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Abstract

Additive manufacturing provides a low-cost and rapid means to translate 3D designs into the 

construction of a prototype. For MRI, this type of manufacturing can be used to construct various 

components including the structure of RF coils. In this paper, we characterize the material 

properties (dielectric constant and loss tangent) of several common 3D-printed polymers in the 

MRI frequency range of 63 MHz to 300 MHz (for MRI magnetic field strengths of 1.5 T – 7 T), 

and utilize these material properties in full-wave electromagnetic simulations to design and 

construct a very low-cost subject/anatomy-specific 3D-printed receive-only RF coil that fits close 

to the body. We show that the anatomy-specific coil exhibits higher signal-to-noise ratio compared 

to a conventional flat surface coil.
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Introduction

The recent availability of low-cost equipment for additive manufacturing (3D printing) has 

greatly reduced the burden of translating 3D designs into prototype construction. Additive 

manufacturing can be used in MRI to help build various components including phantom, 

holders, gradient coils, as well as the supporting structures of RF coils [1–3]. Traditionally, 

RF coils are constructed by hand or by printed circuit board (PCB) lithography techniques. 

These methods can be limited by labor-intensive manufacturing and two-dimensional 

fabrication methods. For the development of RF coils in MRI, additive manufacturing can 

provide a wider range of design freedom to build arbitrary geometry 3D coils that would be 

challenging to make with conventional approaches. Furthermore, current 3D-printers 
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provide good structural precision with build resolution on the order of 10 μm and enable 

rapid construction within timespan of several hours. In the future, state of the art conductor 

printing capability may eliminate the need to add conductive components (e.g. copper foil) 

and capacitors in MRI coils. [4,5]

The design of MRI coils with arbitrary 3D geometries requires extensive analytical 

expressions to analyze and calculate the inductance of the coil, where the use of EM 

simulations is an efficient and promising technique to expedite the design process [6–8]. In 

addition to the need for the knowledge of the electromagnetic field distribution inside the 

biological phantom, it is necessary to include the material properties (e.g., dielectric 

constant, loss tangent, thermal, and mechanical properties) of the coil components in the 

simulation. Dielectric constant or permittivity is the property that permits a medium to store 

energy in, and release energy from, an electric field. Dielectric loss or loss tangent 

determines the lossiness of a medium [9]. Including these material properties in 

electromagnetic simulations will result in optimized RF coil performance. Furthermore, 

accurate computer simulation enables fewer design iterations, allowing better estimation of 

discrete component values, and can reduce the time required to construct a coil.

The material used to construct the structural components of RF coils plays a crucial role in 

the frequency response and the achievable quality factor (Q), so knowledge of its electrical 

properties (especially dielectric constant and dielectric loss) is crucial. So far, Q factors have 

been evaluated for a 3D printed RF coil constructed with polylactic acid (PLA) [2] and some 

evaluation of dielectric properties of 3D printed material has been performed at microwave 

frequencies [10]. However, to the best of our knowledge, no parametric values of dielectric 

constant and dielectric loss for common 3D printing materials have been reported at MRI-

relevant frequencies (e.g., 60–300 MHz).

The response of a non-magnetic material to RF waves depends primarily on the dielectric 

constant and loss tangent of the material. Therefore, precise characterization of permittivity 

and loss tangent of a material is necessary to enable robust design and simulation of RF and 

microwave circuits. To characterize these materials, many measurement techniques exist and 

can be classified as transmission line methods, free-space techniques, resonant methods, and 

open coaxial probes (near field sensors) [10,11]. However, all of the aforementioned 

approaches have limitations for characterizing materials for use in MRI RF coils.

In transmission line methods (microstrip-line and stripline methods) [12–14], a slab of the 

material under test is used as the insulating substrate of the transmission line or a waveguide 

is filled with the sample under test. In this method, the dielectric properties are extracted 

using information obtained from transmission and reflection coefficients of the wave from 

the sample filled region. The method is simple and thus relatively inexpensive, but sample 

preparation is challenging for lower frequencies due to the large wavelength of 

electromagnetic waves. For example, to consider a half-wavelength microstrip-line at 127.8 

MHz, a sample of almost 1 m would be required.

An example of a free-space technique includes a system using two focusing lens antennas, 

one on each side of a planar sample to be characterized, connected to a vector network 

Behzadnezhad et al. Page 2

J Magn Reson. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



analyzer (VNA) [15–17]. This method is suitable for relatively high microwave frequencies 

at which the physical sizes of the antennas and the focusing lenses are not excessively large. 

Application of this method to MRI relevant frequencies would require using very large 

antennas and focusing lenses as well as large sample sizes. This significantly increases the 

cost and complexity of such an approach for low RF and microwave frequencies (e.g. 

frequencies below 1 GHz).

In resonant cavity methods, the cavity is filled with the material under test (MUT) and the 

relevant properties are extracted based on a measured shift in resonance frequency and 

change in quality factor of the cavity [18]. Other than resonant cavity methods, microstrip-

line resonator and circular resonator methods have also been used to characterize material 

properties. Although resonant techniques enable the most precise characterization methods, 

especially for low loss materials, they suffer from being applicable only at microwave 

frequencies (high MHz to GHz range) [17,19].

Open-ended coaxial lines are routinely used to characterize the dielectric properties of 

biological tissues at microwave frequencies [20,21]. Although this method is simple, 

broadband, and non-destructive, it is not very effective for measuring the properties of solid 

materials with non-smooth surfaces. In such a situation, the surface roughness and lack of a 

perfect connection between the probe and the surface of the material under test (caused by 

the surface roughness) decreases the measurement accuracy.

In this study, we have developed a simple and robust method for measuring the relative 

dielectric constant and loss tangent of 3D printed materials and demonstrate measurements 

of three common materials (Acrylonitrile butadiene styrene (ABS), PLA, and Methacrylate 

Photopolymer Resin (MPR)) used in 3D printing at frequencies relevant to MRI. Our 

approach utilizes full-wave electromagnetic simulations and scattering parameter 

measurements of a parallel RLC resonator test fixture measured using a VNA. More 

specifically, a resonator circuit using the MUT as a parallel plate capacitor is used as a test 

fixture for material characterization. This technique can cover the necessary MRI frequency 

ranges of 60 MHz to 300 MHz (for MRI magnetic field strengths of 1.5 T – 7 T) and allows 

for easy sample preparation, data acquisition, and data analysis. To demonstrate the 

capability and effects of 3D-printing in designing MRI RF coils, we demonstrate the design 

and construction of a very low-cost subject and anatomy specific 3D-printed, receive-only 

RF coil for neck that fits close to the body. We show that the non-flat anatomy-specific coil, 

which would be challenging to design using conventional approaches, exhibits higher signal-

to-noise ratio (SNR) compared to a conventional flat surface coil. Measurements of 

dielectric constant and loss tangent for 3D-printing materials in our EM simulations were 

used to achieve an accurate simulation and design of the RF coils.

Methods

Material characterization method

Our test fixture is a parallel RLC resonator with resonant frequencies that can be changed 

within the range of MRI frequencies by choosing an inductor with appropriate value in 

parallel with the parallel plate capacitor. We printed samples of three distinct 3D printing 
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materials in the form of rectangular cuboids and used them as the filling dielectric material 

of the parallel plate capacitor. Figure 1-a shows the printed samples using three different 

materials (The ABS parts are navy blue, the MPR parts are white, and the PLA parts are 

Gold/Yellow). Figure 1-b shows the topology of the resonator with the MUT used to 

construct the parallel plate capacitor. Two series coupling capacitors are used to couple the 

parallel RLC resonator to the input and output circuits. These series capacitors reduce the 

loading effects of the 50 Ω lines connected to the input and output of the resonator on its 

quality factor. This allows for monitoring small changes in the center frequency and the Q of 

the resonator from transmission coefficient measurements. Figure 1-c shows the equivalent 

circuit model of this resonator. Resistive losses of the inductor are modeled as a series 

resistor. The value of estimated series resistance (ESR) for each inductor is provided in its 

respective datasheet. The parallel plate capacitor consists of two parts: the ideal capacitor 

and a fringing capacitor. These two parts provide the total shunt capacitance C = CMUT +Cf 
of the resonator. Equations (1) and (2) are the resonant frequency and unloaded quality 

factor of a parallel RLC resonant circuit, respectively.

(1)

(2)

where, We is average electric energy stored in the capacitor, Wm is the average magnetic 

energy stored in the inductor, Ploss is the power dissipated by Rloss, and ωr is the resonance 

frequency. Rloss represents total resonator losses due to conductor loss and dielectric losses 

in the capacitor dielectric and inductor.

At resonance . For a parallel resonance circuit:

(3)

The unloaded Q defined in equation (3) is a characteristic of the RLC resonator circuit itself, 

in the absence of any loading effects caused by source and load resistances [22]. When this 

resonator is directly connected to the external ports of a VNA with R0 = 50 Ω, the quality 

factor of the resonator changes resulting in the loaded quality factor as defined by equation 

(4)

(4)
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Where,

As equation (4) shows, the quality factor of the resonator can be significantly decreased if it 

is directly connected to the input and output transmission lines with characteristic 

impedances of 50 Ω. To reduce the loading effect on the measurement, two small capacitors 

(the coupling capacitors shown in Figure 1-b and 1-c) are used to couple the resonator to the 

input and output feeding lines. These coupling capacitors increase the effective parallel 

external impedance that the resonator sees and reduce the impact of the external loading on 

Q. Because the series impedance that they present is very large, their presence also reduces 

the magnitude of the transmission coefficient between the input and the output of the 

resonator. However, this is not a concern as the dynamic range of the VNA is very large and 

allows us to easily measure the transmission coefficient.

We implemented full-wave electromagnetic simulation model of the resonator in CST 

Microwave Studio (Computer Simulation Technologies AG, Darmstadt, Germany) taking 

into account the presence of all the components of the test fixture as well as their material 

properties (e.g., dielectric loss, thermal, and mechanical properties). Figure 2-a shows the 

simulated circuit in CST. The red arrows, numbered 1, 2, and 3 are lumped ports used to 

model the impact of the lumped capacitors and inductor in the full-wave EM simulations. 

The transmission coefficients of the resonator circuit are calculated using electromagnetic 

simulations.

Next, transmission coefficient measurements of the resonator were obtained in a range of 

frequencies containing its resonant frequency using a VNA (N5225A, Keysight 

Technologies). Scattering parameters of a network describe the magnitude and phase 

relationships between the incident, transmitted, and reflected waves from the network. S21 is 

the transmission coefficient for a wave sourced at port 1 and received at port 2. In order to 

measure S21 of the presented RLC circuit, the two connectors of the circuit are connected to 

the two ports of the VNA and S21 is measured over the desired frequency range. Figure 2-b 

shows the fabricated prototype. Figure 2-c shows the measurement setup used to measure 

the S21 using the VNA. In this arrangement two-port scattering parameters of the parallel 

RLC resonator circuit were measured using the VNA. Then, using both the magnitude and 

the phase of the S21 and S11 measurements, the values of the MUT dielectric properties in 

each simulation model were changed in CST until the best agreement between the 

simulation and measurement was obtained. This approach was used to characterize the 

dielectric properties of three commonly-used 3D printed materials (ABS, PLA, and MPR).

Experimental setup

The resonator circuit was fabricated on a RO4003C substrate (Rogers Corporation), which 

has well-characterized properties of εr = 3.38 ± 0.05 and tan δ = 0.0021–0.0027. The 

thickness of the dielectric board was 1.52 mm and the width of the conductor line was 3.7 

mm (which was calculated to achieve a characteristic impedance of 50 Ω for microstrip 
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lines). The dimensions of the 50 Ω line impedances were obtained using the LineCalc tool 

within ADS (Advanced Design System, Keysight Technologies, Santa Rosa, CA), and the 

properties of the Rogers substrate were as provided by the manufacturer. Samples were 

rectangular cuboids of size 2.5 cm × 2.0 cm × 5 mm. ABS and PLA samples were 

constructed on a fused deposition modeling (FDM) 3D printer (Ultimaker Extended 2+). 

The MPR sample was constructed on a Stereolithography (SLA) 3D printer (Formlabs Form 

2). These samples, shown in Figure 1-a, were used as the insulator between two layers of 

copper tape (thickness: 0.07 mm) as conductive elements to create parallel plate capacitors 

in parallel with an inductor in a RLC resonant circuit. The characteristics of the inductors 

used in the circuits are: 1) L = 554.28 nH (Coilcraft 132-20SM) with Q = 149 at 64 MHz, 

ESR = 1.51 Ω, and self-resonance frequency (SRF) = 490 MHz, 2) L = 175.57 nH (Coilcraft 

132-12SM) with Q = 169 at 128 MHz, ESR = 0.025 Ω, and SRF = 875MHz, 3) L = 82 nH 

(Coilcraft 1812SMS-82N) with Q = 151 at 300 MHz, ESR = 0.0094 Ω, and SRF = 1.3 GHz. 

As described above, two 1 pF capacitors (S603DS, Johnson Technology) were used as the 

coupling capacitors. We fabricated five samples from each material to minimize the 

influence of printing inaccuracies, connectors, and parasitic losses on the overall 

measurement. To test and validate the accuracy of our method, a sample with a known 

permittivity (Rogers Corporation 6010 board) was characterized first.

Estimation of dielectric properties without EM simulations

Complex permittivity can also be estimated based on the change of the resonant frequency 

and quality factor by replacing the sample with one that has known parameters. With this 

change, relative dielectric constant  and loss tangent  can be calculated respectively.

Extraction of —The series branch R0, Ccoupling in Figure 1-c, can be turned into an 

effective parallel Rp and Cp. This is shown in Figure 3-a. The values of parallel components 

can be calculated using following equations. This is also shown in Figure 3-b.

(5)

Where,  and  is the reactance value of coupling capacitor. Since the 

total capacitance is now CMUT +Cf +2Ccoupling. The resonance frequency of this circuit is:

(6)

And .
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Electromagnetic simulations already take the fringing effects of a parallel plate capacitor and 

MUT thickness into account. Therefore, it is important to consider these parameters in 

calculations. The capacitance of a rectangular or square parallel plate capacitor including the 

fringing effect, can be calculated using the following formula [23]:

(7)

CMUT can be calculated using measurements of frequency of the peak of S21 (ωr) for both a 

known sample and the MUT. Note that Cf can vary between known sample and MUT due to 

different sample size and thickness.

(8)

 can be calculated using CMUT using equation (7).

Extraction of tanδ—The Q factor of the circuit is:

(9)

where, Qc is the external Q induced by the couling capacitors and the ports and can be 

expressed as . Qu is the unloaded internal Q of the circuit without the 

external series branches. The unloaded Q can be written as

(10)

QL corresponds to the losses in the series resistor of the inductor (rL), in other word it is the 

quality factor of the inductor at ωr and is defined as . The value of this Q is 

specified in the inductors datasheet by the manufacturer.  corresponds to the losses in 

MUT and defined as . The total Q is then:

(11)
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Q can be measured using S-parameter measurements of the circuit using:

(12)

By measuring Q, we can calculate  and respectively RMUT. In a parallel plate 

capacitor with lossy material modeled as a parallel RC, admittance can be written as:

(13)

Since , and , we can write:

(14)

Where, , and 

Using equations (8) and (14), we estimated the dielectric constant and loss tangent of the 

3D-printed materials using a known sample of Rogers 6010 ( , tanδ = 0.0023).

RF coil design

To demonstrate the use of 3D printing material characterization data to simulate and design 

MRI receive coils, two MRI receive-only coils were simulated and constructed for imaging 

cervical spine. Both coils were constructed on a FDM 3D printer (Ultimaker Extended 2+) 

from PLA polymer both because of its low loss tangent at 127.8 MHz (3T MRI) and good 

stability during 3D printing compared to other materials. Here, we 3D-printed the frame and 

support structure of the coils and added copper tape and other circuit components to 

complete the design of the coil. The first coil is a conventional, flat single-channel surface 

coil. The other coil is designed in a way that fits against the neck and is close to the body. To 

design the anatomy specific coil, one subject was recruited and provided informed consent 

under an appropriate IRB protocol. MR images of the volunteer were obtained (3D Gradient 

Echo, TE= 1.8 ms, TR= 4.3 ms, spatial resolution: 0.78×0.78×1 mm) from which a 3D CAD 

model of volunteer head and neck was created. This 3D model was used as input to the EM 

simulation in CST to design a specific neck coil for the volunteer. Figure 4-a shows the EM 
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simulation environment. The material properties of the support structure in the simulation 

are those calculated with our test fixture for PLA. Figure 4-b shows the simulated and 

constructed anatomy-specific coil. Figure 4-c shows the flat surface coil. Both coils have the 

same diameter and utilize a path in their support structure for the resonant loop as negative 

relief. Conductive elements of both loops are 6-mm wide, 0.07-mm thick copper tape. The 

coils inductances were calculated using full-wave EM simulation and the component values 

for matching and tuning networks were optimized in CST Design Studio (CST DS). Coils 

were matched to 50 Ω and tuned to 127.8 MHz (3T MRI). A detuning circuit was designed 

for each coil to detune the coil and prevent interactions between the loop coil with the body 

transmit coil. When the PIN diode (UMX5101, Microsemi, Aliso Viejo, CA) used in 

detuning circuit is forward biased with sufficient DC current, it makes a short circuit and 

makes the inductor Ld resonate in parallel with the capacitor Ct presenting a very high 

impedance at the desired frequency and open circuit the loop [24]. The matching/detuning 

network was fabricated on FR4 substrate (Circuit Specialist, Tempe, AZ). The components 

used for the tuning/matching network consist of fixed non-magnetic capacitors (Johnson 

Manufacturing), one variable capacitor (Johnson Manufacturing, JMC80H85), and fixed 

non-magnetic inductors (Coilcraft 132 series). Figure 4-d shows the circuit diagram of the 

tuning, matching, and detuning network.

Imaging

Imaging was performed on both MR spherical phantom and the volunteer neck. A custom-

built gateway (Clinical MR Solutions, Brookfield, WI) provides integration to the 3T MRI 

scanner (Signa PET/MR, GE Healthcare, Waukesha, WI) and includes a BNC connection, a 

low-noise preamplifier, and active decoupling circuitry. MR sequence parameters for the 

phantom imaging included: pulse sequence= 2D spin echo, TE= 20 ms, TR= 750 ms, spatial 

resolution= 0.94×0.94×3 mm. MR sequence parameters for in vivo imaging of the 

volunteer’s neck included: pulse sequence= 2D fast spin echo, TE= 9.2 ms, TR= 800 ms, 

ETL= 3, spatial resolution= 0.7×1.1×4mm.

Results

Validation

To test and validate our simulation model, a sample with a known permittivity (Rogers 

corporation 6010 board) was used to validate the accuracy of the method. The resulting 

extracted dielectric properties for Rogers 6010 were εr = 10.66 and the tanδ = 0.0018 for the 

frequency range of operation. The manufacturer specifies values of εr = 10.7 for design 

dielectric constant and tan δ = 0.0023 for frequencies up to 10 GHz. This high level of 

agreement in the dielectric properties confirms the validity of our model and approach.

3D printing material dielectric properties

Figure 5 shows the simulation and measurement transmission coefficients of the resonator 

approximately tuned to the 7T MRI frequency for extracting the material properties of PLA 

at this frequency. The very good agreement between the measurement and simulation results 

confirms the validity of the model used in the full-wave EM simulations. Figure 6 shows the 

measured magnitudes of the transmission coefficients of three different resonators tuned to 
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operate at the 1.5T MRI frequency (63 MHz ± 7 MHz). The resonators use parallel plate 

capacitors filled with different 3D printed materials. Since all other components of the 

circuit except the parallel plate capacitor remained unchanged in the measurements, the 

differences in the resonant frequencies (the frequency where the peak of S21 happens) is 

related to the difference in the dielectric constant of the material. Additionally, the change in 

the resonator Q and its loss, as evidenced by the reduction of the magnitude of the S21 and 

the broadening of the 3-dB bandwidth of the resonator, can be attributed to the losses of the 

3D printed dielectrics filling the volume within the parallel plate capacitors. It can be seen 

that the dielectric constant of photopolymer resin is higher than those of the ABS and PLA. 

Also, the photopolymer resin has higher dielectric loss than ABS and PLA.

Figure 7 shows the extracted dielectric properties (dielectric constant and loss tangent) for 

these three commonly-used 3D printing materials using the proposed resonator for common 

MRI RF frequencies. These estimated properties (dielectric constant/loss tangent) were: 3.11 

± 0.07/0.013 ± 0.001 for PLA, 3.18 ± 0.06/0.012 ± 0.003 for ABS, and 4.11 ± 0.06/0.025 

± 0.002 for photopolymer resin at 63 MHz. Measurement variability is attributed to small 

differences in the printing processes for each of the samples used to extract these properties.

Dielectric properties of 3D-printed materials were also estimated from only analytical 

equations using the developed method. A comparison of EM simulation results and 

analytical result are provided in Table 1. Although electromagnetic simulations consider all 

the parasitic effects and elements that are not considered in the analytical equations and 

calculations, the analytical approach can provide a good estimate for a quick calculation and 

comparison between different materials.

To our knowledge, no other reports in the literature have described the dielectric properties 

of 3D printed materials at MRI-relevant frequency ranges. There are however, studies on 

these materials in other frequency ranges. A comparison of the dielectric constant and loss 

tangent measured with the authors’ method and published literature is provided in Table 2.

RF coil design and imaging

Figure 8-a shows the measured reflection coefficients of the coils. Both coils have a similar 

quality factor of approximately 40. Figure 8-b shows the MR images of the phantom 

scanned using the two 3D printed coils. Figure 8-c shows the region of interest (ROI) for 

calculating the SNR, calculated using National Electrical Manufacturers Association 

(NEMA) method with two images acquired by consecutive scans. The SNR in this region for 

the anatomy-specific coil was 394 compared to the flat surface coil which was 293. Figure 9 

shows the cervical spine images of the volunteer show a higher SNR when using the 

anatomy-specific neck coil placed against the neck.

Discussion

The use of additive manufacturing in the development of MRI devices is highly appealing. 

By providing great flexibility in the design and fabrication of structural components, 

different 3D geometries can be quickly designed and printed for evaluation until the design 

is optimized. For MRI coils, 3D printing is a helpful tool for making arbitrary 3D geometries 
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that are challenging to build by traditional manufacturing methods (using hand or 

lithography techniques). Furthermore, with high precision 3D printers that have resolution 

well below 100 microns becoming commonplace, the realized outputs match very closely to 

the original design, allowing a natural translation of increased reliance on 3D simulation to 

improve coil design and reduce construction time. Finally, given the relatively low 

production quantities of MRI coils relative to common consumer goods, it could be expected 

that the field will see an increased reliance on these technologies not only for research 

developments, but potentially for coil structures and components used for clinical imaging.

For 3D-printed structures to be robustly introduced into a computational design and 

simulation regime, the electrical properties of the 3D printing material are required design 

parameters. Characterizing the dielectric properties helps determine the optimal material 

with lowest dielectric loss and desired dielectric constant. In RF and antenna design and 

specifically in designing MRI RF coils, it is important to use low loss materials to decrease 

total loss in the signal path, increase SNR, and increase the minimum detectable signal. 

Based on the results of dielectric properties of the three common 3D printing materials we 

characterized, ABS and PLA are better choices for RF design than photopolymer resin for 

designing MRI coils.

We have developed a test fixture using parallel plate capacitors developed from 3D printed 

materials and a resonant RLC circuit. We demonstrated measurements conducted with this 

fixture with three different commonly utilized 3D printing materials and utilized these 

measurements in EM simulations to design two PLA-printed coils. The benefit of such a test 

fixture is that it is easy to construct, is low cost, and may be used to measure material 

properties across the range of frequencies relevant to MRI. Given the wide variety of 

material types available for FDM, SLA, and other 3D printing technologies with a large 

number of vendors and little to no standardization of materials, it is feasible to perform 

testing on each material using this technique, should an accurate characterization be 

necessary. To our knowledge, no test fixtures have been described in the literature that 

enable the testing of 3D printed materials at MRI-relevant frequency ranges.

We demonstrated a method for the construction of anatomy-specific 3D-printed MR coils 

that can provide the improved SNR for imaging a specific area of body. These coils can be 

designed and implemented very quickly with a very low cost for each body region (and 

potentially for each patient). The coil demonstrated herein used inexpensive components, 

including the resonant structure, which was formed from 6-mm copper tape into the 3D 

printed substrate. Other components were low cost, and only one tunable capacitor was 

required to provide frequency tuning of the coil.

In summary, we have demonstrated a new technique to characterize 3D printed materials and 

have used that characterization to optimize the EM design of an application specific MR RF 

coil. In particular, this flexibility of computer design and additive manufacturing of MRI RF 

coils can be beneficial for the application of MR-based radiation therapy planning and in 

particular with the increasing availability of combined MR-Linac scanners, where anatomy 

and subject-specific coils could be created to perform optimal imaging (and/or treatment) in 

the therapy position.
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Highlights

• A method to characterize the dielectric constant and loss tangent of 3D 

printed materials at relevant MR frequencies is proposed.

• The method relies on full-wave electromagnetic simulations.

• The design and construction procedure of a very low-cost subject/anatomy-

specific 3D printed receive-only RF coil is provided.
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Figure 1. 
Parallel RLC resonator (a) printed samples using three different materials (The ABS parts 

are navy blue, the MPR parts are white, and the PLA parts are Gold/Yellow), (b) topology of 

the resonator, (c) the equivalent circuit model of this resonator.
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Figure 2. 
(a) simulated parallel RLC resonant circuit in CST. The red arrows, numbered 1, 2, and 3 are 

lumped ports used to model the impact of the lumped capacitors and inductor in the full-

wave EM simulations. (b) fabricated test fixture, (c) measurement setup used to measure the 

S21 (transmission coefficient) using a VNA.
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Figure 3. 
(a) equivalent circuit model with series to parallel conversion. (b) series to parallel 

conversion.
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Figure 4. 
(a) Design procedure and EM simulation of anatomy specific coil. (b) Simulated and 

constructed anatomy specific coil. (c) simulated and constructed flat coil. (d) the circuit 

diagram of the tuning, matching, and detuning network.
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Figure 5. 
Simulation and measurement transmission coefficients of the resonator approximately tuned 

to the 7 T MRI frequency using PLA as MUT.
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Figure 6. 
Measured magnitudes of the transmission coefficients of the resonator tuned to operate at the 

1.5 T MRI frequency with three different MUT.
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Figure 7. 
Extracted dielectric properties (dielectric constant and loss tangent) for three commonly-

used 3D printing materials (ABS, PLA, MPR) using the proposed resonator for common 

MRI RF frequencies.
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Figure 8. 
(a) measured reflection coefficients of the two coils (b) MR images of the phantom (c) ROI 

for calculating the SNR.
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Figure 9. 
Cervical spine images of the volunteer showing (a) low SNR when using a flat coil and (b) 

high SNR when using the anatomy-specific neck coil placed against the neck.
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Table 2

Published literature on measuring dielectric constant and loss tangent of 3D-printed materials

PLA Frequency tanδ

[25] 1 KHz
100 KHz

2.46–2.59
2.43–2.65

(2.6–3) ×10−3

(4.9–9) ×10−3

[26] 1Hz - 3GHz 2.1–2.9 (1±0.2)×10−2

[27] 9–10 GHz 3.549 (1.1±0.2)×10−2

[28] 40GHz 2.75±0.05 (1.1±0.2)×10−2

Proposed method 63MHz 3.11 0.013

128MHz 2.98 0.013

300 MHz 2.95 0.014

ABS Frequency tanδ

[10] 0.01-10 GHz 2.54–2.83 (0.6–1.51) ×10−2

[29] 11 GHz 2.84 2 ×10−2

Proposed method 63MHz 3.18 0.012

128MHz 3.08 0.013

300 MHz 3.11 0.014

MPR Frequency tanδ

[30] 100 Hz 4.9 2 ×10−2

Proposed method 63MHz 4.11 0.025

128MHz 4.12 0.023

300 MHz 4.10 0.027
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