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ABSTRACT 

Microstrip transmission line (MTL) resonators are widely used as radio frequency (RF) transceiver coils in 

high-field MR imaging. Typically, discrete capacitors are used to tune the MTL resonators to the Larmor 

frequency, and to match to the 50 Ω characteristic impedance of the RF chain. The cost, availability, and 

labour-intensive work of soldering capacitors on each coil contributes significantly to the expense of RF 

coil arrays for MRI; therefore, a manufacturing method with lower cost and fewer processing steps is 

desirable. The additive manufacturing method of rapid prototyping offers a new method to build custom-

designed MTL resonators with reduced fabrication steps and, potentially, cost. This feasibility study 

explores fused deposition modelling to 3D print the MTL resonator structure simultaneously with 

matching/tuning capacitors and conductors. Typical low-cost 3D printers are capable of printing only 

polymers, not metal and polymer printing in one machine. In this work, a low-cost 3D printer was modified 

by adding the capability to print conductive ink and used to print MTL resonators with monolithic parallel-

plate capacitors. These integrated capacitors eliminate the repetitive work of soldering, and tuning is 

achieved by trimming the capacitor plates. Additionally, 3D printing allows unconventional designs that 

minimize the amount of dielectric below the microstrip and therefore losses in the substrate. Resulting SNR 

values using ink conductors are within 30% of those achieved with copper despite a resistivity that is two 

orders of magnitude higher. This performance gap can be addressed by using newer inks that have much 

lower resistivity. 

 

Keywords—3D printed circuits, additive manufacturing, fused deposition modelling, microstrip 

transmission line resonator, transceive array element, conductive ink  
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INTRODUCTION 

Radio-frequency (RF) coil arrays provide higher signal to noise ratio (SNR) than volume coils and in 

transmission they also allow optimization of transmit 𝐵𝐵1 uniformity and specific absorption rate (SAR) [1, 

2]. The greater is the number of channels the greater the degrees of freedom available to achieve the desired 

field control. However, if a large number of array elements is required the coil elements should be made 

using a coil geometry that is readily manufactured. The microstrip transmission line (MTL) resonator is a 

common array element which consists of a length of microstrip transmission line separated from a ground 

plane by a dielectric substrate, typically with tuning capacitors at both ends [3-5]. Compared to loop coils 

they have stable resonance [6], lower coupling between array elements [6, 7], and lower radiation losses by 

using a ground plane. Feeding can be achieved through a matching capacitor at one end or through a central 

balanced connection [8]. Arrays of such elements are efficient [5, 9] and provide reduced coupling between 

transmit elements compared to loop coils [10, 11], while allowing uniform excitations [11]. Advantages of 

microstrip coils over standard loops are a consequence of lower E-field losses and more confined 

electromagnetic fields [10, 12]. 

In standard RF coil construction, copper traces are laid down by hand, e.g., using self-adhesive copper tape, 

or chemically etched using printed circuit board technology. Costly discrete tuning and matching capacitors 

are manually soldered onto the coil to tune the coil to the Larmor frequency and match it to 50 Ω. 

Replacing this labor-intensive and time consuming process with an automated, rapid-prototyping 

technology could eliminate the tedious repetition required for array construction, and possibly also reduce 

the total cost and time. Avoiding discrete capacitors would also contribute to reducing manufacturing costs.  

It has been recently shown that 3D printing of polymer substrates and silver nanoparticle inks can be used 

to build RF devices [13]. This technology replaces the traditional fabrication methods, and uses an additive 

manufacturing technique to build a 3D device by laying down successive layers of structural material. 

Designs are created in standard RF simulation or computer-aided design (CAD) software. We introduce 
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this flexible, cost-effective approach to custom MRI coil fabrication using an economical desktop 3D 

printer. Within few hours, and with minimal user intervention, an MR-compatible MTL resonator is 

fabricated with 3D-printed parallel plate capacitors monolithically integrated. A further advantage of 3D 

printing technology in MRI coil design is that the amount of dielectric material can be minimized by 

creating hollow spaces in regions of high electric fields, lowering the resonator’s losses thus increasing the 

coil’s efficiency and SNR. 

Rapid prototyping machines vary in cost based on their printing resolution, printing process, materials used, 

speed, etc. Additive manufacturing (or 3D printing) has become popular in recent years due to the 

decreasing cost of fused deposition modelling, in which molten material (typically a thermoplastic) is 

extruded and deposited in layers to create the desired part. A typical low-cost (~$2,000 US) desktop 3D 

printer found in many RF coil labs has only one extruder to deposit the polymer onto the print bed. In this 

feasibility study, we retrofit such a printer with the capability of printing conductive ink and fabricate 

various MTL resonators for 4.7 T (200.4 MHz) using three different dielectric materials and copper tape or 

silver ink conductors. Their electrical and imaging performance is compared to that of a standard low-loss 

foam MTL resonator in terms of quality factor, efficiency and signal to noise ratio (SNR).  

METHODS 

Design 

The MTL resonator geometry, shown in Figure 1, includes monolithically-integrated capacitors and 

dielectric substrate (green). Conductive material (copper tape or silver ink) is shown in red. The resonator’s 

resonant frequency is adjusted using parallel plate capacitors at both ends of the section of microstrip. The 

ground plane is positioned on top of the 1-mm-thick flat base, instead of below it, to minimize the effective 

permittivity in the area between the signal line and ground. The 13-cm-long signal line is supported 1 cm 

above the ground plane with three uniformly-spaced vertical dielectric cylinders. The microstrip’s 
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width/height ratio is chosen equal to unity to optimize 𝐵𝐵1 penetration [14]. Integrated capacitors consist of 

3D-printed dielectric between conductive plates thus eliminating the need for expensive discrete capacitors, 

and the time-consuming connection process (soldering). Shunt capacitors (Cp in Figure 1, two adjacent 

rectangles of dimensions Wp1×Lp1, and Wp2×Lp2) protrude from both ends of the resonator and a series 

capacitor, Cs, (Ws×Ls) is connected to one side for matching. An array of 8 of these elements would be 

appropriate for imaging the human head. 

<Figure 1> 

Materials 

The following 3D printer polymers are used: Polylactic Acid (PLA) and Acrylonititrile Butadiene Styrene 

(ABS) (Reprapper Tech, Hong Kong); and UV-curing acrylic resin photopolymer (Objet Verogray 

RGD850, Stratasys). The favorable MRI properties of 3D printed PLA and ABS have been investigated in 

[15] where it was found that both materials have magnetic susceptibility very close to that of water while 

emitting zero observable NMR signals down to an echo time of 5.2 ms. 

Copper tape (MasterFoil Plus, VentureTape, USA) and conductive silver ink (Ag-610, Applied Ink 

Solutions, USA) are used for conductive lines, capacitors and ground layers, and their performance is 

compared to that of a standard MTL resonator made with copper strips on low loss foam substrate (51HF, 

Rohacell, Evonik, Germany) with identical dimensions. 

Material Characterization and Tuning 

Because the printed polymers are partially air-filled, physical bench-top measurements were used to fine-

tune the corresponding complex permittivities in simulations performed with High Frequency Structure 

Simulator (HFSS, ANSYS, USA). An initial version of Figure 1a) was modeled without shunt and series 

capacitors at the ends. Two lumped ports were connected at the ends of the microstrip and scattering (S) 

parameters were simulated with initial permittivity 𝜀𝜀𝑟𝑟 = 2  and loss factor tan 𝛿𝛿 = 0.02 for both ABS and 

PLA. The S parameters were imported for network analysis into Advanced Design System (ADS, Keysight, 
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Santa Rosa, USA) to determine the shunt and series capacitors needed to match 𝑍𝑍𝑖𝑖𝑖𝑖 to 50 Ω (return loss of 

30 dB or better) at 200.4 MHz [16].  

With these initial estimates of capacitor plate dimensions, prototypes were printed with each dielectric (c.f. 

Fabrication), and bench measurements of resonant frequency and quality factor were made. The 

frequencies from measurements and simulations differed by up to 20 MHz for ABS and PLA, and thus the 

permittivity and loss tangent of the dielectric were adjusted (Table 1) in the HFSS simulation to match the 

measurements. With these values, the capacitor plate dimensions were then adjusted (Table 2) to tune and 

match the coil at 200.4 MHz. Because the printed material is not perfectly solid but contains air inclusions, 

the volume fraction of air and polymer (Table 1) was calculated from the effective and literature values of 

permittivity as described in Ref. [17].  

Table 1: Effective complex permittivity determined by adjusting it to match simulation results to 

benchtop measurements. Since the 3D printing process introduces air spaces within the material, the 

volume fraction of air/polymer was calculated based on the permittivity reported in the literature for 

the solid material and that of air. 

Material Name Complex Permittivity Volume Fraction (f) Reported Permittivity  

PLA 1.24(1+i∙0.005) 0.19 3 [13, 18]  

ABS 1.34(1+i∙0.008) 0.27 2.87 

UV-resin 2.0(1+i∙0.026) 0.46 4.5 [19]  

Table 2: Tuning and matching capacitor dimensions for ABS and PLA (*). 

Capacitors Width (cm) Length (cm) Dielectric Thickness (mm) Capacitance (pF) 

Series 𝐶𝐶𝑠𝑠 𝑊𝑊𝑠𝑠 = 1.5 𝐿𝐿𝑠𝑠 = 1.5 t=1 3.8 

Shunt 𝐶𝐶𝑝𝑝 
𝑊𝑊𝑝𝑝1 = 2.9, 

𝑊𝑊𝑝𝑝2 = 1.1 

𝐿𝐿𝑝𝑝1 = 1.9, 

𝐿𝐿𝑝𝑝2 = 2.56, 2.7∗ 
t=1 19.5 
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The sheet resistance of silver ink cured on a glass substrate was measured using a four point probe (Pro4 

4000, Signatone, Gilroy, USA). The ink was dispensed and dried at room temperature for 5 to 10 minutes 

according to the manufacturer’s instructions. Additional curing can be done using forced air or by placing 

the printed parts on a heated bed if the substrate allows. Curing at 200°C was repeated until the measured 

resistance decreased less than 10% from the original value. A two-dimensional surface topography profiler 

(Alpha Step IQ, KLA-Tencor, Malpitas, USA) was used to measure the thickness, 𝑑𝑑 = 10 𝜇𝜇𝜇𝜇, of the ink, 

from which the bulk resistivity can be determined. Results are compared to values for copper foil inTable 3. 

Table 3: measured resistivity and sheet resistance of silver ink compared to literature values for copper 

foil (32 𝝁𝝁m thick, room temperature) [20]. 

Conductive Material Sheet Resistance (𝑹𝑹𝒔𝒔,Ω 𝒎𝒎� ) Bulk Resistance (Ω-m) 

Silver-ink Ag-610 34.7× 10−2 347 × 10−8 

Copper foil  0.052 × 10−2 1.68×10–8 

Fabrication 

The dielectric structures were fabricated using different printers depending on the material chosen for a 

particular coil. A desktop 3D printer (X-series, Machina Corp., Edmonton, Canada) was used to print PLA 

and ABS and an Objet Eden350V (Stratasys, Eden Prairie, USA) was used to print UV-curable resin (Objet 

Verogray RGD850, Stratasys). This material provides better mechanical performance than ABS or PLA, 

and a sacrificial support material can also be printed and subsequently removed with water and acetone. 

The complete structure can therefore be printed simultaneously, unlike the X-series printer where the signal 

line and the ground plane are printed separately and snapped together afterwards. Printing times are of the 

order of a few minutes and vary depending on the printer used and dimensions and complexity of the 

structure. 

The X-series printer was modified to deposit the conductive silver ink on the dielectric substrates by adding 

a second printing head consisting of a syringe (Nordson, Westlake, USA) with a 600 𝜇𝜇m diameter tip 
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(chosen based on pressure and viscosity) connected to a programmable pressure regulator (UltimusV, 

Nordson) (Figure 2). With such extrusion printers, the infill density must be sufficiently high to avoid the 

formation of gaps large enough for ink to flow into the polymer layers. In the regions of the capacitor 

dielectric this can cause short circuits and failure of the resonator. 

<Figure 2> 

The printer’s numerical control program file (g-code) was modified (Figure 3) to assign printing paths for 

the syringe, while disabling the standard print head (extruder) by setting its temperature to zero so that 

polymer is not extruded. Conversely, the heat bed temperature is manually set to 60°C to increase adhesion 

between its surface and the part on which ink is to be printed. Offsets (x=4.1 cm and z=1–12.3 mm) are 

entered in the g code to account for the different locations of the syringe compared to the extruder head. 

The z offset depends on which side of the parts the ink is printed. 

<Figure 3> 

A skirt is first printed on the print bed (Figure 4) to confirm alignment of the part with the coordinates that 

are used for printing ink. Ink deposition (Figure 5) begins with the ground plane, followed by top of the 

signal line including capacitors, and finally the two vertical ground connections (walls). After printing ink 

on the top, the signal line is flipped to print on the bottom of the capacitors. The pieces are assembled, and 

a small amount of conductive silver epoxy (8331-14G, M.G. Chemicals, Canada) is used to attach the walls 

between the bottom of the capacitors and ground. The printing speed and dispensing pressure are 

determined experimentally to achieve uniform flow with the viscosity of the specific ink used. For the Ag-

610 ink the dispensing pressure was set to 61 kPa for initial flow (since the ink might dry inside the tip and 

higher pressure is needed to unclog it) and 34 kPa for normal continuous printing. After drying at room 

temperature, final curing of the ink was done for 1 h at 60°C for PLA and 100°C for ABS. 

<Figure 4> 

<Figure 5> 
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Several versions of these resonators were fabricated (Figure 6 and Table 4) using various combinations of 

dielectrics and conductors. Performance was compared to that of a standard MTL resonator (resonator #6) 

made with copper strips, porcelain capacitors (ATC 100B, American Technical Ceramics, USA) and 

trimmer capacitors (TZ03 series, Murata Electronics, Japan) on low-loss Rohacell foam [5]. Resonators 1 

and 3 are fully printed using silver ink on ABS and PLA, respectively, while resonators 2, 4, and 5 use 

copper conductors but no discrete capacitors or trimmers. 

<Figure 6> 

Table 4: Summary of resonator construction combinations. 

Resonator dielectric conductor Capacitors 

Res-1 ABS Ag-610 ink 3D-printed 

Res-2 ABS Cu 3D-printed 

Res-3 PLA Ag-610 ink 3D-printed 

Res-4 PLA Cu 3D-printed 

Res-5 UV Resin Cu 3D-printed 

Res-6 Foam Cu ATC + Trimmer 

 
Warping of the microstrip line due to shrinkage of the ink was observed most noticeably with the PLA 

material (resonator #3). In future designs this can be reduced by strengthening the underside of the 

microstrip (e.g., by adding ribs, fins and/or trusses); by reducing temperature gradients and air flow from 

the environment by curing within an enclosed chamber; and/or by using a room-temperature curing ink 

(e.g., Voxel8 silver ink, Voxel8, Somerville, MA). 

Connections to coaxial cables for resonators with copper conductors were achieved by soldering an SMA-

type connector between the bottom plate of the series capacitor (Cs) and the ground plane. For resonators 

with ink conductors, soldering cannot be used because the ink degrades at soldering temperatures (the 
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dielectric thermoplastic substrates also melt). The solution was to solder the SMA connector to small pieces 

of copper tape which are then connected to the bottom plate of the series capacitor and to the ground plane 

using small amounts of conductive ink. 

Measurements 

Measurements and simulations were performed with each individual resonator placed 1 cm above a 

36×26×11 cm3 phantom filled with 3.6 g/ℓ NaCl and 1.96 g/ℓ CuSO4⋅5H2O to simulate the human body 

(𝜀𝜀𝑟𝑟=76, 𝜎𝜎=0.8 S/m) [21]. For geometrical reference the phantom also contains a perforated plastic panel of 

~13 mm squares at a depth of 25 mm. 

Measurements of S11 were performed on a ZVL3 vector network analyzer (Rohde & Schwarz, Germany) 

following a Short-Open-Load-Thru (SOLT) calibration to account for cable losses and phase shifts [22]. 

The area of the parallel plate capacitors was made slightly larger to allow tuning to 200.4 MHz and 

matching to a 15 dB return loss or better by trimming the capacitor plates’ lengths and widths using a 

hobby knife. Loaded (Ql) and unloaded (Qu) quality factors are measured according to Ref. [23] and used to 

compare the performance of RF coils [24]. 

Gradient-echo images (TR/TE = 50/5 ms, flip angle = 10°, bandwidth = 391 Hz/pixel, acquisition matrix 

256×128, FOV = 30×30 cm, 1 average, slice thickness = 5 mm) were acquired on a 4.7 T Varian Inova 

system to compare SNR performance of the individual resonators. A transmit-receive switch was used to 

allow each resonator to both transmit excitation pulses and to receive the resulting MR signal. Maps of 

SNR were calculated from the complex images by dividing image magnitude by the standard deviation of 

the background noise measured in a rectangular region (256×30 pixels) outside the phantom. 
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RESULTS AND DISCUSSION 

Maps of SNR in sagittal and coronal orientations (2.5 cm below the top of the phantom) are shown in 

Figure 7. Efficiency 𝜂𝜂 =  1–𝑄𝑄𝑙𝑙/𝑄𝑄𝑢𝑢 [25] values are listed in Table 5 along with return loss (S11) and average 

SNR in three sagittal slices (one central and two offset ±1.5cm; 13×4 cm2 area). 

The efficiency of 3D-printed resonators with ink conductors or UV-curing resin is significantly lower than 

that of a standard resonator made with copper, Rohacell foam dielectric, and discrete capacitors. 

Conversely, resonators made with PLA and ABS show comparable Q and efficiency to those of the 

standard resonator. These results are consistent with the much higher losses of the UV-curing resin 

compared to PLA and ABS (Table 1). Even though silver ink has a resistivity that is two orders of 

magnitude higher than that of copper (Table 3), the consequent reduction in image SNR is very limited 

because in the unloaded standard resonator the dominant loss mechanism is probably dielectric loss in the 

integrated capacitors. Alternative inks with lower resistivity have subsequently been found (PChem, PFI-

722 silver nanoparticle ink, 5.3×10–8 Ωm; Voxel8 silver ink, 3.3×10–8 Ωm) that will provide conductivity 

nearly equal that of copper (indeed better than many metals). 

<Figure 7> 

Table 5: Measurement results for return loss (|S11|), loaded and unloaded Q factors, square root of 

efficiency, and SNR average over three sagittal slices for each MTL resonator in Table 4. 

Resonator number Construction Return loss |𝑺𝑺𝟏𝟏𝟏𝟏| 𝑸𝑸𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖 𝑸𝑸𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖 �𝜼𝜼 Average SNR 

1 ABS-ink -22 dB 28.5 22.6 0.455 53.1 

2 ABS-cu -30 dB 79.3 33.1 0.763 59.4 

3 PLA-ink -22 dB 29.0 18.2 0.610 29.4 

4 PLA-cu -30 dB 98.9 29.8 0.836 41.5 

5 Resin-cu -15 dB 40.4 28.1 0.552 40.5 

6 Foam-cu -30 dB 123 51.4 0.763 42.4 
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Agreement between measured SNR values and what would be expected based on efficiency (𝑆𝑆𝑆𝑆𝑆𝑆 ∝

𝑖𝑖𝑆𝑆𝑆𝑆𝑆𝑆�𝜂𝜂, where iSNR is the intrinsic SNR achievable in absence of coil losses) [24] is not exact, but 

nevertheless shows that the ink conductor leads to a limited SNR loss of 10–30% relative to that of the 

corresponding copper resonator (resonators 1 vs. 2 and 3 vs. 4). Discrepancies between bench and imaging 

measurements are probably due to experimental conditions that are difficult to control, such as achieving 

consistent flip angle calibration in the presence of large RF field gradients, or differences in losses between 

the bench and the scanner. These results are, however, sufficient to conclude that future work should focus 

on the use of higher-conductivity inks while avoiding the use of the UV-curing resin. 

CONCLUSION 

This feasibility study demonstrates the potential of utilizing 3D printing technology to fabricate MTL 

resonators for MR in an automated manner directly from CAD data used in simulations. Parallel plate 

capacitors are monolithically integrated and conductors are printed using conductive silver ink. Multiple 

labour-intensive production steps such as soldering discrete capacitors in the traditional construction 

method are eliminated, thus potentially reducing the costs and assembly time of traditional MTL resonator 

fabrication. The initial characterization of the complex permittivity of the printed material yields accurate 

simulations and prevents design iterations. In this feasibility study a low-cost 3D printer is modified to print 

ink, allowing dielectric and conductive portions to be printed with the same machine. Not all 3D printing 

materials are suitable for RF devices, and we found that ABS and PLA have lower losses than the UV-

curing resin at MRI frequencies even though the resin is mechanically superior. These losses are significant 

in the dielectric of integrated capacitors where electric fields are strongest. Nevertheless, the amount of 

dielectric (and thus additional dielectric losses) used in the rest of the resonator can be minimized by 

designing a hollow support structure for the microstrip. Resonators with ink conductors do exhibit lower 

efficiency and SNR compared to those made of copper because of the higher resistivity of the ink. 
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However, this gap in performance is quite limited compared to the wide difference in resistivity, and will 

be mostly eliminated by using inks with lower resistivity. 

Future work includes exploring the high voltage limits of printed MTL resonators, as well as investigating 

materials with lower RF losses and printed tunable capacitors such as those described in Refs. [26, 27]. 

Future work also includes assembling multiple resonators into an array, as well as investigating mechanical 

stability of the assembly, thermal stability under high powers, and gradient eddy current performance. 
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FIGURE CAPTIONS 

Figure 1: a) Rendering of the 3D-printed partially air-filled microstrip coil. Dimensions for shunt and 

series capacitor plates are listed in Table 2. Green represents the polymer dielectric substrate and red 

the conductive material (copper tape or silver ink). Capacitors at both ends provide tuning and 

matching. b) Equivalent circuit model of the MTL resonator with tuning and matching capacitors. 

Figure 2: desktop 3D printer (X-series, Machina Corp) modified to deposit conductive ink. 

Compressed air (pressure of 0.62 MPa) is fed into the dispenser. Uniform flow is achieved by using a 

regulator to maintain an air pressure of 35 to 60 kPa to extrude the ink. 

Figure 3: Printing instructions (“g-code”) for 3D printer modified for ink deposition. The modification 

involves: initial set-up (home coordinates, syringe offsets), layer instructions (polymer extrusion 

disabled), and conclusion (turns heat bed off and ends the job). 

Figure 4: 3D printing of conductive ink on (a) the PLA signal line with capacitors, and (b) ABS ground 

plane and (c) bottom side of capacitors. A skirt is printed on the print bed as a reference for correct 

alignment of the parts. 

Figure 5: Ink deposition process begins with the ground plane, top of the signal line including 

capacitors, and ground connections (walls). The signal line is then flipped to print ink on the bottom 

side of the capacitors. 

Figure 6: Resonators fabricated using the material combinations listed in Table 4. Resonators 1–5 use 

monolithic 3D printed parallel plate capacitors. Resonators with conductive ink are printed on ABS 

(1) and PLA (3). Resonator 6 is built on Rohacell foam as a performance standard for comparison. 

Figure 7: Coronal (a) and sagittal (b) SNR maps of each resonator (see descriptions in Table 4). Images 

are from an 8×15 cm2 FOV for coronal and a 4×15 cm2 FOV for sagittal maps. Higher peak values in 

the sagittal maps are due to orientation and depth of the coronal slices (approximate location shown 

by dashed white lines). The ~13 mm square grid pattern is due to a perforated plastic panel inside the 

phantom.  
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