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We describe a simplified method for improving the reproducibility of transceiver coil fabrication for
nuclear magnetic resonance (NMR) through single-use templates made from 3D-printed polymer forms.
The utility of dissolvable inserts for achieving performance enhanced resonators (DIAPERs) is tested
herein by a comparison of RF homogeneity along the rotor axis for variable-pitch solenoids with different
inter-turn spacing. Simulated B1 field profiles are compared to experimental homogeneity measure-
ments, demonstrating the potential of this approach for making NMR coils quickly and reproducibly.
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1. Introduction

Additive fabrication, or 3D printing, promises to minimize
material waste and reduce the manufacturing cost of constructing
intricate pieces in a variety of settings [1]. This technology has
been used to produce key parts of magic angle spinning (MAS)
NMR probes, including sample exchangers [2] and stators for a
spherical rotor system [3]. So far, the use of 3D printing technology
to produce NMR coils and coil forms has been limited by the avail-
able materials. Available insulators are typically organic polymers
or resins that produce significant proton background signals and
behave as lossy dielectric materials, making them poor choices
for pieces that will be in direct contact with the transceiver coil.
Here we present a method for reproducibly fabricating NMR coils
with particular dimensions using 3D-printed dissolvable inserts,
using solenoids with different dimensions as a proof of concept.

Solenoids are arguably the best-characterized axial resonators
and have been used extensively in MAS probes. They are frequently
used in solid-state NMR due to their large filling factor, scalability,
ease of fabrication, ability to be multiply tuned [4] and reasonable
SNR [5]. Another advantage is that solenoids generate strong B1

fields even when oriented at the magic angle. In theory, an infi-
nitely long solenoid has perfect RF homogeneity. However, in prac-
tice solenoids with axial lengths, diameters and number of turns
appropriate for use in MAS probes fall short of the optimal geom-
etry. The generated B field along the cylinder axis drops off signif-
icantly toward the coil ends, limiting the homogeneous region to
50% or less of the available volume in many probes [6]. Several
variable-pitch solenoids with decreased spacing between turns
toward the ends, expanding to a maximum at the center, have been
proposed to improve homogeneity and thereby increase the read-
ily usable sample volume.

One of the first to be introduced used a modified Biot-Savart
formula to vary the pitch within experimentally justifiable limits
for an eight-turn coil, followed by integration to determine the
magnetic field profile [7]. Another group determined the windings
required to achieve a square field profile represented by an
equiripple function at high frequencies [8]. Although the dimen-
sions and frequencies differ significantly from the coils designed
for this study, the authors suggest that the equiripple function
has the advantage of flexibility in design. A ribbon coil of varying
width has also shown improvement to radial homogeneity for
higher frequencies by minimizing gaps [9]. Improvements in sole-
noid RF homogeneity have been augmented by computational [10]
and theory-driven simulation approaches [4,11,12]. Here we
demonstrate the construction of solenoid coils with particular
dimensions, using a CAD program to design a precisely specified
coil and its corresponding template. The template is then 3D
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printed using a dissolvable material and dissolved away in appro-
priate solvent after the coil is wound. This procedure was validated
by comparing experimental (bench-top) and simulated B1 field
homogeneity for a constant pitch and three different variable-
pitch solenoids. The primary objective of this communication is
to introduce a coil fabrication method that is fast, reproducible,
and allows NMR coils to be easily fabricated once an acceptable
design is established.

2. Methods

2.1. Coil designs

Four coils were designed with dimensions suitable for use in a
standard solid-state NMR probe with a 3.2 mm rotor. Coils were
drawn in Inventor Professional 2017 using 0.6 mm diameter (22
gauge) copper wire, each having six turns and an inner diameter
of 3.8 mm.

2.2. Coil fabrication technique

The coils described above were built using 3D-printed polymer
forms referred to herein as dissolvable inserts for achieving perfor-
mance enhanced resonators (DIAPERs). The coil forms were
designed in Inventor with the radius of the 22 gauge wire cut from
a cylinder of diameter 4.1 mm using pitch and turn parameters
listed in Table 1. In preparation for 3D printing, the cylinder was
made hollow to reduce waste and expedite the removal process
by increasing surface area accessible to solvent. Files were
exported in STL format, compatible with Cura 3D printing software
which was required for printing on the LulzBot TAZ 6 and Flash-
Forge Creator Pro. CAD drawings and STL files are available upon
request. All inserts were printed within one hour at 0.2 mm reso-
lution using IC3D 3 mm acrylonitrile butadiene styrene (ABS) fila-
ment. Each of the four coils was hand wrapped on the template and
leads positioned inside a spinning assembly coil support. ABS dis-
solves in acetone at room temperature, making extraction of the
coils possible with minimal risk of deformation. DIAPERs were
removed by soaking in approximately 20 mL of acetone in a
50 mL conical centrifuge tube stored upright overnight. Residual
ABS was removed by direct application of acetone using a paint-
brush. The inductance of each coil was determined by finding the
slope of a curve defined by capacitance vs. frequency and is pro-
vided in Table 1. Six standard American Technical Ceramics Corp.
chip capacitors were used, ranging from 3.3 pF to 12 pF.

2.3. Experimental homogeneity measurements

To evaluate spatial homogeneity of the B1 field along the rotor
axis, ball-shift assays [13] were performed in triplicate for each
coil. Ball-shift assays were executed by moving a conductive ring
along the rotor axis in discrete steps defined by the thread pitch,
and measuring the resonance frequency shift [14]. The experimen-
tal apparatus used a 1.9 mm outer diameter, 0.3 mm thick, and
0.8 mm long copper ring on the end of a 4–40 threaded rod with
Table 1
Coil parameters. Design specifications are listed for each of the four coils in this study. T
dimensions are for one revolution, with the exception of turn 1 pitch on the model coil whi
determine necessary capacitance for simulated tuning in the modeling software.

Coil Turn 1 Pitch Turn 2 Pitch

Constant 1.3 mm 1.3 mm
Stretched 0.8 mm 1.3 mm
Model 1.0 mm 1.5 mm
Ratio 0.8 mm 1.1 mm
an observable linear increment of 0.6 mm. A modified Varian
HXY probe was tuned to 200 MHz with a minimum S11 of 40 dB.
Shifts in the resonance frequency were recorded by observing the
response on an Agilent Technologies ENA Series Network Analyzer
after moving the conductor one increment at a time until a dis-
tance comparable to the rotor length had been achieved, roughly
24 turns. This process was repeated three times to ensure repro-
ducibility with the resulting field profile generated from the aver-
age of each point normalized to the maximum frequency shift of
each trial. Error was calculated by determining the standard devi-
ation and dividing it by the square root of the number of repeti-
tions for each axial position. Results were plotted in Wolfram
Mathematica version 11.

2.4. B field modeling

High-frequency electromagnetic simulations were performed
using Computer Simulation Technology Microwave Studio (CST
MWS). Coils were imported using the IPT file format generated
by Inventor. The coil material was set to the CST library value for
pure copper. A discrete port was connected to one lead and defined
to have 50 X resistance, consistent with the desired impedance of
our NMR probe. A tuning capacitor was defined as a lumped ele-
ment attached in parallel to the port and alternate lead. The capac-
itance value was determined using RLC circuit theory, f ¼ 1

ffiffiffiffi

LC
p , in

order to tune to 200 MHz. The excitation duration was approxi-
mately 150 ns based on a frequency range defined as �10 MHz
around 200 MHz. Boundary conditions were defined as open add
space, and background was defined as normal. Based on an esti-
mated maximum fillable length of 15.2 mm, a line was defined
along the rotor axis and centered with respect to the coil length
and diameter. After running each time-domain simulation, the
1D magnetic field profile at 200 MHz was evaluated along the axial
curve. Unless otherwise specified, the default mesh is used to
determine the step size, however this was adjusted to match the
experimental increment of 0.6 mm by using Template Based Post
Processing. The results were exported as a.txt file, normalized,
and plotted in Wolfram Mathematica version 11.

3. Results and discussion

Traditionally, constant pitch solenoids are made either freehand
or by wrapping two wires around a cylinder, where the wire to be
removed uniformly establishes the distance between turns on the
remaining coil. For this study the uniform pitch was chosen to be
slightly larger than double the wire diameter so that it would pro-
duce a coil of comparable axial length to the model variable-pitch
coil [15]. These coils were designed to have six turns, as this typi-
cally yields an inductance suitable for our desired frequency range
[16]. Previous experimental observations indicated that the small-
est allowable distance between turns without being significantly
prone to arcing is roughly 0.8 mm, especially at high power. There-
fore, this was established as the tightest pitch in the adjusted
designs for this study. The stretched variable-pitch coil was devel-
oped as a modification of the work of Idziak et al. [7], adjusted to
urns are numbered outside to inside and are symmetric about the center. All pitch
ch is 1.5 revolutions. Inductance was experimentally determined after coil recovery to

Turn 3 Pitch Axial Length Inductance

1.3 mm 8.6 mm 72.1 nH
3.8 mm 12.3 mm 66.0 nH
1.8 mm 8.5 mm 72.5 nH
1.5 mm 7.5 mm 70.3 nH



Fig. 1. The color scale is a graphical representation of pitch. Bars below coils show
the magnitude and revolutions of pitch for each design: (A) constant, (B) stretched,
(C) model, (D) ratio. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 2. Shown is a 3D printed DIAPER made from ABS. Copper wire is wrapped around t
assembly is soaked in acetone for several hours until the polymer is sufficiently dissolv
constant, (B) stretched, (C) model (D) ratio. The blue support, which is used for benc
interpretation of the references to colour in this figure legend, the reader is referred to

Fig. 3. Experimental and modeled B-field homogeneity for each coil: (A) constant, (B) s
including error bars, are depicted in orange. The field derived from CST simulation eva
accepTable 90% homogeneity threshold. The axial length of the homogeneous region on th
11.9 lL simulated and 9.9 lL experimental. Model variable-pitch design resulted in volu
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the conserved coil parameters stated in the methods section. We
chose it to test changes in number of turns between otherwise sim-
ilarly dimensioned coils and the limitations of gap size between
windings, whereas the differences between the other variable-
pitch coils are quite subtle. The model variable-pitch coil changes
the revolutions per pitch in addition to the pitch itself [15]. To con-
trol for changing the revolutions, a ratio-pitch coil was designed
with comparable inter-turn spacing by increasing the pitch per
one revolution based on ratios defined by the smallest pitch. In this
study, the designs include one constant pitch and three different
variable-pitch coils, shown in Fig. 1. Detailed information for each
design is provided in Table 1.

Among other factors, RF homogeneity in NMR resonators sensi-
tively depends on symmetry, which is often difficult to achieve in
hand-made fabrication. Relatively small deviations can negatively
impact RF homogeneity. Therefore, realizing the performance
enhancements afforded by variable-pitch coils requires optimiza-
tion of spacing between turns, typically achieved by careful con-
struction by an experienced researcher. DIAPERs provide a more
readily implementable approach that does not require extensive
expertise in coil fabrication. The complete process is shown in
Fig. 2. Using this procedure, four verifiably different coils were
he template to form the coil and positioned in the spinning assembly support. This
ed. CAD designs for the forms and recovered coils are shown from left to right: (A)
h testing, is 3D printed using FormLabs Tough V4 stereo-lithography resin. (For
the web version of this article.)

tretched, (C) model (D) ratio. Averaged experimental data performed in triplicate,
luated along the rotor axis is shown in blue. The red dashed line demarcates the
e constant-pitch design for a 3.2 mm rotor corresponds to viable sample volumes of
mes of 17.2 lL simulated and 13.9 lL experimental.
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created within two days, with cost of manufacture totaling under
10 dollars.

Development of this method was primarily motivated by inter-
est in extending the utility of 3D printing for improvements in
NMR instrumentation. The problem chosen for proof of concept
is the comparison of variable-pitch solenoids with different dimen-
sions with respect to RF homogeneity. Theory-driven modeling
software, CST MWS, was utilized to rationalize the experimental
approach through comparison to simulated results for the same
coils. Fig. 3 shows experimental and modeled data for each of the
four coil designs. The homogeneous region in this study is defined
at 90% of the normalized field magnitude.

Two of the three variable-pitch designs show improvements
over constant pitch, however the stretched variable-pitch design
yielded a negligible homogeneous range. It was expected that less-
ening the number of turns, directly increasing gap size, would yield
significant field fluctuations [9], providing a dramatically different
profile to test the methods of analysis. The findings demonstrate
that dimensions must be considered comprehensively and that
variable pitch alone does not inevitably extend the homogeneous
region. Based on the measurements performed here, the model
variable pitch is effectively indistinguishable from the ratio vari-
able pitch. It would be possible to improve the resolution of this
measurement by using a finer thread pitch on the ball shift appa-
ratus, or by using the NMR signal to map the homogeneity
[4,14,17,18]. However, based on the CST results, the improvement
to the length of the axial homogeneous region of the model vari-
able pitch over the ratio pitch is only about 4%, which is likely to
be negligible for most practical NMR applications. Use of the model
variable-pitch design shows an improvement of 4.0 lL or 40%
based on experimental measurements over constant pitch. The
coils were designed to have nearly identical axial length; therefore
improvements can be directly associated with changes in pitch.

Our model variable-pitch solenoid was originally designed to fit
within a Modified Alderman-Grant Coil (MAGC) [19] in a crossed-
coil probe, which limited the available axial length to 8.9 mm. If
the solenoid were to be used in a single-coil design, this length
could be extended to increase the viable sample volume further.
Analyzing the percentage of homogeneous region to the total axial
length of the coil along the rotor axis showed a 15% improvement
with the model variable pitch over constant pitch. A common com-
mercially available Revolution NMR 3.2 mm rotor that accommo-
dates both desirable sample volume and spinning speed can hold
22.0 lL. Based on the designs in this study, constant pitch could
utilize 45% of this volume, while the model variable pitch extends
this to 63%. At a minimum, this offers additional flexibility in opti-
mizing experiments. This represents a significant performance
enhancement, especially for NMR experiments where sensitivity
is generally a concern that can be partially mitigated by probing
larger sample volumes.

4. Conclusions

Here we present a method for reproducibly making variable-
pitch solenoids of particular dimensions using 3D-printed dissolv-
able inserts. This method enables accurate control of pitch, verified
through observable differences in magnetic field profiles. This is
advantageous because accurately constructed variable-pitch
solenoids can demonstrate significant improvements to axial RF
homogeneity as compared to constant-pitch designs. More
broadly, 3D-printed coil templates may prove to be a viable
alternative to traditional fabrication methods, offering a fast,
inexpensive, reproducible, easily modifiable and scalable approach
for design and construction of multiple turn coils. Future work will
include testing single-use DIAPERs on the production of more
complex resonators such as saddle coils or other transverse res-
onator designs, as well as detailed investigation of the performance
of these coils in NMR experiments.
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