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Commercial availability, ease of printing and cost effectiveness have rendered 3D printing an essential part of
magnetic resonance (MR) experimental design. However, the magnetic properties of several materials contem-
porarily used for 3D printing are lacking in literature to some extent. A database of the magnetic susceptibilities
of several commonly used 3D printing materials is provided, which may aid MR experiment design. Here, we
exploit the capability of magnetic resonance imaging (MRI) to map the local magnetic field variations caused by
these materials when placed in the scanner’s By field. Exact analytical solutions of the magnetic flux density
distribution for a cylindrical geometry are utilized to fit experimentally obtained data with theory in order to
quantify the magnetic susceptibilities. A detailed explanation of the data processing and fitting procedure is
presented and validated by measuring the susceptibility of air along with high resolution MR measurements.
Furthermore, an initiative is taken to address the need for a comprehensive database comprising of not only the
magnetic susceptibilities of 3D printing materials, but also information on the 3D printing parameters, the
printers used, and other information available for the materials that may also influence the measured magnetic
properties. An open platform with the magnetic susceptibilities of materials reported in this work besides existing
literature values is provided here, with the aim to invite researchers to enable further extension and development
towards an open database to characterize commonly used 3D printing materials based on their magnetic
properties.

designing MR compatible phantoms [7], radiofrequency (RF) coil
manufacturing [8], patient specific MR compatible and biocompatible

1. Introduction

The rapid development of 3D printing or additive manufacturing
technology such as fused deposition modeling (FDM), stereolithography
(SLA), selective laser sintering (SLS) or digital light processing (DLP),
especially in the last decade, has made various 3D printers and 3D
printing materials commercially available and economically feasible for
wide ranging applications in the industrial and medical sector in
educational and research institutions worldwide [1-5]. In particular,
magnetic resonance imaging (MRI) experiments benefit considerably
due to the possibility of 3D printing MR compatible and experiment
specific objects efficiently and cost effectively [6]. This includes
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surgical implants, prosthetics [9-12], prototypes for flow imaging in
biological systems e.g. vasculature, aneurysm models [9-11], as well as
technical systems such as packed bed reactors [12-14]. Thus, 3D
printing has proved to be and continues to be an integral part of MR
related applications.

The vast range of materials available for 3D printing, however, re-
quires knowledge of their physical properties to be able to select ma-
terials matching a desired experiment. While many manufacturers do
provide an overview of the thermal and mechanical properties, such as
hardness, softness, tensile strength, flexibility, elasticity; the magnetic
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properties of several commonly used materials are typically missing.
Especially in the context of MR related studies, knowledge of the mag-
netic susceptibilities of materials besides their MR properties is
imperative.

The MR relaxation times (i.e. T1, T3) of a material impact its visibility
or contrast in an MR experiment or setup. Commonly, housings of a coil,
or structural support of an experimental setup is desired to be “MR
invisible”. However, even materials that do not deliver MR signal can
impact the measurement results since the magnetic susceptibility im-
pacts the magnetic field distribution around the object. Such magnetic
properties can lead to local inhomogeneities of the magnetic field and,
therefore, reduce the apparent transversal relaxation time Ty*, leading
to local signal dropouts. In addition, the resonance frequency shifts
caused by the material’s susceptibility can lead to geometric distortions
of the reconstructed MR images. The extent of such geometric distor-
tions is proportional to the difference in susceptibilities Ay of two
adjacent materials, the field strength By, and inversely proportional to
the imaging bandwidth [15]. While these effects may be suppressed for a
given field strength by varying the imaging sequence parameters like
reducing the echo time T, increasing the bandwidth or changing the
orientation of the objects with respect to the By field, knowledge of the
magnetic properties is relevant to avoid such unintended effects during
the design of an experimental setup. In addition, it also enables one to
calculate the field inhomogeneities caused by the objects in order to
compensate for them.

Here is where the MR scanner itself comes into the picture by
enabling quantification of the magnetic susceptibilities of the materials
used. The MR signal-phase encodes the phase shift caused by resonance
frequency variations due to local field inhomogeneities that arise from
the magnetic susceptibility of the object placed in the MR scanner’s
static By field [16]. There are different approaches to perform MR based
measurements of magnetic susceptibilities [15,17-19]. One well known
approach to measure the magnetic susceptibility of a material that itself
may not give an MR signal, is to map the field changes caused by it with
respect to an MR visible reference medium of known susceptibility.

So far, the largest database of the magnetic susceptibility of different
materials typically used for MR experiments, e.g. glasses, polymers,
silicones, polyurethanes, 3D printing filaments and glues, was published
in [19] which provided comparison with earlier works [17,20].
Following this, another MR based susceptibility measurement method
with the values for some commonly used 3D printing materials was
provided in [21]. Nevertheless, most of the materials provided in these
works do not have accepted ‘reference’ literature values yet. Replication
and extension of scarce literature values and collection of known
properties in a reference database of susceptibility measurements of
several contemporarily available 3D printing materials is the main goal
of this contribution.

In this work, we utilize a 3T MR scanner (Skyra, Siemens Healthi-
neers, Erlangen) to quantify susceptibility using the approach
mentioned above [19]. We provide a detailed explanation of the several
preprocessing steps needed to be performed on the MR acquired phase
images to quantify the susceptibility in Methods (Section 2). This is
followed by a description of the procedure used for fitting the data with
theory, and finally also a validation measurement of the susceptibility of
air which is well known at normal temperature and pressure (NTP) [22].
This will allow researchers to replicate and further extend our database.
In order to test if the chosen voxel resolution is sufficient to accurately
extract the geometry of the 3D printed object, we also present the
reproducibility of our results with a higher resolution experiment for
selected materials, and finally conclude with comparison of the results
for some of the materials, which are common with the previous litera-
ture. All the results are finally also provided on the following open
platform: MaDaMEPro (Material Database for MagnEtic Properties,
https://madamepro.ovgu.de) which is an initiative to build a compre-
hensive database with magnetic properties of commonly used 3D
printing materials, and is open to further contribution and development
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from the scientific community.
2. Methods
2.1. 3D printers and materials

For this work, we used three fused deposition modeling (FDM)
printers (S5, Ultimaker, i3 MK3S+, Prusa, and Stratasys Fortus 380 mc)
for printing with filaments; and one stereolithography (SLA) printer
(Formlabs, Form 3) to print with liquid resins. A total of 22 different
materials were used including 15 different filaments and 7 liquid resins
(see Table 1).

For magnetic susceptibility measurements, a single “large” cylinder
was printed with each material, with 100 mm length (L) and 10 mm
diameter (D) such that the aspect ratio (L/D) was 10:1 (denoted as 10
throughout the rest of this work). All the 3D printed cylinders are shown
in Fig. 1(a) with filaments on the left with yellow name labels and resins
on the right with blue name labels. Note that only for one filament
material (ABS), two different print settings were chosen as explained
below, resulting in an extra 3D printed cylinder. Each cylinder was
tightly secured in the screw cap of a plastic (PP) bottle, and then
immersed in the bottle filled with deionized water (Fig. 1(b)). This
ensured the cylinder’s long axis to almost coincide with the axis of the
bottle and hence be fixed in the center. Throughout the rest of the work,
all references to the ‘axis of the cylinder’, unless otherwise specified,
imply the cylinder’s ‘long axis’.

Print parameters for FDM prints: Each cylinder was printed with
100 % infill density and triangular infill pattern and 0.3 mm layer

Table 1

Materials used for our experiments; Filaments on top and resins below. Note that
@ for ABS two types of infill densities, 50 % and 100 %, were tested. ® Cylinders
from PLA were printed in two colors: red and green.® The numbers like 85A,
95A and 98A for the TPU materials as well as for resins, denote the shore
hardness of the materials, 98A being the hardest. These values are listed only
where they were provided by the manufacturer and to distinguish the three TPU
cylinders based on their Shore A hardness. Further details about the chemical
compositions of the resins may be found in [23-29].

Filaments
Material Manufacturer FDM Printer
Acrylonitrile butadiene styrene (ABS) Ultimaker Ultimaker
Polylactic acid (PLA) @ Ultimaker Ultimaker
Polylactic acid tough (PLA tough) Ultimaker Ultimaker
Co-polyester (CPE) Ultimaker Ultimaker
Co-polyester resistant (CPE+) Ultimaker Ultimaker
Polyethylene terephthalate glycol (PETG)  Ultimaker Prusa i3mk3S+
Polycarbonate (PC) Stratasys Stratasys Fortus
380 mc
Polyamide (Nylon) Ultimaker Ultimaker
Polypropylene (PP) Ultimaker Ultimaker
Thermoplastic Elastomer (TPE) Tefabloc, Prusa i3mk3S+
Verbatim
Thermoplastic polyuerthane, Shore NinjaTek Prusa i3mk3S+
hardness 85A (TPU 85A) ®
Thermoplastic polyuerthane, Shore Polyflex, Prusa i3mk3S+
hardness 95A (TPU 95A) Polymaker
Thermoplastic polyuerthane, Shore Flexfill, Prusa i3mk3S+
hardness 98A (TPU 98A) Filamentum

Recycled polyethylene terephthalate BASF, Ultrafuse Prusa i3mk3S+

(rPET)
Resins

Material Manufacturer SLA Printer

Clear V4 Formlabs Formlabs Form 3
Dental LT V2 Formlabs Formlabs Form 3
Durable V1 Formlabs Formlabs Form 3
Elastic 50A Formlabs Formlabs Form 3
Flexible 80A Formlabs Formlabs Form 3
Rigid 10K Formlabs Formlabs Form 3
Tough 1500 V1 Formlabs Formlabs Form 3
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- +D=10mm

Aspect ratio 10

Fig. 1. (a) Picture of the 3D printed cylinders for all the materials used in this work. On the left are all the cylinders printed with filamens. On the right are the ones
printed with resins. Note that the materials are arranged in the same order as they appear in Table 1 and Table 3.(b): Experimental setup. A large cylinder (100 mm
length, 10 mm diameter) immersed in deionized water. The diameter of the bottle itself was 60 mm.

height. Only for ABS, the cylinders were printed with 50 % as well as
100 % infill density to check how varying the print settings may affect
the measurement results.

Print parameters for SLA prints: A print resolution of 0.1 mm was
used for the Clear V4, Durable V1, Tough 1500 V1, Dental LT V2 and
Elastic 50A resins; and 0.05 mm for Flexible 80A and Rigid 10 K resins.

2.2. Susceptibility measurements

2.2.1. Theoretical background & experimental setup

Background theory and phantom preparation: When objects are
placed in the MR scanner which has a magnetic flux density Bo, they
experience a magnetization M and thereby perturb the field locally
depending on their magnetic susceptibility, y. For linear materials i.e.
materials with no preferred magnetization direction, this induced
magnetization is directly proportional to the applied external magnetic
field H as M = yH and hence the magnetic flux density distribution B,
around them (in SI units) is [15,16,30]

M
B =p,(H+M) :/40(1"")(); @

where y,, is the magnetic permeability of vacuum and y is the volume
magnetic susceptibility which is dimensionless in SI units. In this work, y
denotes volume magnetic susceptibility.

This perturbation to the external magnetic field AB (where AB =B -
Bo), which is caused due to the magnetic susceptibility of the object
manifests as a shift in the local Larmor precession frequency Aw = yAB,
and hence a shift in the phase A¢ = yABTj, of the freely precessing nu-
clear spins. Here v is the gyromagnetic ratio of the nuclei and Tg is the
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echo time or time of acquisition.

Thus, mapping the spatial distribution of the phase shift A¢ allows
one to map the variation in magnetic flux density arising due to the
object’s susceptibility, using appropriate pulse sequences and post pro-
cessing techniques. For materials with simple geometries such as a
sphere or a cylinder, analytical expressions of the flux density distri-
bution are well known [15,16,30] and can be exploited to compare
theory with experimental measurements to quantify the magnetic sus-
ceptibility y.

Since 3D printing smooth spheres can be problematic due to
increased surface imperfections and in many cases a degraded print
quality, we chose to print long cylinders with an aspect ratio of 10 (Fig. 1
(b)) such that the theoretical expression for the flux density distribution
around an infinitely long cylinder can be fitted with the experimentally
obtained field maps. While, this approximation is sufficient for a large
enough aspect ratio, it may lead to errors in susceptibility quantification
since most materials investigated here may be weakly magnetic (Fig. 2
(b)). Hence, we utilize the exact analytical expression for the flux density
distribution around a finite sized cylinder derived in [31] for our esti-
mation, which was implemented in a MATLAB code.

The magnetic flux density distribution depends on the size and
orientation of the cylinder’s axis with respect to the direction of the
external field. Since the materials investigated here themselves may not
give an MR signal, the cylinder for each material was immersed in
deionized water serving as a reference medium of known susceptibility
yuzo = —9.04 ppm [15,22] (Fig. 1(b)), and the field change was mapped
in the water surrounding the cylinder. For mapping the field outside the
cylinder, the most suitable orientation of the cylinder is where its axis is
orthogonal to the By field.
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Fig. 2. (a) The magnetic flux density distribution outside a finite sized cylinder of aspect ratio 10 with magnetization orthogonal to its long axis (along z direction
here). (b) Percentage relative absolute error (%RAE) between the infinite approximation ABj,s and the exact expression ABg, (Eq. (2)) vs. different aspect ratios (L
/D) for a transverse cross section at the center of the cylinder y = L/2 (orange) and at y = L/4 (blue).
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The expression for the component of AB along the direction of the
external field outside a cylinder with its axis oriented orthogonal to the
By field is shown in Eq. (2). Here, the z component (AB,) is given since
the scanner’s field is conventionally along the z direction. Fig. 2(a) is the
simulated AB, outside a finite sized cylinder with an aspect ratio of 10,
and its axis orthogonal to By. Additionally, Fig. 2(b) depicts the per-
centage relative absolute error (%RAE) between the magnetic flux
density distribution for the same orientation of the cylinder’s axis with
respect to the By field, using the infinitely long cylinder approximation
and the exact solution vs different aspect ratios (L/D). Note that at an
aspect ratio of 10, the infinite approximation differs from the exact
expression by more than 10 % even at the cross-sectional plane passing
through the center of the cylinder (i.e. at L/2), indicating the importance
of using the exact analytical solution for the purpose of fitting.

_ AyBy

AB, =
N 2r

@ [cos (A +245) — 24,] @

where Ay =, P4(ky) — p_Pa(k-), Ay = B, Ps(ky)— p_Ps(k_).

The functions P3 and P4 are auxiliary functions defined in [31] (Eqns.
20,22) involving elliptical integrals of the first, second and third kind
and
fe= y=h 3

O EL) +(p+R)

_ (L)’ +(p—R)
ki_ 2 2

(VEL) +(p+R)

Here L; is half the total length (L) of the cylinder, R is the radius of the
cylinder, y is the y coordinate along the axis of the cylinder and p =
V(32 +22),¢ is the azimuthal angle and Ay =y — yp,o. The above
equation is valid for weakly magnetic materials (i.e. for |y| << 1).
Sequence and imaging parameters: Typically, GRE sequences are
used for mapping susceptibility differences since they are sensitive to
detect signal phase changes that are caused by local field in-
homogeneities. Thus, a 3D dual echo gradient recalled echo (FLASH)
sequence was used to acquire phase maps at 3T (Skyra, Siemens

Post processing 1
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& |
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Phase
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Healthineers, Erlangen) using a 32 channel head RF coil. Sequence pa-
rameters were: flip angle 15°, Tg; = 2 ms, Tgz = 7 ms, TR = 30 ms, FOV
80 x 160 x 80 mm, 1.0 mm isotropic voxel resolution.

Data acquisition: For each RF channel ‘c’ and for each echo, the
signal magnitude and phase images were acquired separately. The
channel combined magnitude images were also acquired.

2.2.2. Post processing:

Following data acquisition, to obtain the A¢ phase maps, several post
processing steps were performed in order to isolate the local phase shifts
arising solely due to the magnetic susceptibility of the materials. For this
purpose, tools from the QSMbox software [32,33] were used. The post
processing steps performed in this work are broadly divided in two parts:

(1) Post processing 1: This part consists of the steps required to
obtain the channel-combined phase maps A¢, starting from the
channel-combined magnitude images, using tools in QSMbox.

(2) Post processing 2: Once, the A¢ maps are obtained, further steps
are needed to be done before fitting the data with Eq. (2), such as
background field removal and choosing the ROI for fitting.

Fig. 3 is a flowchart giving an introduction to the post-processing
steps that are performed in this work. These post processing steps are
further explained in this section by taking Clear resin V4 as an example
material. In Figs. 4, 5 and 6, the phase maps are shown for slice number
80 for Clear resin V4:

Post processing 1. Masking: From the channel combined magnitude
images, a mask was created such that the water filled region that pro-
vides MR signal is the region of interest (ROI), and the region occupied
by the cylinder inside the bottle, as well as all regions of air surrounding
the bottle in the FOV were considered as ‘background’ and excluded
from the ROL

Phase offset removal and echo combination per RF channel: An
initial phase offset ¢, is present for each RF channel ‘c’, and is different
for each channel depending on its sensitivity, position relative to the
FOV and echo time. Several approaches exist for finding these phase
offsets [34,35]. However, we utilized the POEM method [36] which is

Post processing 2

Background field
removal

Choose ROI for
fit

Least-squares fit
per slice

Fig. 3. Flowchart summarizing the post-processing procedure used in this work.
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scale is the same for (a) and (b). (c) Example of the fit for one slice. (d) The fitted Ay with (blue) and without (orange) the background phase vs slices where the

cylinder is clearly visible.

implemented in QSMbox, does not require having a reference scan, or a
measure of the coil sensitivities and is relatively computationally inex-
pensive. This method is also equivalent to the MCPC-3D-S approach
[37]. After removing these phase offsets, the corrected phase is obtained
which needs to be spatially unwrapped because the phase can only be

registered in a 2x range. This was done using the implementation of the
3D best path phase unwrapping method [38] in QSMbox. Subsequently,
a temporal phase unwrapping is performed across both echo times and
then the phase is echo combined assuming it grows linearly with time,
using a magnitude weighted linear least squares fit (based on [36]).
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Fig. 6. Flowchart summarizing all the post processing steps required to obtain

the background phase filtered A¢ map only due to the susceptibility of the cylinder

material. All orthogonal views are only shown for the magnitude and mask images. Only the short axis view (i.e.x-z plane, with the By, field along z) for a slice along

the cylinder’s axis is shown for the phase maps.

Finally, a phase corrected, unwrapped and echo combined phase map
Adg. is obtained for each RF channel.

Phase combination across channels: Following this, the phase across
all channels was combined using a magnitude weighted complex sum-
mation of the complex signals for each channel

ZQ’:I M.e?

3
LM,

Scombined =

where M, is the echo combined signal magnitude which is combined
using sum of squares (SoS) [34], ¢, is the corrected phase map for each
channel ‘c’. The combined phase map, A¢ = 2£(Scombined) iS then
unwrapped again as above because the complex summation results in
the phase being wrapped in the 2z range.

Post processing 2. Background field removal: It is important to note
that the resultant phase map A¢ still comprises of phase shifts due to the
background field A¢packground (Fig. 4(b)), which is present due to
imperfect magnetic field homogeneity, eddy currents and other sources
of susceptibility outside the ROI as well as inside the ROI (such as
presence of air bubbles). Hence, one needs to ideally have a measure of
the background field. One approach is to have a reference scan without
the material in consideration and only with water which can be then
subtracted from the phase maps measured with the material inserted.
However, any changes in position of the phantom while removing and
inserting new materials would result in a change in this background
field, thus requiring a separate reference scan for each material. Besides
this several background field removal approaches exist which apply
spatial filtering methods to remove the phase shift arising due to sus-
ceptibility sources outside the ROI [39,40].

In our case where the cylinder itself is excluded from the ROI, using

these methods will filter out the phase shifts induced by the material of
interest (cylinder). Thus, the optimal approach for us was to simulate
this background phase A¢packground for each material (similar to [9]).
This was done iteratively by first performing a least squares fit on the
obtained phase map A¢ using Eq. (2) to obtain an initial estimate of Ay.
Using this value, a new phase map was estimated which was then sub-
tracted from the original A¢. The residual resulted in the background
phase (Fig. 4(c)), which was then fitted with a quadratic function to
obtain:

Ad)Backgmund =a+bx+bz+ Cxxxz + Cxe X2+ CZZZZ 4

This simulated background phase (Fig. 4(d)) was subtracted from the
original A¢ to get a background phase filtered map (Fig. 5(b); Fig. 5(a) is
the residual between the extracted and simulated background phase
(Fig. 4(c),(d)). This filtered phase map was fitted per slice with Eq. (2) to
obtain a final estimate of Ay. Fig. 5(c) is an example the fit for slice #80
with the A¢ map in greyscale and the fitted Eq. (2) plotted over as the
red transparent mesh. Fig. 5(d) depicts the fitted Ay values versus slice
numbers for Clear resin V4 both with (orange) and without (blue)
removing the background field. Carefully removing the background
field results in a better fit with reduced error as well as lower variation of
the estimated Ay over slices. Here slice #40 corresponds to the bottom
most part of the cylinder. Slice #120 pertains to 8 cm upwards along the
cylinder in the region near the bottle cap. The two black dashed lines
enclose the slices corresponding to 5 cm along the length of the cylinder
which are chosen for averaging (explained below). Fig. 6 depicts all the
post processing steps to obtain a background field filtered A¢ map in a
diagrammatic representation.

Choosing data for fit: Having obtained the background phase
filtered A¢ maps we chose certain number of slices as well as a region of
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pixels per slice to be included in the fitting process. First, the slices along
the length of the cylinder, where the cylinder is clearly visible below the
neck of the bottle were chosen. This is highlighted by the red rectangle in
Fig. 4(a) on the right. For each slice, the pixels to be included for fitting
were chosen as marked by the region included between the red lines in
Fig. 4(a) on the left, corresponding to an intersection of a square and a
circle in black dotted lines [41]. Moreover, the regions inside the cyl-
inder which do not give any signal were excluded (bounded by the small
black dotted circle). Since the pixels very close to the cylinder-surface
and water interface suffer from partial volume effects, these can be
quite sensitive to the fitting process and so one extra layer of these pixels
was also excluded (layer bounded by the black dotted circle corre-
sponding to the 5 mm radius of the printed cylinder and the small red
circle with a radius of 6 mm).

Least squares fit per slice: A least squares fit was then performed per
slice for the defined region mentioned above, by fitting the experi-
mentally obtained field maps with the simulated maps from Eq. (2). The
fitted Ay values per slice are shown in Fig. 5(d). However, since some
slices close to the bottle cap and bottle-neck had more air bubbles pre-
sent, as well as signal loss due to other susceptibility sources like the
bottle cap itself, some slices near both ends of the cylinder were dis-
carded before obtaining a slice-averaged estimate of Ay. Thus, for every
material, a total of 50 slices was used for slice-averaging over the fitted
Ay, such that the chosen region was between 5 mm starting from the
bottom of the cylinder up to 55 mm along the length of the cylinder as
highlighted in Fig. 4(a) on the right bounded by the green lines and also
in Fig. 5(d) where the same selected region is bounded by the black
dotted lines. Note that all the slice-averaged Ay values are reported in
Tables 2-4 with the 95 % confidence limits shown after bootstrapping
over the Ay values chosen in the defined 5 cm region.

2.2.3. Validation measurements

Measurement for air: Besides the 3D printed materials, the suscep-
tibility of air was measured for validation of the applied post processing
and fitting procedure. Air is weakly paramagnetic due to the presence of
oxygen with y,i; = 0.366 ppm (calculated and converted to volume
susceptibility in SI units from the molar susceptibilities of the gasses
present in air provided in [22] for atmospheric pressure and room
temperature). y,ir differs considerably from the susceptibility of water
(Ayref =~ 9.4 ppm). For this measurement, a 3D printed clear resin hollow
tube with a wall thickness of 0.3 mm was utilized to realize a cylindrical
air cavity with a diameter of 9.4 mm in this case such that the aspect
ratio of the cylinder is almost the same as for all other 3D printed solid
cylinders. In this case, the same 50 slices starting from 5 mm from the
bottom of the cylinder up to 55 mm were chosen as mentioned above.
However, since the difference between the susceptibility of air and water
is quite large, there may be stronger partial volume effects. Therefore,
two different fits were performed for air: (1) with just one layer of pixels
surrounding the cylinder water interface were excluded from the fit,
similar to the case for all other materials as explained above and shown

Table 2

Literature value of the magnetic susceptibility of air (y.f) and its difference
relative to that of water Ay, (top two rows). The estimated values obtained
from measured field maps are reported below.

Literature Value Absolute Yret =A)ref

+ Xwater (PPM)
0.366 [22]

AYref = Xref -
Ywater (PPM)

Air at NTP 9.406

Validation measurement with air Absolute Yest =AXest

+ Xwater (PPM)

AXest:Xest -
Xwater (PPM)

(1): Remove one layer of pixels 0.175
around the cylinder-water interface ~ 9.215 + 0.030
(2): Remove two layers of pixels 9.333 + 0.036 0.293

around the cylinder-water interface
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in Fig. 4(a) on the left; and (2) one additional layer of pixels was also
excluded in order to be certain to avoid adding pixels that may be sen-
sitive to the fitting process.

High resolution measurements: In order to test if the chosen
isotropic voxel resolution of 1 mm is sufficient to extract the geometry of
the cylinder (i.e. one tenth of the cylinder diameter, as also chosen in
[19]), a higher voxel resolution measurement with 0.5 mm isotropic
voxel resolution was also performed for 5 materials to check the
reproducibility of the fitted Ay. In this case too, the same method for
post processing was performed as explained above, but now by choosing
100 slices for the same 50 mm length along the cylinder.

3. Results

The above-mentioned post-processing procedure was applied for all
the materials used. In the following section, first the results for the
measurement with air are explained under the section ‘Air’. Following
this validation measurement with air, the results of all the 3D printed
materials are listed under the section ‘3D printed materials’ for 1 mm
voxel resolution, along with additional results of 5 materials with 0.5
mm voxel resolution.

Air: Table 2 reports the literature reference value of yof and Ajrer
with respect to water for air. Besides, the measured values Ay, for air
with two different conditions used for choosing the region of interest for
fitting (explained in Section 2.2.3), are reported. These are as follows:

Case (1): Here the ROI chosen for fitting is the same as for all other
materials, i.e. one layer of pixels surrounding the cylinder surface-
water interface is excluded to avoid partial volume effects (shown
in Fig. 4(a)). With removing one layer of pixels, the slice averaged
susceptibility was slightly underestimated to be Ayest = 9.215 ppm
with |Ajref - A)est| =~ 0.2 ppm (Table 2).

Case (2): Here, two layers of pixels surrounding the cylinder-water
interface are excluded. In this case, the estimate of Ayest = 9.33
ppm is much closer to the reference value of Ay = 9.4 ppm with
| Axref - A)est| = 0.07 ppm. Infact, the effect due to the thin clear resin
tube was also accounted for by including the flux density distribution
to the analytical model (Eq. (2)) due to the 0.3 mm thick clear resin
cylindrical tube using the estimated susceptibility of Clear resin V4
(in Table 3). Adding this effect, however, did not significantly
improve the estimates for air; the dominant factor affecting the
fitting process in this case too being the inclusion/exclusion of pixels
that suffered from partial volume effects. Indeed, this demonstrates
that because of the large susceptibility difference between air and
water, the partial volume effects are stronger, and thus exclusion of
one additional layer of pixels is appropriate in this case, to ensure
that the fitting process is not affected by partial volume effects.

3D printed materials: The averaged susceptibility Ay over the suit-
able 50 slices for all materials is reported in Table 3 and depicted in
Fig. 7((a)-(b)) for 1 mm voxel resolution. Additionally, the exclusion of
an additional layer of pixels (i.e. Case (2) reported for air), was also
double-checked for all other materials, but the fitted values of Ay were
not as sensitive to the choice of either case ((1) or (2)) as they were for
air, possibly due to a smaller change in susceptibility with respect to
water. For instance, for the chosen example material Clear resin V4, the
difference in the estimated Ay from case (1) and (2) was only ~ 0.03
ppm, indicating that exclusion of only one layer of pixels was sufficient
for the 3D printing materials. Hence for all materials the ROI was kept as
explained in Methods (Section 2) (Fig. 4(a)) and is only reported for Case
1).

For five materials including PC, Clear V4, Dental LT V2, Durable V1
and Tough 1500 V1, additional measurements were available with a
higher isotropic voxel resolution of 0.5 mm (reported in Table 4 with the
superscript 1) These values are reported after averaging over the same
distance of 50 mm along the length of the cylinder (i.e. 5 mm starting
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Table 3

Slice averaged Ay values (2nd column) and absolute y (3rd column) for Fila-
ments on the top and Resins on the bottom, for 1 mm voxel resolution mea-
surements. The 4th column reports certain comments for specific materials that
are discussed in Section 3. Here the 95 % confidence limits are shown after
bootstrapping over the 50 Ay values.

Material Ay =1y - Absolute y Comments/ special observations
XAwater =AY + X water
(ppm) (ppm)
Filaments
ABS 50 2.748 + —6.292 50% infill density (large difference
0.021 from 100% infill density suggests
potential contribution by trapped
air and/or water
ABS 100 0.390 + —8.650 100 % infill density
0.005
CPE 0.474 + —8.566
0.011
CPE+ 0.472 + —8.568
0.002
Nylon 0.007 + —9.033 Suscepibility close to water, but
0.014 relatively large estimation error
PC 0.704 + —8.337 Was the only material that was
0.009 sanded for smoothing purposes,
(any leftover impurities may be the
reason for a larger discrepancy
from known literature values)
PLA green 0.950 + —8.091
0.005
PLA red 0.746 + —8.294
0.005
PLA tough  0.703 + —8.337
0.004
PP 0.161 + —8.880 Larger estimation error, was more
0.037 challenging to print
PETG 0.516 + —8.524
0.004
rPET 0.545 + —8.494
0.003
TPE 0.676 + —8.364
0.006
TPU 85A 0.381 + —8.659
0.009
TPU 95A 0.049 + —8.991 Susceptibility close to water
0.007
TPU 98A 0.530 + —8.510
0.022
Resins
Clear V4 —0.294 + —9.334
0.004
Dental LT —0.336 + —9.376
V2 0.021
Durable —0.160 + —9.200
A%t 0.010
Elastic —-0.012 + —9.052 Susceptibility close to water, but
50A 0.008 challenging to handle while
printing
Flexible —0.047 + —9.087 Same as above
80A 0.003
Rigid 10K —-1.075 £ —10.115
0.010
Tough —0.247 + —9.287

1500V1  0.004

from the bottom of the cylinder up to 55 mm up along the cylinder’s
axis). Good agreement was found between both 1 mm and 0.5 mm voxel
resolution measurements with the difference in the estimated values
being |Ay - Axh| ~ 0.052 ppm in the worst case for PC and Durable resin,
0.022 ppm for Tough 1500 V1 resin, 0.014 ppm for Clear V4 resin, and
0.002 ppm in the best case for Dental LT V2 resin (shown in Table 4,
column 4). Hence, additional high resolution measurements were not
performed for all the materials to reduce scan time as well as data size.

All the materials were found to be diamagnetic with susceptibilities
very close to that of water. All filaments were slightly less diamagnetic
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than water with Ay > 0 (Fig. 7(a)). Here, 0 denotes the susceptibility of
water. Note the large difference in ABS 50 (with 50 % infill density) and
ABS 100 (with 100 % infill density) which may be attributed to the
presence of more air and possibly some water in ABS 50, thus resulting
in it being the least diamagnetic of all the materials. This indicates the
importance of having a database comprising of such details. All the
resins were found to be more diamagnetic than water with Ay < 0 (Fig. 7
(b)). Materials with susceptibilities closest to that of water were iden-
tified to be Nylon, TPU 95A and PP from the filaments ranging from Ay
~ —0.01 ppm for Nylon to ~ 0.16 ppm for PP. However, Nylon and PP
also had a relatively higher error in estimation, which could be due to a
weaker susceptibility contrast as well as a degraded print quality espe-
cially for PP. From the resins, the materials with susceptibilities closest
to water were identified to be Elastic 50A, Flexible 80A and Durable V1
ranging from Ay ~ —0.012 ppm for Elastic 50A to Ay ~ —0.16 ppm for
Durable V1. Out of these, Elastic 50 A had a relatively higher estimation
error, as being an elastic material, the printed cylinder did not have a
uniform and smooth surface.

4. Discussion

Our results may be utilized to choose materials suitable for different
kinds of MR experiments. For instance, for phase contrast imaging with
water (e.g. flow imaging), materials with susceptibilities closer to that of
water may be more desirable to reduce any phase difference arising due
to the magnetic susceptibility itself. For studies with biological phan-
toms, materials with susceptibilities matching those of different bio-
logical tissues may be used to mimic tissue properties. Since magnetic
susceptibility of a material is one factor that influences the MR effective
spin-spin relaxation time To* of the imaged nuclei, different materials
may be selected based on desired signal contrast, pulse sequence pa-
rameters, acquisition time. For example, materials that have suscepti-
bilities closely matching the susceptibility of the fluid may be
appropriate in the case where the relaxation time of the fluid should not
be considerably shortened such as Nylon, Elastic 50A resin, Flexible 80A
resin or TPU 95A. On the other hand, in certain cases where a relatively
shorter relaxation time may be beneficial for faster scanning, materials
with larger susceptibility differences with respect to the fluid may be
desirable such as the filaments like PLA or Rigid 10 K and Dental LT V2
resins (Table 5). Though it must be noted that for such cases, other
factors such as the surface smoothness of the printed materials, may also
affect the MR relaxation times. In general, when considering appropriate
materials for an experiment, the physical properties of a material like
flexibility, elasticity, rigidity, temperature resistance are some of the
major factors influencing the choice of a material, however knowledge
of the magnetic susceptibility of the material itself is an important
governing factor, especially in the context of MR experiment design.

Comparison with literature: For materials that are common with
those used in previous work, we report the absolute value of the dif-
ference between our estimated values ymeasured and the ones reported in
literature Yjiterature. FOT instance, |ymeasured - Xliterature| for PLA red is 0.21
ppm, PLA green is 0.42 ppm, rPET is 0.24 ppm and Nylon is 0.5 ppm [19,
21]. However, in [19] the values for translucent green PLA and PET,
Mylar are reported. We also note that our values of PLA are in much
better agreement with those in [19] than in [21]. For instance, our value
of PLA tough differs from that in [21] by 4.4 ppm. Similarly, our ABS
values are quite different from those reported in [21]. However, our
value for ABS 50 matches well with the value for high density black ABS
in [21], differing only by about 0.6 ppm. In this case too, the manu-
facturers are different besides a possibility of the print parameters being
different, which are not provided in [21]. Fig. 8 is a heatmap of the
materials used in this work (names on y axis and values in 1st column)
compared with those used in [19] and [21] (columns 2 and 3 respec-
tively). For certain materials that are similar and not the same as used in
this work, extra labels are specified with the names of the materials used
in the references. White blanks represent that for a certain material, no
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Fig. 7. (a) Slice averaged Ay with respect to water for all filaments. (b) The same for all the resins. All values of Ay are plotted in ascending order from bottom to top.

The error bars represent the 95 % confidence interval values reported in Table 3.

Table 4

Slice averaged Axh values (2nd column) and absolute xh (3rd column) for 5
materials measured with 0.5 mm voxel resolution. The 4th column reports the
difference between the estimated Ay values obtained with 0.5 mm and 1 mm
voxel resolution. Here the 95 % confidence limits are shown after bootstrapping
over the 100 Ay values.

Material Ax" =y - ¥ water Absolute y "=Ay "+ ywaer A% - AP

(ppm) (ppm) (ppm)
Filaments
PC 0.652 + 0.006 ® -8.388 1 0.052
Resins

Clear V4 ~0.280 £ 0.004® 93207 0.014

Dental LTV2 ~ —0.334 +0.003"  —9.374M 0.002

Durable V1 —0.212+£0.002"  —9.252" 0.052

Tough 1500 —~0.225+0.007"  —9.265" 0.022

V1
Table 5

Certain materials along with their potential application/suitability for different
MR experiments.

Material Possible application (with water) based on our results
Filaments

Nylon Susceptibility matching: Phase contrast imaging with water, or

TPU 95A experiments where T* must not be considerably shortened.

PLA Larger susceptibility difference: beneficial for faster scanning

Resins

Elastic 50A Susceptibility matching: Phase contrast imaging with water, or

Flexible experiments where T* must not be considerably shortened.
80A
Rigid 10K Larger susceptibility difference: beneficial for faster scanning
Dental LT
V2

data was available in the respective reference.

Our value for Elastic 50A resin compared to the polyurethanes with
the same shore hardness reported in [19], for instance their Smooth-On
Clear Flex 50 had a |) measured - Xliterature| Of 0.02 ppm and some of the
harder materials such as TPU 85A and TPU 98A compared with
Smooth-On Crystal Clear 204 with a shore hardness of 80D differed by
about 0.63 and 0.78 ppm respectively. These harder polyurethanes in
[19] also are not equivalent in terms of hardness with the ones reported
here. Moreover, these were mixtures of various additives and curing
agents which may also reflect as a difference to the measurements. Our
values for PC and PP had a much larger difference with reported liter-
ature of about 1 ppm [17,19,20] and 0.4 ppm [19] respectively. For PP,
as mentioned above this may be due to print imperfections, hence

resulting in a larger error of the fit. For PC, the large discrepancy and a
less diamagnetic value than water was unexpected but the 3D printed
cylinder in this case was also smoothed by sanding. Despite cleaning it,
some impurities from the sanding process may have affected our esti-
mate. A good agreement with the higher resolution measurements for PC
also indicates that this discrepancy may be due to the impurities in the
printed cylinder or may also be attributed to it being from a different
manufacturer (Stratasys). We did not perform such post processing
procedures on any of our other prints to avoid impurities or changes to
the print surface quality. The values for the UV cured resin prints differ
from some of the resins reported in [19] for instance, by 0.32 ppm for
Epotec 201 and Clear resin V4, and by 0.11 for Acryl [21] and Clear
Resin V4. However, it must be noted that these may not be equivalent
materials due to difference in manufacturing as well as a lack of clear
knowledge of the full chemical composition. Another source of differ-
ence besides different manufacturers could be that in [19] the filament
materials are directly used in the filament form as opposed to printing
cylinders. Therefore, knowledge of such parameters like the material
manufacturer, printing method, print parameters, post processing of
printed objects, may be an important factor to be considered when
comparing or reproducing results. Collection of such details in the
database will help achieve the goal of having an easily accessible
accepted reference of magnetic properties of materials typically used in
MR experiments.

5. Summary & conclusions

In this work, we present several contemporarily available and widely
used 3D printing materials and measured their magnetic susceptibilities.
This was done at a 3T MRI scanner by mapping the field in-
homogeneities caused by 3D printed cylinders of each material that were
immersed in deionized water serving as a reference medium of known
susceptibility. A detailed procedure for acquiring the data, important
post processing steps for acquiring the phase map corresponding to
phase shifts only due to the magnetic susceptibility, along with the
procedure for fitting the obtained data with theory were provided (see
Section 2.2). Additionally, our measurement and fitting procedure was
verified with a material of known susceptibility (air) and a good
agreement was found between our estimates and the literature value
(see Section 3). Besides this, for a few materials a higher resolution
measurement was also reported and reproduced the estimated values of
susceptibility with the lower resolution measurement well, thereby
further validating our procedure (Table 4). Based on the estimated
magnetic susceptibilities, we also discussed which materials may be
suitable in different circumstances. Moreover, the utilization of the exact
analytical expressions for a finite sized cylinder improved our estimation
while being less computationally expensive and less prone to dis-
cretization errors than in a finite difference solution. The susceptibility
estimates for some of our materials in common with other references
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Fig. 8. Heatmap showing a comparison of some of Ay values of the materials explored in this work with same or similar materials from existing literature.

also showed a good agreement, whereas in some cases they were found
to differ significantly from other works (see Section 4). Potential sources
for such differences were also discussed. However, this highlights the
importance of this work acting as an additional database for magnetic
properties of several commonly used 3D printing materials. Not only
will this pose useful for selection of materials for an experiment design,
it may also drive further studies investigating the magnetic properties of
materials, for which a globally accepted reference database does not
exist yet, at least to our knowledge. To surmount the lack of such a
database, an initiative is taken in this work to not only provide the re-
sults reported here but also invite other peers in the scientific commu-
nity to share their results to build a comprehensive open database for
magnetic properties of commonly used materials in MR related experi-
ments. This database may be extended in the future to include properties
such as relaxation times, of the MR signal of the fluid under study, when
exposed to these 3D printing materials.
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