physics and parameter sweep to solve for were 

identified. For this portion of the study, the only physics solved for was Magnetic Fields, 

No Currents (mfnc). Parameter sweeps that do not involve changing the geometry setup 

can be defined as an Auxiliary Sweep in whichever step of the study. Auxiliary sweeps can 

be performed on the material properties, field strength, or 𝛼 and 𝛽, changing the direction 

of the field, amongst other parameters. A Parametric Sweep needs to be selected under the 

study if the parameter changes the geometry such as the length or orientation of the device. 
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A 3D slice plot of the magnitude of the resulting B field in the XY, XZ, and YZ 

planes was automatically generated. The data plotted was specified in Study 1/Solution 1 

where a selection was made so that the infinite element domain was excluded from the 

plots. In the case of cylinder, it was also useful to exclude the ends of the cylinder as they 

would not exist in an infinitely long cylinder. Data was exported from COMSOL as a text 

file formatted into a spreadsheet. The 𝐵𝑥, 𝐵𝑦, and 𝐵𝑧 data at each discretized tetrahedral 

shown in figure 2-3 was exported. 

Importing Data into MATLAB and Verification of Results 

Using the load function in MATLAB, the text file exported from COMSOL was 

imported as a 6 × 𝑁 matrix where 𝑁 is the number of elements exported. The first three 

columns contain the 𝑥, 𝑦, and 𝑧 coordinates while the following three are the 𝐵𝑥, 𝐵𝑦, and 

𝐵𝑧 at each position. From equations 2-7 through 2-10, the field at each exported position 

can be calculated. The regression between the two series, B field from COMSOL and the 

analytical B field, was plotted for the field outside of the objects. With FEM being a 

numerical method, the values from COMSOL are approximations and so for the field inside 

of the objects, the mean and standard deviation of the distribution of approximated values 

was found. The percent difference of the mean from the analytical value was then found.  

 

2.3.2 Part 2: Simulation of Stainless-Steel Rods in a Static and 

Uniform Magnetic Field 

  Part 2, similar to Part 1, sets up in COMSOL an object placed within a static 

magnetic field. COMSOL calculates the magnetic field as well as the gradient of the 

magnetic field, which is then exported to MATLAB where the torque induced on the object 

is calculated. A total of 16 objects were used from a set of stainless-steel 316 and 304 

cylinders that were 0.25 in (0.635 cm) and 0.5 in (1.27 cm) in diameter with lengths of 3, 

5, 7, and 9 cm. The certificates of test for these cylinders are in appendix B. Throughout 

this study, to maintain a consistent use of metric units, the 0.25 in and 0.5 in diameters are 

referred to as thinner and thicker cylinders respectively. The cylinders acted as idealized 
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devices and were placed in the MR environment of a 3 T scanner. The simulated results 

for induced torque were verified with measured values by performing the ‘Pulley Method’ 

from the test standard ASTM F2213-17 [5]. 

 

2.3.2.1 Computational Setup 

Setup of Parameters in COMSOL Multiphysics 

The setup in COMSOL Multiphysics is similar to what was previously done for a 

cylinder placed in a static magnetic field in Part 1. A cylinder was defined inside a two 

layered block with the outer layer serving as the infinite element domain. The length and 

diameter of the cylinder changed with each iteration of the simulation to match the physical 

cylinders that were experimentally tested. All domains other than the cylinder were made 

out of air. The cylinder material was defined by the magnetic permeability of stainless-

steel 304 or 316. 

Two physics simulations were implemented for this study, Magnetic Fields, No 

Currents (mfnc) to setup the static field environment and field interactions with the 

cylinders and PDE Coefficient to calculate the spatial gradients of the magnetic fields from 

the first physics. In Magnetic Fields, No Currents, for which all domains were selected, a 

static field of 3 T was defined according to equation 2-6. The angles 𝛼 and 𝛽 were chosen 

such that, as shown in figure 2-1, the direction of the static field was along the long axis of 

the cylinder. During the study, 𝛼 and 𝛽 were chosen such that with each iteration, the 

direction of the static field rotates about the y-axis. In PDE Coefficient, all domains were 

selected again, the Dependent variable quantity and Source term quantity were selected to 

be the Magnetic flux density. Three dependent variables were chosen and were arbitrarily 

named, they represent 𝐵𝑥 , 𝐵𝑦 , and 𝐵𝑧  calculated in Magnetic Fields, No Currents. The 
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Absorption Coefficient was set to (
1 0 0
0 1 0
0 0 1

) while all other coefficients were set to zero. 

The source term was set to (

mfnc. Bx
mfnc. By
mfnc. Bz

). 

As was with the setup in Part 1, all domains were discretized with free tetrahedrals. 

The device, the cylinder, was discretized with the Extremely Fine setting while the 

remaining domains used the Finer setting. 

 

Figure 2-4: The left shows two sets of cylinders, thicker and thinner, with lengths of 3, 5, 

7, and 9 cm. On the right is the same set of cylinders discretized with free tetrahedrals. 

These cylinders have the same dimensions as the physically engineered cylinders that will 

be experimentally measured for induced torque. In COMSOL, these cylinder models were 

placed in a two-layered block of air, similar to what is shown in figure 2-3. 
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Setup of Study, Results, and Data Export in COMSOL Multiphysics 

 The study consisted of two stationary steps. Step 1 was used to solve for Magnetic 

Fields, No Currents, while step 2 was used to solve for Coefficient Form PDE. In both 

steps, an Auxiliary sweep was setup with 𝛼 and 𝛽 such that the direction of the static field 

rotated for 360 degrees in steps of 15 degrees about the y-axis. Step 1 relied on Physics 

controlled settings while step 2 used User controlled settings that built upon the results 

from step 1. 

Two datasets were formed from this study. Study 1/Solution 1(sol 1) held the 

solution to step 2 while Study 1/Solution Store 1(sol 2) held the results from step 1. From 

both datasets, the only domain selected was the device. The datasets were exported as three 

spreadsheets that held the magnetic flux components, the spatial gradients of the magnetic 

flux components, and the volumes of each discretized element. 

Importing Data into MATLAB and Solving for Torque 

Using the load function in MATLAB , the datasets were imported and used to 

calculate the induced force at each element. The induced torque was calculated by finding 

the induced force on each element from a single point, the centre of the cylinder then 

summed up. This is repeated for each iteration of the static field. 
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Figure 2-5: Using the thicker 3 cm long cylinder from figure 2-4 as an example. On the 

left is a plot of the positions of each element exported from COMSOL (red circles). On the 

right is the same plot of positions (red circles) with lines drawn from each position to the 

centre of the cylinder (blue dotted). At each position (red circles), the force induced is 

calculated and the torque from each element at a distance (length of blue dotted lines) from 

the origin is found. 

 

2.3.3 Experimental Setup 

 To verify the simulated results, experimental measurements were taken on the 

physically machined cylinders. The certificates of test for the cylinders are in appendix B. 

The experiment performed was the ‘Pulley Method’ from the test standard, ASTM F2213-

17 [19]. The measurements were carried out in the static environment of a 3 T MR, figure 

2-9. 
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All parts of the apparatus used, figure 2-8, were non-magnetic and non-metallic as 

required in the ASTM standard. The cylinders, figure 2-7, were placed onto a 3D printed 

holder that could freely rotate with minimal friction. The platform was positioned such that 

the cylinder was at the magnetic isocentre of the MR scanner. From the platform, a thread 

was extended to a force sensor, which in turn was mounted to a linear displacement 

mechanism operated by a crank, figure 2-6. The force sensor was positioned such that it 

was as close to apparatus as the displacement mechanism would allow. As the crank was 

rotated, the force sensor would move away from the apparatus and by the thread, the 

platform would rotate. 

 

 

Figure 2-6: The linear displacement mechanism that holds the force sensor (B). While 

taking measurements, this apparatus was positioned such that the crank (A) faced away 

from the scanner and the force sensor was positioned at the greatest distance away from 

the crank. A thread was extended from the force sensor to the rotatable platform which held 

the test cylinders. By turning the crank clockwise, the force sensor was gradually moved 

to the left, pulling on the thread and setting the rotatable platform into motion. This 

apparatus was made from weakly magnetic material. The forces and torques induced on it 

are negligible. 

  

A 

B 
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Due to a torque induced on the cylinder, its longest dimension, the length of the 

cylinder, will try to align with the static field, the direction of the bore. As the force sensor 

was moved away, rotating the platform, due to the alignment with the static field, the 

tension in the thread was recorded. The peak tensions occur when the cylinder is 

perpendicular to the field. The linear mechanism allowed two 360-degree rotations 

producing four peaks and four troughs. The peaks occur approximately when the cylinder 

is perpendicular to the direction of the external field. 

 

 

Figure 2-7: Two sets, thick and thin diameters (1.27 and 0.635 cm), of cylinders each cut 

from a single rod into four lengths (3, 5, 7, and 9 cm). The image shows the stainless-steel 

316 set, there is an identical set for stainless-steel 304, a total of 16 cylinders were used for 

experimental measurements. 

  



73 

 

 

Figure 2-8: The apparatus that holds the test cylinders and placed at the magnetic isocentre 

of the MR scanner. The rotatable platform (a) sits on top of a wooden peg (b). The rotatable 

platform was designed specifically for the circumferences of the test cylinders: thinner (c) 

and thicker (d). When positioned into the MR scanner, the cylinders are positioned such 

that the axis of rotation is at the centre of mass of each cylinder.  
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Figure 2-9: The apparatus holding the test cylinders (A) from figure 2-8 is fixed to the 

patient table of an MR scanner with tape. The linear displacement mechanism holding the 

force sensor (B) from figure 2-6 is positioned at a distance such that all equipment still 

functions accurately. The patient table is moved into the MR scanner to position apparatus 

(A). There is a thread extended from (B) to (A). As the force sensor moves away from the 

scanner, the device is rotated and the tension in the string is recorded with device (C). 

Device (C) is the digital meter displaying the force reading and zeros the force sensor. 

  

A 

B 

C 
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2.4 Results 

2.4.1 Part 1: 3D Slice Plots from COMSOL and Analytical Plots 

MATLAB 

Figure 2-10 shows 3D slice plots generated in COMSOL of the magnetic flux inside 

and outside of an infinitely long cylinder and sphere. Similarly, figure 2-11  shows the 

same kind of plot except it was made in MATLAB using equations 2-7 through 2-10. In 

both figures, three planes intersecting at the origin were plotted together. In all models, 

COMSOL and MATLAB, sphere and cylinder, the relative permeability of the object and 

surrounding was 2 and 1 respectively. The external field strength was 1 T in the x-direction 

and implanted according to equation 2-6. 

An effective method of visualizing the simulated dataset from COMSOL and the 

analytically found dataset from MATLAB would be to plot the percent differences between 

the two using the analytical as truth. If COMSOL were capable of approximating for the B 

field perfectly, then there would be a percent difference of 0. This was done separately for 

the data inside and outside of the sphere and cylinder models. Considering that the mean 

percent difference in each distribution is less than 1%, COMSOL can be considered a 

suitable tool for modeling linear magnetic material in a uniform magnetic field. 
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2.4.2 Part 1: Verification with Analytical Solution 

 

Figure 2-12: Analysis of COMSOL results for the sphere model. In the top image, the 

mean of the distribution of percent differences inside  was 0.59%. The bottom image was 

the percent difference distribution inside of the object, the mean was 0.28%. 

  

mean = 0.59% 

mean = 0.28% 
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Figure 2-13: Analysis of COMSOL results for the cylinder model. In the top image, the 

mean of the distribution of percent differences inside  was 0.84%. The bottom image was 

the percent difference distribution inside of the object, the mean was 0.15%. 

  

mean = 0.84% 

mean = 0.15% 



80 

 

2.4.3 Part 2: Finding the Magnetic Susceptibilities of the Stainless-

Steel Cylinders 

 

Figure 2-14: The relationship between magnetic susceptibility and induced torque for each 

geometry shown in figure 2-4. Since the precise magnetic susceptibility of the material 

used was not known, a parameter sweep of the magnetic susceptibility was performed from 

1000 to 15000 ppm in steps of 1000 ppm. The data was fitted to obtain a mathematical 

relation between the anticipated peak torque and magnetic susceptibility which is shown in 

table 2-3. 
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Table 2-3: The equations for each of the susceptibility curves shown in figure 2-14. In 

each equation, the peak torque, 𝑦, is approximately proportional to magnetic susceptibility, 

𝑥2. 95% confidence interval for both variables are provided. Using the experimentally 

measured peak torque values,  the approximate magnetic susceptibility for each rod can be 

found. 

  

Thick Rods (𝒅 = 𝟏. 𝟐𝟕 𝐜𝐦) 

Length Equation 
95% Confidence Bounds ( 𝑦 = 𝑎𝑥𝑏) 

𝑎 𝑏 

3 cm 𝑦 = 5.590 × 10−12𝑥1.993 
4.833 × 10−12 
6.346 × 10−12 

1.979 
2.008 

5 cm 𝑦 = 1.188 × 10−11𝑥2.001 
1.132 × 10−11 
1.243 × 10−11 

1.996 
2.005 

7 cm 𝑦 = 1.833 × 10−11𝑥1.997 
1.753 × 10−11 
1.913 × 10−11 

1.992 
2.002 

9 cm 𝑦 = 2.414 × 10−11𝑥2.001 
2.373 × 10−11 
2.455 × 10−11 

1.999 
2.002 

Thin Rods ( 𝒅 = 𝟎. 𝟔𝟑𝟓 𝐜𝐦) 

3 cm 𝑦 = 1.743 × 10−12𝑥2.000 
1.721 × 10−12 
1.765 × 10−12 

1.999 
2.001 

5 cm 𝑦 = 3.409 × 10−12𝑥1.998 
3.304 × 10−12 
3.513 × 10−12 

1.994 
2.001 

7 cm 𝑦 = 4.708 × 10−12𝑥1.999 
4.492 × 10−12 
4.925 × 10−12 

1.994 
2.003 

9 cm 𝑦 = 5.646 × 10−12𝑥2.003 
5.420 × 10−12 
5.871 × 10−12 

1.999 
2.007 
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2.4.4 Part 2: Experimentally Measured Induced Torque  

Table 2-4: Using the measured peaks listed in table 2-5, the magnetic susceptibility of each 

rod was found using the computational methods outlined in this study. The mean and 

standard deviation of the susceptibilities were found and implemented in COMSOL again 

to produce simulated peak torque values. 

  

Measured Peaks [mNm] 

Length Thick SS316 Thick SS304 Thin SS316 Thin SS304 

3 cm 0.133 ± 0.018 0.772 ± 0.016 0.052 ± 0.002 0.272 ± 0.008 

5 cm 0.307 ± 0.018 1.710 ± 0.027 0.105 ± 0.004 0.515 ± 0.012 

7 cm 0.444 ± 0.019 2.787 ± 0.040 0.145 ± 0.005 0.739 ± 0.016 

9 cm 0.614 ± 0.021 3.728 ± 0.052 0.168 ± 0.006 0.936 ± 0.018 

Associated Magnetic Susceptibility [ppm] 

3 cm 5034 12148 5447 12490 

5 cm 5061 11941 5600 12413 

7 cm 4983 12507 5576 13007 

9 cm 5021 12369 5393 12693 

mean ± std 5025 ± 32 12241 ± 249 5504 ± 100 12651 ± 265 
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Table 2-5: The calculated peak torque values from the measured forces. For each cylinder 

(two types of stainless-steel, two diameters, and four lengths), two full rotations were 

performed in the 3 T environment. 

  

Thick SS316 (𝝌 = 𝟓𝟎𝟐𝟓 ± 𝟑𝟐 𝐩𝐩𝐦) 

Length Tests [mNm] Sims [mNm] % diff 

3 cm 0.133 ± 0.018 0.134 0.579 

5 cm 0.307 ± 0.018 0.301 1.872 

7 cm 0.444 ± 0.019 0.452 1.914 

9 cm 0.614 ± 0.021 0.612 0.299 

Thick SS304 (𝝌 = 𝟓𝟏𝟐𝟐𝟒𝟏 ± 𝟐𝟒𝟗 𝐩𝐩𝐦) 

3 cm 0.772 ± 0.016 0.788 2.030 

5 cm 1.710 ± 0.027 1.786 4.387 

7 cm 2.787 ± 0.040 2.675 4.121 

9 cm 3.728 ± 0.052 3.640 2.396 

Thin SS316 (𝝌 = 𝟓𝟓𝟓𝟎𝟒 ± 𝟏𝟎𝟎) 

3 cm 0.052 ± 0.002 0.053 2.103 

5 cm 0.105 ± 0.004 0.103 1.590 

7 cm 0.145 ± 0.005 0.141 2.824 

9 cm 0.168 ± 0.006 0.175 3.792 

Thin SS304 (𝝌 = 𝟓𝟏𝟐𝟔𝟓𝟏 ± 𝟐𝟔𝟓 𝐩𝐩𝐦) 

3 cm 0.272 ± 0.008 0.279 2.599 

5 cm 0.515 ± 0.012 0.547 6.004 

7 cm 0.739 ± 0.016 0.744 5.831 

9 cm 0.936 ± 0.018 0.928 0.876 
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2.5 Conclusion 

2.5.1 Verification of Using FEM to Find the Field Inside and 

Outside of Objects of Linear Magnetic Material 

 The verification of the setup of parameters in COMSOL are best shown in figures 

2-12 and 2-13.  Each figure is a distribution of percent differences found at each element 

exported from the models. The mean percent difference of the inside and outside of the 

sphere were 0.59% and 0.28%. The mean percent difference of the inside and outside of 

the cylinder were 0.84% and 0.15%. These values provide enough evidence to show that 

COMSOL is an effective tool for modeling linear magnetic material placed in an external 

magnetic field. 

 

2.5.2 Verification of Computational Method to Calculate the 

Torque Induced on Stainless-Steel Cylinders from the Static Field 

of an MR Scanner 

 In both simulated and experimentally measured results, summarized in table 2-6, 

the torque induced on the cylinder by the static field increased with the length of the 

cylinder. It was expected that the longest cylinder in each set would be the ‘worst case’. 

These expectations were reaffirmed by measurements. For objects with simple geometries, 

such as the cylinders used, the computational method outlined in this study was able to 

correctly rank the cylinders from least to greatest risk. It was also shown that, while 

knowing the necessary susceptibility parameter of the object, it was possible to produce 

simulated torque peaks to within 10% difference from measured values. Therefore, 

provided the static field strength, device geometry, orientation, and material properties, this 

study has shown that the static field induced torque can be accurately and correctly 

calculated.  
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One of the greatest limitations of this study was that the magnetic susceptibilities 

of the rods purchased was not known. The exact composition for each rod is available in 

appendix B however the magnetic susceptibility is not amongst the listed properties. A 

future step should include testing done on material that have better defined magnetic 

properties such as those available in the CRC handbook or ASM handbook, one of the only 

published sources for magnetic susceptibility. Other common metals used in medical 

implants should also be investigated such as titanium alloys (𝜒 under 200 ppm) and cobalt 

chrome alloys (𝜒 from 700 to 1500 ppm) [21]. 

 Another limitation of this study was in the method for performing the ASTM 

method to measure the torque induced on the cylinders. The linear displacement 

mechanism shown in figure 2-6 relied on human operation which was not consistent over 

the distance the force sensor needed to travel. The force measurements had some 

dependence on the speed at which the crank was being turned. An improvement would 

incorporate a method of moving the force sensor at a constant speed such as a motor and 

remove the human element all together. 

Future steps should also include greater complexity in the sample devices such as 

a metal plate holding screws. Such an object more closely resembles the cervical spine 

fixation system mentioned in the introduction. Unlike the cylinders, which lack multiple 

components, that only become longer, it is more difficult to anticipate which configuration 

of a plate with screws would be the worst case.  
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Chapter 3 

Uncertainty Analysis of Torque Measurement 

Methods Described in ASTM F2213-17 

 This chapter discusses a study done in determining the systematic error due to static 

friction in the apparatus design and the overall effect on measurement uncertainties 

associated with the Torsional Spring and Pulley methods from ASTM F2213-17. Although 

error propagation can be done on the equation provided by the standard, this study sought 

to take it one step further and investigate how limitations in the apparatus design can affect 

measurement precision, specifically, the static friction in the rotatable platform of the 

pulley method. This chapter heavily relies on the test standard and draws comparisons by 

applying the minimum requirements to perform each measurement method. This chapter 

closes with the identified dominant sources of error and provides recommendations on how 

to minimize measurement uncertainty.  
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3.1 Introduction 

The number of people with permanent or semi-permanent medical implants has 

been increasing, a growth that is in parallel with the growth of MRI as a diagnostic tool not 

only in Canada, but also abroad [1-3]. For patients with medical implants that cannot be 

readily removed, there is a need to know whether they can receive a scan without 

complications, one of which is the possibility of an induced torque on the implant. 

The current test standard for measuring magnetically induced torque on medical 

implants is the ASTM F2213-17 which lists five methods [4]. The acceptance criterion for 

this standard is the torque due to gravity, the product of the longest dimension of the device 

and the device weight. Three methods, ‘calculation based on induced force’, ‘low-friction 

surface’, and ‘suspension’ methods, do not measure the induced torque. Instead, these three 

determine whether a significant enough torque is present and further testing is warranted. 

The remaining two methods, ‘torsional spring’ and the ‘pulley’ methods, are the ones under 

consideration in this chapter as they aim to measure a quantitative torque value. The 

standard does not include the sources of measurement error associated with each method. 

The objectives of this study are to identify the dominant sources of error in each 

method under consideration. This is accomplished through propagation of instrument 

errors and taking measurements based on the standard apparatus design to identify 

systematic sources of error. The key systematic error investigated in this study is the static 

friction in the rotatable platform described in the pulley method. Through the comparison 

of uncertainties, improvements can be made to the design and usage of each test apparatus. 
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3.2 Theory 

It is known that for a function, 𝑥, such that, 

The uncertainty of function 𝑥, 𝛿𝑥,  based on known sources of error is propagated by the 

following. 

Equation 3-2 is true when all independent variables are uncorrelated [2]. An expression for 

the measurement uncertainty of each method can be calculated and then propagated 

forward to see how uncertainty changes with torque. 

 

3.2.1 Error Propagation in the Torsional Spring Method 

In the torsional spring method, the device under test (DUT) is fixed, by non-

magnetic and non-metallic means, to a platform suspended on top and bottom by torsion 

springs. Some angular measurement tool, a protractor for example, is also fixed to the 

apparatus. Outside the MR environment, the equilibrium angle of the torsion springs 

represents the zero-torque angle, 𝜃1. The apparatus and device are placed inside the MR 

scanner such that the device is as close to the magnetic isocentre as possible. When there 

is a torque induced on the device,  the platform rotates away from the zero-torque angle 

and a second angular measurement, 𝜃2, is recorded. The deflection angle is therefore, the 

difference between 𝜃2 and 𝜃1, ∆𝜃. This is repeated at 10° intervals until a full rotation is 

made. The torque measured using this method, 𝜏𝑆, can be found from the following, 

By applying equation 3-2 to equation 3-3, the measurement error for this method can be 

found as the following, 

𝑥 = 𝑓(𝑢1, 𝑢2, … , 𝑢𝑛) (3-1) 

𝛿𝑥
2 = 𝛿𝑢1

2 (
𝜕𝑥

𝜕𝑢1
)
2

+ 𝛿𝑢2
2 (

𝜕𝑥

𝜕𝑢2
)
2

+⋯+ 𝛿𝑢𝑛
2 (

𝜕𝑥

𝜕𝑢𝑛
)
2

 (3-2) 

𝜏𝑆 = 𝑘∆𝜃 (3-3) 
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In equation 3-4, 𝛿𝜏𝑆 is the uncertainty of equation 3-3, 𝛿𝑘 is the uncertainty in the torsional 

spring constant, and 𝛿𝜃 is the uncertainty in angular measurement. 

 

3.2.2 Error Propagation in the Pulley Method 

In the pulley method the DUT is fixed, by non-magnetic and non-metallic means, 

to a rotating platform, shown in figure 3-1. The platform is connected to a low-friction, 

non-metallic pulley with some radius, 𝑅. The apparatus and device are positioned into the 

MR scanner such that the device is as near as practical to the isocentre. The platform is 

allowed to rest with the device aligned at its equilibrium position. A lightweight thread 

extends from the pulley to force sensor and as the sensor is slowly pulled away, the peak 

force measurement, 𝐹, during a full rotation is recorded. Another rotation is performed 

without the device and the peak force measurement is recorded as the friction in the pulley, 

𝐹𝑓. The peak torque measured using this method, 𝜏𝑃, can be found from the following, 

By applying equation 3-2 to equation 3-5, the measurement error for this method can be 

found as the following, 

In equation 3-6, 𝛿𝜏𝑃 is the uncertainty of equation 3-5, 𝛿𝑅 is the uncertainty in radius of the 

pulley, and 𝛿𝐹 is the uncertainty in force measurement. 

  

𝛿𝜏𝑆 = 𝜏𝑆
√(
𝛿𝑘
𝑘
)
2

+ 2 (
𝛿𝜃
∆𝜃
)
2

 (3-4) 

𝜏𝑃 = 𝑅(𝐹 − 𝐹𝑓) (3-5) 

𝛿𝜏𝑃 = 𝜏𝑃√(
𝛿𝑅
𝑅
)
2

+ 2(
𝛿𝐹

𝐹 − 𝐹𝑓
)

2

 (3-6) 
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3.2.3 Sources of Measurement Uncertainty 

The requirements for performing the torsional spring method include an angular 

measurement tool capable of measuring at least 1° increments. A chosen torsional spring 

diameter such that the maximal deflection angle is less than 25°. A torque measurement 

apparatus with a sensitivity greater than 0.1 of the acceptance criterion. The sources of 

error for the torsional spring method include the instrument error for measuring angular 

deflection and the error in the torsional spring constant. The standard recommends the use 

of a protractor. It is often quoted that the instrument uncertainty of a device that 

incorporates a graduated linear scale, such as a protractor or a ruler, is half of the smallest 

scale division [2]. Therefore, a protractor with the smallest scale division being 1° would 

have an uncertainty, 𝛿𝜃, of 0.5° [7]. The uncertainty in the torsional spring constant, 𝛿𝑘, 

was given a conservative estimate of 0.1 mNm. 

 To perform the pulley method, the standard requires the force sensor to be 

positioned sufficiently away such that it is still functional. The sensitivity of the torque 

measurement apparatus should be no greater than 0.1 of the acceptance criterion. The 

standard does not mention requirements for static torque in the pulley. The sources of error 

for the pulley method are the measurement errors from a force sensor and measurement of 

the radius of the apparatus. The force sensor used in this study was MR03-025 Force Sensor 

(Mark-10 Co, Copiague, USA). The calibration for this device is in appendix C.1 for which 

the instrument uncertainty, 𝛿𝐹, was reported to be 1.67 mN. The maximum force, 𝐹max, 

reading that this device can report is 1.11 N. The radius of the apparatus was measured 

with a ruler, the smallest division was 1 mm. The radius, 𝑅, was found to be 5.1 cm and 

the uncertainty, 𝛿𝑅 , was 1 mm [7]. The dominant source of error is likely a systematic 

source of error and not in the instrument error. The greatest contribution to measurement 

uncertainty is likely to be the ‘stickiness’ of the platform, the torque required to overcome 

static friction. 
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3.3 Methods 

To find the error in static friction, measurements were made to determine the 

minimum amount of torque, ‘break torque’, required to set the apparatus into motion. The 

apparatus that was used was a modified design from what was shown in ASTM F2213-17. 

Figure 3-1 is the diagram described in the test standard. Figure 3-2 shows how the modified 

apparatus from figure 3-1. As was in the pulley method, a lightweight thread was extended 

from the cylindrical support, the low-friction pulley. Differing however, the thread was 

placed over yet another pulley that is attached to a mass. In this study, the torque that causes 

the platform to move is the weight of the mass attached to the thread rather than a torque 

induced by a magnetic field. 

The rotatable platform was divided into twelve 30° sections. At the first section, 

the mass suspended from the pulley was incrementally increased until the weight was 

enough to allow the apparatus to make a full rotation. The mass was placed over the pulley 

slowly as to make sure that there was no unwanted impulse. Also, it was made sure that the 

mass was not swinging or spinning. The thread extending from the rotatable platform was 

made sure to not be in contact with the bottom of the platform causing unwanted friction. 

The method chosen for incrementally increasing the mass was to place staples into 

a small basket. Staples were chosen since individually, the mass is insignificant, but 

multiple staples have a noticeable change in a tangible quantity. This process was repeated 

for each 30° section in order to have a static friction profile of the entire apparatus. For 

each mass used, there should be twelve measurements. 
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a) 

 

b)

 

Figure 3-1: Schematic diagram for performing the pulley method from ASTM F2213-17. 

There is a thread extended from the low-friction pulley to the force gauge. The low friction 

pulley is fixed to the rotatable platform. As the force gauge is pulled away from the 

apparatus, the rotatable platform is set into motion [1]. Reprinted with permission from 

ASTM International, reference 4. 
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c)  

Figure 3-2: The rotating platform apparatus for measuring the minimum torque required 

to overcome static friction in the pulley method. a) Schematic of side and top views of the 

apparatus. b) Photographs of side and top views of the apparatus. c) The apparatus used 

with the thread extended to a second pulley which would be attached to a mass. This 

apparatus is a modified from what was described in ASTM F2213-17 and shown in figure 

3-1. For this study, an empty apparatus was used, so no device was actually fixed to the 

platform. The mass attached to the pulley is a basket where small and measurable masses 

can be loaded into (shown only in schematic). 

 Rotatable 

Platform 
Rotatable Platform 

Rotatable Platform 
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3.4 Results 

Observations on what masses at which 30° section caused the rotatable platform to 

move is shown in table 3-1. The degree of movement at each section is labeled from 0 to 

3. The static friction profile about the entire platform can be interpreted from table 3-1. It 

becomes clear that the sections around 300° to 90° exhibited the least friction since the 

smallest masses were able to set the platform into motion. The region around the 270° 

section had the greatest friction where it did not consistently move until 8.10 g mass was 

used.  

A histogram of the number of instances of movement for each mass is shown in 

figure 3-3. The standard deviation of the data in figure 3-3 is 1.334 mNm. Within the first 

standard deviation, where the majority of observed rotations occurred, is the region of 

interest. 𝛿𝐹𝑠 = 0668 mNm becomes the systematic source of error due to static friction in 

the error propagation. This leads to a new error propagation equation for the pulley method, 

 The smallest mass capable of setting the platform into motion was 2.62 ± 0.02 g. 

This was measured on an SPX123 laboratory balance (Ohaus Co., Parsippany, USA). The 

calibration report for this device is provided in appendix C.2. From the Earth Gravitational 

Model 2008, the acceleration due to gravity in London, Ontario at an elevation of 248 m 

is 9.8055 ± 0.0001 
m

s2
 [8]. The radius of the apparatus pulley was previously measured to 

be 5.1 ± 0.1 cm. Therefore, the smallest mass corresponds to a weight of 25.7 ± 0.2 mN 

and a torque on the apparatus of 1.30 ± 0.03 mNm. This becomes the minimum that is 

used to generate figure 3-4. The smallest torque value is also used to calculate for an 

appropriate torsional spring constant so that comparable measurements of torque can be 

used. The spring constant of 1.30 mNm would be required to generate 1° deflection for 

comparable measures of torque. 

𝛿𝜏𝑃 = 𝜏𝑃√(
𝛿𝑅
𝑅
)
2

+ 2(
𝛿𝐹

𝐹 − 𝐹𝑓
)

2

+ (
𝛿𝐹𝑠
𝜏𝑃
)

2

 (3-7) 
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Table 3-1: The torque was calculated knowing the weight from the total mass used and the 

radius of the cylindrical support in figure 3-2. The observations are as follows: (0, white) 

the platform did not move, (1, green) the platform moved but not into subsequent 30° 

section, (2, yellow) the platform moved beyond subsequent 30° section but came to a rest 

due to friction, (3, orange) the platform moved and did not come to a rest. The empty 

measurements used the mass of the basket itself (1.09 g). The mean and standard deviation 

of the first instances where the weight of the load scored 3 at each section was found to be  

3.249 ± 0.336 mNm. 

 

Table 3-2: Summary of values going into error propagation that generates figure 3-4. 

Total Mass (g) Torque (mNm) 0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330°

EMPTY 1.09 0.54 0 0 0 0 0 0 0 0 0 0 0 0

17 staples 1.60 0.79 0 0 0 0 0 0 0 0 0 0 0 0

34 staples 2.11 1.05 0 0 0 0 0 0 0 0 0 0 0 0

51 staples 2.62 1.30 0 0 0 1 0 0 0 0 0 0 0 0

2g mass 3.09 1.54 1 1 1 1 0 0 0 0 0 0 0 0

2g mass + 17 staples 3.60 1.79 1 1 1 1 0 1 0 0 0 0 1 1

2g mass + 34 staples 4.11 2.05 1 1 2 1 0 1 0 0 0 0 1 1

2g mass + 51 staples 4.62 2.30 1 1 2 1 0 1 0 0 0 0 0 1

2g mass + 67 staples 5.10 2.54 2 1 2 1 0 1 1 0 0 0 1 1

2g mass + 84 staples 5.61 2.80 2 2 2 1 0 1 0 1 1 1 1 2

5g mass 6.09 3.04 3 3 3 1 0 1 3 3 3 1 3 1

5g mass + 17 staples 6.60 3.29 1 3 3 3 1 3 3 3 3 1 3 3

5g mass + 34 staples 7.11 3.55 3 3 3 3 1 3 1 3 3 2 3 3

5g mass + 51 staples 7.62 3.80 3 3 3 3 3 3 3 3 3 2 3 3

5g mass + 67 staples 8.10 4.04 3 3 3 3 3 3 3 3 3 3 3 3

The Torsional Spring Method 

𝛿𝜏𝑆 = 𝜏𝑆
√(
𝛿𝑘
𝑘
)
2

+ 2(
𝛿𝜃
∆𝜃
)
2

 

The Pulley Method 

𝛿𝜏𝑃 = 𝜏𝑃√(
𝛿𝑅
𝑅
)
2

+ 2(
𝛿𝐹

𝐹 − 𝐹𝑓
)

2

+ (
𝛿𝐹𝑠
𝜏𝑃
)

2

 

Torsional Spring 

Constant 

𝑘 = 1.3 mNm 

𝛿𝑘 = 0.1 mNm 

Radius of Rotatable 

Platform 

𝑅 = 5.1 cm 

𝛿𝑅 = 1 mm 

Deflection Angle 

𝜃𝑚𝑖𝑛 = 1° 

𝜃𝑚𝑎𝑥 = 25° 

𝛿𝜃 = 0.5° 

Force Sensor 

Measurements 

𝐹𝑚𝑖𝑛 = 0.03 N 

𝐹𝑚𝑎𝑥 = 1.11 N 

𝛿𝐹 = 1.67 mN 

Uncertainty due to 

Static Friction 
𝛿𝐹𝑠 = 0.336 mNm 
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Figure 3-3: Graphical comparison between measurement methods. The data was 

propagated forward from the initial instance where a mass was capable of moving the 

apparatus from table 3-1. The pulley method offers a smaller measurement uncertainty than 

the torsional spring method for comparable measurements. The torsional spring method 

used equation 3-4. The pulley method used equation 3-7. 
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3.5 Conclusion 

The dominant source of measurement uncertainty was identified for each method. 

In the torsional spring method, the angle measurement tool capable of measuring at least 

1° increments. In the pulley method, the dominant source of error is the static friction, 

‘stickiness’, in the rotating platform from the minimum amount of torque required to set 

the apparatus into motion. To minimize measurement uncertainty in the two methods,  the 

following aspects of the two methods should be improved. In the torsional spring method, 

the deflection angle measurement tool should have greater precision than the 1° readings 

as described in test standard. In the pulley method, the break torque should be more 

consistent around the entire apparatus. One way of accomplishing this is to have a rotatable 

platform that is lighter in mass. 

 The goal of this study was to look into sources of measurement error associated 

with the two major test methods from ASTM F2213-17. It is easy to take an existing 

equation and put it through error propagation, but this study sought to take it one step 

further and experimentally measure the limitations of a particular apparatus design. The 

focus of this study was the static friction in the rotatable platform of the pulley method. 

Future steps may look into limitations in design not taken into consideration in this study. 

Those include the placement of the device relative to the platform, the friction between the 

thread and the platform, thickness of the thread used, the positioning of the force sensor, 

or the angle at which the thread contacts the platform. No limitations related to the torsional 

spring method were investigated at all. 
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Chapter 4 

Thesis Summary, Future Directions, and 

Conclusion 

 This chapter summarizes the findings of the two investigative chapters. It continues 

to offer future directions to take so that the greater goal of developing a computational 

system for finding the torque induced on any device can be accomplished. This chapter 

ends by highlighting the key investigation presented in this thesis and its importance in the 

further development of the greater goal. 

 

4.1 Thesis Summary 

4.1.1 Chapter 2 Summary 

 In Chapter 2, it was verified that COMSOL Multiphysics was able to accurately 

calculate the magnetic field inside and outside of objects with known analytical solutions, 

a sphere and cylinder of linear magnetic material, when placed in an external field. Taking 

advantage of this, COMSOL Multiphysics was used to further calculate the torque induced 

on stainless-steel cylinders. Verified with measured results, the computational results were 

within 10% difference. This method has shown to be fast and accurate as the data for one 

cylinder can be found within 10 minutes.  
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4.1.2 Chapter 3 Summary 

 In Chapter 3, an uncertainty analysis of the torque measurement apparatus 

described in ASTM F2213-17 was performed with an emphasis on the contribution of static 

friction. It was found that the apparatus described in the ‘Pulley Method’ offered a lower 

instrument uncertainty than the apparatus described in the ‘Torsional Spring Method’. This 

study was important should the apparatus be used in the future to verify computational 

results. 

 

4.2 Future Directions 

4.2.1 Investigate Torque Induced on Better Characterized Material 

 One of the greatest limitations of the study presented in Chapter 2 was that the 

volume magnetic susceptibility of the materials used was not known. For material such as 

stainless-steel 304 and 316, where the composition is not consistent, there is little to no 

literature available on the magnetic properties. The study performed in Chapter 2 should 

be repeated with better characterized material such as those presented in the CRC 

Handbook or pure metals. Not because such material may be used in medical implants, but 

they would serve as a good method for verifying that the computational method produces 

accurate information.  

4.2.2 Extend Computational Torque and Force Models to More 

Complex Objects 

 The study in Chapter 2 was conducted on cylinders. Similarly, a previous study on 

magnetically induced force was also conducted on cylinders made from the same material, 

stainless-steel 304 and 316. Induced force and torque are the two major concerns when it 

comes to medical devices in the static field environment. Both studies should be extended 

to objects with more complex geometries for example, a metal plate holding screws. Such 

an object introduces an incredible amount of variability. The plates can vary in length and 
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capacity while the screws themselves can vary in length and the number placed onto the 

plate. Furthermore, unlike a cylinder, there is a lack of radial and bilateral symmetry with 

a plate and screws system which means the orientation within the field will play a greater 

role than it did in the cylinder studies. A study involving more complex devices will offer 

a more robust computational method for assessing static field interactions in general. 

4.2.3 Investigate Eddy Current Torque 

 A phenomenon that was briefly discussed in Chapter 1 but was not explored in this 

thesis was the torque induced not from the static magnetic field, but from eddy currents 

induced on conductive material. The material does not necessarily need to be magnetic but 

electrically conducting. For example, aluminum and copper are good conductors and may 

experience eddy current torque but as diamagnetic material, they experience little to no 

static field induced torque. In short, conducting objects turning in the static magnetic field 

experience a torque due to the induced eddy currents. Eddy current torque will be an 

extension of the study conducted in Chapter 2 which used a computational method that 

ignored conductivity. 

4.2.4 Automating Computational Processes 

 Currently, the method described to computationally find the torque induced on an 

object is only partially automated. COMSOL Multiphysics solves for the magnetic field 

inside and outside of the object described but it relies on human input to select for the 

necessary data to be exported and for the torque to be calculated in MATLAB. A fully 

automated method that begins with the defining parameters in COMSOL and ends with 

results from MATLAB would make the process more efficient. A possible method or 

automating tasks is using Python.  
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4.2.5 Investigate Very Long Objects Experiencing Interactions in 

Tandem 

 So far, the studies done in terms of torque and force look at the interactions 

separately. For example, a very long object that extends from inside the bore to the outside 

surrounding area, would experience static field induced torque and force in tandem. A 

study into how long objects behave in the static field would provide necessary information 

for a computational method that can completely assess static field interactions. 

4.2.6 Extend Uncertainty Analysis of Rotating Test Platforms 

 Chapter 3 looked into the instrument uncertainty of an apparatus described in 

ASTM F2213-17 as the ‘Pulley Method’. In the study, the focus was the static friction in 

the rotating platform however, this is not the only limitation in apparatus design. In addition, 

the device placement relative to the platform, friction between thread and the platform, 

thickness of the thread used, positioning of the force sensor, and the angle at which the 

thread comes into contact with the platform should be looked into. Furthermore, an 

uncertainty analysis of the alternative measurement method, ‘Torsional Spring Method’, 

should be performed as well.  
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4.3 Conclusion 

 The key study within this thesis was the development and verification of the 

computational method for calculating the static field induced torque on idealized devices, 

stainless-steel 304 and 316 cylinders. By implementing the appropriate field and material 

conditions into COMSOL Multiphysics, it was possible to accurately calculate the torque 

induced to within 10% error from measured values. Furthermore, this method was capable 

of correctly ranking the cylinders in terms of risk and identify the ‘worst case’ out of each 

set.  

It was also found that the peak torque induced increased linearly with the length of 

the cylinders. Considering the accuracy of the simulated results, the slopes of the linear 

plots between torque and length were also accurately found. The significance of this result 

is the capability of predicting the induced torque on cylinders that extend beyond the sets 

used. 

A cylinder, however, is an incredibly simple object and does not properly 

characterize medical devices that are commercially available or seeking pre-market 

approval. Further investigations are necessary to accomplish the greater goal of developing 

a computational system that can accurately solve for the torque induced on a device of 

some arbitrary geometry and material placed within a clinical scanner. The preliminary 

results provided in this thesis is a necessary first step to accomplishing this goal. 
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Appendices 

 Here, some supplementary information directly related to the work presented in 

Chapters 2 and 3. In Appendix A, mathematical derivations for the magnetic flux equations 

are presented. These equations were used to verify the computational methods presented 

in Chapter 2. Appendix B includes the certificates of test for the stainless-steel rods used 

in Chapter 2. Appendix C includes the calibration certificates for the scientific equipment 

used in Chapters 2 and 3. Appendix D includes the copyright permissions for figures used 

throughout this thesis. 
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Appendix A: Derivation of Equations 

A.1: Spherical and cylindrical coordinates 

 

Figure A-1: Diagram of a sphere (left) and cylinder (right) drawn in euclidean space. In 

the sphere, the radius vector, 𝐫, extends from the origin to the surface of the sphere whose 

magnitude, |𝐫|, is the radius, 𝑟. The zenith angle, 𝜃, forms between the radius vector and 

the z axis. The azimuthal angle, 𝜙, forms between the projection of the radius vector onto 

the xy plane and the x axis. In the cylinder, the radius vector, 𝐫, extends from the z axis to 

the surface of the cylinder whose magnitude, |𝐫|, is the radius, 𝑟. The azimuthal angle, 𝜙, 

forms between the projection of the radius vector onto the xy plane and the x axis. 

 

The cartesian unit vectors in terms of spherical and cylindrical coordinates can be found 

by the following, 

(
�̂�
�̂�
�̂�

) = (

sin(𝜃) cos(𝜙) cos(𝜃) cos(𝜙) −sin(𝜙)

sin(𝜃) sin(𝜙) cos(𝜃) sin(𝜙) cos(𝜙)

cos(𝜙) − sin(𝜙) 0

)(
�̂�
�̂�
�̂�
) (A.1-1) 

(
�̂�
�̂�
�̂�

) = (
cos(𝜙) − sin(𝜙) 0

sin(𝜙) cos(𝜙) 0
0 0 1

)(
�̂�
�̂�
�̂�

) (A.1-2) 
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A.2: Finding the magnetic flux density inside and outside of a sphere of linear 

material with the external field along z-direction 

Given the magnetic scalar potentials Φ1 and Φ2 inside and outside of the sphere, 

The constant 𝐴2 is equal to zero because the potential inside the sphere should be finite at 

the origin. The constant 𝐶1  is equal to −𝐻0  since Φ2 = −𝐻0𝑟 cos(𝜃) when 𝑟  becomes 

very large. Equations A.2-1 and A.2-2 become, 

Two more equations relating 𝐴1 and 𝐶2 are required to determine the potentials. From the 

boundary condition of the sphere, 𝑟 = 𝑅, it is known that Φ1 is equal to Φ2. 

The second equation used is determined from the continuity of the normal components of 

B since it is known that, 

In equation A.2-6, 𝜇 is the permeability of the material, 𝜇1 inside of the sphere and 𝜇2 

outside. Applying equation A.2-6 to equations A.2-3 and A.2-4 and recalling that 𝑟 = 𝑅, it 

can be found that, 

 

Φ1 = 𝐴1𝑟 cos(𝜃) +
𝐴2
𝑟2
cos(𝜃) (A.2-1) 

Φ2 = 𝐶1𝑟 cos(𝜃) +
𝐶2
𝑟2
cos(𝜃) (A.2-2) 

Φ1 = 𝐴1𝑟 cos(𝜃) (A.2-3) 

Φ2 = −𝐻0𝑟 cos(𝜃) +
𝐶2
𝑟2
cos(𝜃) (A.2-4) 

𝐴1𝑅 = −𝐻0𝑅 +
𝐶2
𝑅2

 (A.2-5) 

𝐵𝑛 = 𝜇𝐻𝑛 = −𝜇
𝜕Φ

𝜕𝑟
 (A.2-6) 

−𝜇1𝐴1 = 𝜇2𝐻0 + 2
𝜇2𝐶2
𝑅3

 (A.2-7) 
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Using equations A.2-5 and A.2-7, it can be determined that 𝐴1 and 𝐶2 are, 

Substituting equations A.2-8 and A.2-9 into equations A3 and A4, the scalar potentials 

Φ1 and Φ2 can be determined to be, 

The magnetic flux density inside and outside of the sphere can now be found by applying 

the fact that 𝐁 = 𝜇𝐇 and 𝐇 = −𝛁Φ. Applying the gradient in spherical coordinates 

reveals that, 

  

𝐴1 = −
3𝜇2𝐻0
𝜇1 + 2𝜇2

 (A.2-8) 

𝐶2 = 𝜇2𝐻0𝑅
3

𝜇1
𝜇2
− 1

𝜇1 + 2𝜇2
 (A.2-9) 

Φ1 = −
3𝜇2𝐻0
𝜇1 + 2𝜇2

𝑟 cos(𝜃) (A.2-10) 

Φ2 = −𝐻0𝑟 cos(𝜃) + 𝐻0
𝑅3

𝑟2

𝜇1
𝜇2
− 1

𝜇1
𝜇2
+ 2

cos(𝜃) (A.2-11) 

𝐁𝟏 = −𝜇1𝛁Φ1 

=
3𝜇1

𝜇1 + 2𝜇2
𝜇2𝐻0 (

cos(𝜃) �̂�

− sin(𝜃) �̂�
0

) 

(A.2-

12) 

𝐁𝟐 = −𝜇2𝛁Φ2 

= 𝜇2𝐻0 (
cos(𝜃) �̂�

− sin(𝜃) �̂�
0

) + 𝜇2𝐻0
𝑅3

𝑟3

𝜇1
𝜇2
− 1

𝜇1
𝜇2
+ 2

(
2 cos(𝜃) �̂�

sin(𝜃) �̂�
0

) 

(A.2-

13) 
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Into cartesian coordinates, (
cos(𝜃) �̂�

− sin(𝜃) �̂�
0

) becomes �̂� 

Also, into cartesian coordinates, 
1

𝑟3
(
2 cos(𝜃) �̂�

sin(𝜃) �̂�
0

) becomes, 

If the sphere was placed in air, then 𝜇2 = 𝜇0 and 𝜇1 = 𝜇𝑚. Knowing that 
𝜇𝑚

𝜇0
= 𝜇𝑟, the 

field inside and outside of the sphere become, 

 

1

𝑟3
(
2 cos(𝜃) �̂�

sin(𝜃) �̂�
0

) =

(

 
 
 
 
 

3𝑥𝑧

(𝑥2 + 𝑦2 + 𝑧2)
5
2

�̂�

3𝑦𝑧

(𝑥2 + 𝑦2 + 𝑧2)
5
2

�̂�

𝑥2 + 𝑦2 − 2𝑧2

(𝑥2 + 𝑦2 + 𝑧2)
5
2

�̂�
)

 
 
 
 
 

 (A.2-14) 

𝐁𝐢𝐧 =
3𝜇𝑟
𝜇𝑟 + 2

𝐵0�̂� (A.2-15) 

𝐁𝐨𝐮𝐭 =

(

 
 
 
 
 
 

𝐵0𝑅
3
𝜇𝑟 − 1

𝜇𝑟 + 2

3𝑥𝑧

(𝑥2 + 𝑦2 + 𝑧2)
5
2

�̂�

𝐵0𝑅
3
𝜇𝑟 − 1

𝜇𝑟 + 2

3𝑦𝑧

(𝑥2 + 𝑦2 + 𝑧2)
5
2

�̂�

𝐵0(1 + 𝑅
3
𝜇𝑟 − 1

𝜇𝑟 + 2

𝑥2 + 𝑦2 − 2𝑧2

(𝑥2 + 𝑦2 + 𝑧2)
5
2

) �̂�

)

 
 
 
 
 
 

 (A.2-16) 
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A.3: Finding the magnetic flux density inside and outside of an infinitely long 

cylinder of linear material with the external field perpendicular to the cylinder 

Given the magnetic scalar potentials Φ1 and Φ2 inside and outside of the cylinder, 

The boundary conditions that occurs in this case is as it was with the sphere in section A.2. 

At 𝑟 = 𝑅 , it is known that Φ1 = Φ2  and −𝜇1
𝜕Φ1

𝜕𝑟
= −𝜇2

𝜕Φ2

𝜕𝑟
. Therefore, the scalar 

potentials can be solved using the following, 

Equations A.3-3 and A.3-4 can be used to solve for 𝐴1 and 𝐵1, 

Substituting equations A.3-5 and A.3-6 into A.3-1 and A.3-2 reveal that, 

  

Φ1 = 𝐴1𝑟 cos(𝜙) (A.3-1) 

Φ2 = −𝐻0𝑟 cos(𝜙) +
𝐵1
𝑟
cos(𝜙) (A.3-2) 

𝐴1𝑅 = −𝐻0𝑅 +
𝐵1
𝑅

 (A.3-3) 

−𝜇1𝐴1 = 𝜇2𝐻0 + 𝜇2
𝐵1
𝑅2

 (A.3-4) 

𝐴1 = −
2𝜇2

𝜇1 + 𝜇2
𝐻0 (A.3-5) 

𝐵1 =
𝜇1 − 𝜇2
𝜇1 + 𝜇2

𝐻0𝑅
2 (A.3-6) 

Φ1 = −
2𝜇2

𝜇1 + 𝜇2
𝐻0𝑟 cos(𝜙) (A.3-7) 

Φ2 = −𝐻0𝑟 cos(𝜙) + 𝐻0
𝑅2

𝑟

𝜇1 − 𝜇2
𝜇1 + 𝜇2

cos(𝜙) (A.3-8) 
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The magnetic flux density inside and outside of the sphere can now be found by applying 

the fact that 𝐁 = −𝜇𝛁Φ. Applying the gradient in cylindrical coordinates reveals that, 

Into cartesian coordinates, (
cos(𝜃) �̂�

− sin(𝜃) �̂�
0

) becomes �̂�. 

Also, into cartesian coordinates, 
1

𝑟2
(
cos(𝜙) �̂�

sin(𝜙) �̂�
0

) becomes, 

If the cylinder was embedded in air, then 𝜇2 = 𝜇0 and 𝜇1 = 𝜇𝑚. Knowing that 
𝜇𝑚

𝜇0
= 𝜇𝑟, 

the field inside and outside of the sphere become, 

  

𝐁𝟏 = −𝜇1𝛁Φ1 

=
2𝜇1

𝜇1 + 𝜇2
𝜇2𝐻0 (

cos(𝜙) �̂�

− sin(𝜙) �̂�
0

) 
(A.3-9) 

𝐁𝟐 = −𝜇2𝛁Φ2 

= 𝜇2𝐻0 (
cos(𝜙) �̂�

− sin(𝜙) �̂�
0

) + 𝜇2𝐻0
𝑅2

𝑟2
𝜇1 − 𝜇2
𝜇1 + 𝜇2

(
cos(𝜙) �̂�

sin(𝜙) �̂�
0

) 
(A.3-10) 

1

𝑟2
(
cos(𝜙) �̂�

sin(𝜙) �̂�
0

) =

(

  
 

𝑥2 − 𝑦2

(𝑥2 + 𝑦2)2
�̂�

2𝑥𝑦

(𝑥2 + 𝑦2)2
�̂�

0 )

  
 

 (A.3-11) 

𝐁𝐢𝐧 =
2𝜇𝑟
𝜇𝑟 + 1

𝐵0�̂� (A.3-12) 

𝐁𝐨𝐮𝐭 =

(

  
 
𝐵0 (1 + 𝑅

2
𝜇𝑟 − 1

𝜇𝑟 + 1

𝑥2 − 𝑦2

(𝑥2 + 𝑦2)2
) �̂�

𝐵0𝑅
2
𝜇𝑟 − 1

𝜇𝑟 + 1

2𝑥𝑦

(𝑥2 + 𝑦2)2
�̂�

0 )

  
 

 (A.3-13) 
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A.4: Finding the static field induced torque on a sphere 

Given the torque induced on a magnetic dipole moment is, 

Where 𝛕 is the torque induced, 𝐦 is the magnetic dipole moment, and 𝐁𝟎 is the field that 

it is placed in. 𝐦 can be written in terms of B field inside of the object by its relationship 

with magnetization, 𝐌. By definition, 𝐌 =
∑𝐦

𝑉
, and 𝐦 = 𝐌𝑑𝑉 where 𝑑𝑉 is the volume of 

a magnetic moment. Also knowing that 𝐌 = 𝜒𝐇 and 𝐁 = 𝜇𝑚𝐇, equation A.4-1 becomes 

the following, 

From equation A.4-2, when performed using the computational methods relevant to this 

thesis, 𝑑𝑉 is the volume of each element exported from the modeling software. Solving for 

the cross product in equation A.4-2 reveals that, 

It is important to note that �̂�, �̂�, and �̂� are the same unit vectors as �̂�, �̂�, and �̂�. Simplifying 

equation A.4-3 reveals that, 

In the case of the sphere, a similar method can be used to find the torque. Again, using 

equations 2, 3, and 4, equation A.4-1 becomes A.4-2 for which a cross product needs to be 

solved for and A.4-2 becomes A.4-3. Recalling from equation 8 the field inside of a sphere, 

equation A.4-3 becomes 

  

𝛕 = 𝐦 × 𝐁𝟎 (A.4-1) 

𝛕 = (
𝜒𝑑𝑉

𝜇𝑚
𝐁 × 𝐁𝟎) (A.4-2) 

𝛕 =
𝜒𝑑𝑉

𝜇𝑚
|

�̂� �̂� �̂�
𝐵𝑥 𝐵𝑦 𝐵𝑧
𝐵0𝑥 𝐵0𝑦 𝐵0𝑧

| (A.4-3) 

𝛕 =
𝜒𝑑𝑉

𝜇𝑚
(

(𝐵𝑦𝐵0𝑧 − 𝐵𝑧𝐵0𝑦)�̂�

(𝐵𝑧𝐵0𝑥 − 𝐵𝑥𝐵0𝑧)�̂�

(𝐵𝑥𝐵0𝑦 − 𝐵𝑦𝐵0𝑥)�̂�

) (A.4-4) 
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Equation A.4-5 is a cross product of a vector with itself and reduces to zero. 

Equation A.4-1 cannot however, be used to find the torque inside of a finite cylinder as the 

magnetic field inside of a cylinder of linear material placed in an external field 𝐁𝟎 is not 

known. Instead, using the computational method outlined in Chapter 2 of this thesis, the 

elements of a discretized cylinder are exported. For each element, the induced force, 𝐅𝐦, is 

found and the torque from each element at a distance, 𝐫, from the centre of the cylinder. 

Equation A.4-6 was used to find the torque induced on a cylinder of finite length. The 

torque of each element was found and then summed up to find the net torque on the entire 

structure. 

  

𝛕𝐬𝐩𝐡𝐞𝐫𝐞 = (
𝜒𝑑𝑉

𝜇𝑚
) (

3𝜇𝑟
𝜇𝑟 + 2

) |

�̂� �̂� �̂�
𝐵0𝑥 𝐵0𝑦 𝐵0𝑧
𝐵0𝑥 𝐵0𝑦 𝐵0𝑧

| (A.4-5) 

𝛕𝐬𝐩𝐡𝐞𝐫𝐞 = 0 (A.4-6) 

𝛕𝐜𝐲𝐥𝐢𝐧𝐝𝐞𝐫 = ∑ 𝐅𝐦 × 𝐫

Volume

 (A.4-6) 
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Appendix B: Certificate of Tests for Stainless Steel Rods 

B.1: Stainless steel 316 rod, diameter of 0.5 in. and length of 1 ft. 
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B.2: Stainless steel 316 rod, diameter of 0.25 in. and length of 1 ft.  
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B.3: Stainless steel 304 rod, diameter of 0.5 in. and length of 1 ft. 
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B.4: Stainless steel 304 rod, diameter of 0.25 in. and length of 1 ft. 
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Appendix C: Calibration Reports for Laboratory Equipment 

C.1: MR03-025 Force Sensor (Mark-10 Co., Copiague, USA) 
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C.2: SPX123 Laboratory Balance (Ohaus Co., Parsippany, USA) 
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Appendix D: Permission to Use Copyrighted Figures 

D.1: Allen D. Elster of MRIquestions.com 
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D.4: ASTM International License Terms and Conditions 
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