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Abstract

Additive manufacturing (AM) techniques are used increasingly for the direct fabrication of mi-
crowave devices, such as graded index lenses and dielectric resonator antennas, which have spatially-
varying dielectric properties (i.e. relative permittivity) that are difficult to manufacture using tra-
ditional methods. However, there is no effective method to characterize the spatial distribution of
permittivity within the printed component, either during manufacture or once the component is
complete. Therefore it is not possible to confirm the extent to which the manufactured spatial dis-
tribution of permittivity meets the intended design. We report the integration of a novel split ring
resonator (SRR) surface mapping technique directly into an AM process to make non-destructive
in-line measurements of the local relative dielectric permittivity (e,) within 3D objects as they
are formed. We then reconstruct these data into 3D dielectric “images” of the printed component.
Detailed insights into the dielectric imaging principle, data processing/analysis, as well as limita-
tions and opportunities related to the technique are described. The work aims to accelerate the
design-make-test cycle for advanced microwave devices, and suggests the possibility for real-time,
closed-loop control of dielectric properties during AM.
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e Non-destructive dielectric imaging during additive manufacturing.
e 3D characterization of relative dielectric permittivity within printed devices.

e Integrated, in-line quality control technique for AM processes.



1. Introduction

Despite significant progress in the utility, flexibility, speed and accuracy of additive manu-
facturing (AM) or 3D-printing technologies, a common, un-met requirement described in review
papers and by practitioners is the desire for greater availability of real-time data associated with
the evolution of properties within a printed part [1, 2]. For example, in the case of powder bed
fusion techniques (such as selective laser melting (SLM) that use metallic powders and a laser to
selectively fuse the powder), the in-situ real-time distribution of temperature both at fine scale
in/near the beam/powder interaction volume, and at the macro-scale over the entire developing
three dimensional (3D) object [3-6], is considered useful to understand and ultimately control the
tendency for defects such as voids and pores, stresses and distortion, and surface finish [7]. More
generally, real-time data could be used to: (a) verify the integrity of parts manufactured by AM
(i.e. for quality control (QC) or quality assurance) [8, 9]; and (b) facilitate reactive manufacturing

and to close the loop for dynamic error mitigation by response to live production data [10, 11].

1.1. Characterization of material properties in AM processes

Measurement or metrology systems used in AM processes are generally used to either monitor
the manufacturing system parameters (such as bed/nozzle temperatures, deposition speed or rhe-
ological properties of extrudates [9, 12, 13]), or characterize the properties of the printed part (e.g.
relating to the internal distribution of mechanical material properties [14]). The latter techniques
may be further classified as: (a) in-line/in-situ or ex-situ (e.g. integrated strain sensors [14] or
post-print X-ray tomography (XRT) analysis [15]), (b) destructive or non-destructive [8, 16], and
(c) direct or indirect (e.g. using a proxy such as mechanical impedance for identifying build de-
fects [17]). Different techniques may also be needed for different material classes [18, 19], speed of
measurement (e.g. high-speed optical sensing for material jetting [20] or thermography for electron
beam melting [10]), and depend on the property of interest, such as strain and temperature [21],
tensile properties [22] or surface roughness [23].

In terms of integrating these metrology systems directly into AM processes, challenges include:
(a) spatial restrictions — the physical space available to place sensors in the apparatus, especially
near the deposition/build zone, is often severely constrained; (b) temporal penalty — acquiring
data may be relatively slow so the production rate is undermined; (c) material restrictions — many

characterization techniques are restricted to certain material classes e.g. metals [8, 18]; and (d)
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data analysis — there is limited understanding of the relationships between the properties that can
be measured in the AM environment and the final component properties that are required.

In this paper we investigate the relative dielectric permittivity (e,) of just-printed polymers in
real-time. The local permittivity and its spatial distribution is of interest because ¢, along with
the relative magnetic permeability (u,) control the refractive index (n) of the material according
to n = /g-u,. The spatial control of the refractive index allows the single-operation, direct
fabrication (using AM) of novel optical devices for microwave or radio frequency (RF) applications
[16, 24, 25]. We note that €, may also be a useful proxy measurement of printed properties in
other non-metallic AM applications, for example in detecting printing voids. For the examination
of metallic materials, other parameters are of interest (since €, — oo for metals) and therefore other
probes would be needed, beyond the scope of this work. Although there are various well-known
characterization techniques for measuring ¢,, their incorporation in-line with an AM process has

not been reported, and most are unsuitable for the AM environment.

1.2. Additive manufacturing of radio frequency devices

Microwave or RF devices that rely on the controlled spatial variation of electro-magnetic (EM)
properties include invisibility cloaks, graded index lenses or dielectric resonator antennas [26-29].
However, engineering progress towards realizing such devices has been slow due to the limitations
imposed by conventional manufacturing approaches that are required, for example, to create peri-
odic resonant structures (e.g. metals or ceramics) at sub-wavelength spacing and at large scale [30].
Because AM forms parts incrementally, layer-by-layer, it provides an opportunity to overcome these
conventional limitations by depositing/building different materials at different locations and with
sufficient, sub-GHz wavelength spatial resolution. For example, fused filament fabrication (FFF)
has been used to print selectively in different places a variety of particulate composite materials,
each with a different ¢, to form a graded index lens [16]. Other approaches include inkjet printing
(IJP) or assembly of heterogeneous metal-polymer composites [31]. Moreover, as we show in this
work the layer-by-layer nature of AM can be exploited to allow measurement of each layer, or each
track within a layer, in-line and throughout build [11, 14], and then reconstructing these data in

3D.



1.3. Electro-magnetic characterization techniques

Techniques for characterizing the EM properties of dielectric materials and devices have been
reviewed frequently [32-34] and may generally be classified as: (a) resonant or non-resonant (e.g.
split post dielectric resonator (SPDR) [35] or parallel plate capacitors [36]), (b) free-space or guided
(e.g. scattering patterns [37] or waveguide measurements [38]), and (c) reflection or transmission
(e.g. a 1-port coaxial probes [39] or 2-port striplines [40]). Other attributes of EM characteriza-
tion techniques include: (a) the sampled frequency range (e.g. narrow- or broad-band), (b) the
required resolution, (c¢) sample preparation requirements (e.g. surface roughness/finish or sample
dimensions), (d) the nature or type of the material (i.e. solids, gels or liquids), (e) destructive or
non-destructive (i.e. requiring physical modification/contact with the sampled part), and (f) cost.

Only very few of the available EM characterization techniques may be considered suitable
for easy, direct integration into AM processes. Common limitations include: (a) danger of cross-
contamination and damaging of the printed part through probe contact; (b) the need for controlled
ambient EM environments; and (c) stringent requirements on surface roughness and other geometric
tolerances. Here we select a novel approach to measuring the spatial e, distribution of a solid
surface based on a two dimensional (2D) mapping technique using a split ring resonator (SRR)
[19]. The SRR technique may be classified as resonant, free-space and transmission-based and does
not intrinsically suffer from the limitations (a) to (c) above. The SRR technique is a narrow-band
resonant method, and if the printed material is expected to show permittivity as a strong function

of frequency, other resonant ring sizes (frequencies) could be employed.

1.4. Current work

In this paper, we show proof-of-concept (PoC) for a non-destructive, non-contact dielectric
imaging technique, in-line with an AM process to characterize the spatial distribution of the rela-
tive dielectric permittivity (e,) within a printed part. An in-house developed 2D dielectric imaging
technique based on a split ring resonator (SRR) [19] is extended to operate without physical con-
tact (non-destructive) and is integrated into a bespoke hybrid-AM machine. 2D dielectric “images”
of each printed layer are recorded and processed to reconstruct the relative dielectric permittivity
(e,) distribution in 3D. We suggest how this approach may accelerate the RF device design cy-

cle, facilitate the fabrication of RF devices with complex, useful wave-material interactions, and



form the basis for future work on closed-loop, feedback-controlled AM of parts with heterogeneous

dielectric properties.

2. Materials & methods

2.1. Hybrid additive manufacturing

A Dbespoke, hybrid-AM machine was designed, built and commissioned allowing for up to 9
complementary AM and in-line characterization techniques to be automated into a single, numer-
ical control (NC) operation [41]. The machine is shown in Figure la and key features are labelled
(i) to (v) as follows: (i) an in-house built split ring resonator (SRR) module (see Appendix A.1
for a sub-assembly drawing) connected to (ii) a vector network analyzer (VNA) (ZNB20, Rohde
Schwarz, Germany) and (iii) a computer running custom control software. Multiple (iv) fabrication
modules including fused filament fabrication (FFF) extrusion heads were installed for the purpose
of fabricating multi-material devices on (v) a temperature controlled build platform. The primary
parameters describing the geometry and operation of the split ring resonator (SRR) probe are
shown in Figure 1b and c.

Custom printing software was developed to allow for the simultaneous control of the hybrid-AM
machine and the VNA, i.e. to send, receive and log commands or queries to/from the various micro-
electronic and measurement sub-systems. The software provided a platform to interact with all
system components and also allowed for: (a) debugging of control commands and queries (i.e. the
g-Code), (b) manual machine control (e.g. for calibration purposes), (c) analysis and visualization
of production/characterization data and (d) identification of unusual parameters in case of faulty
system components. A screenshot of the printing host graphical user interface (GUI) is shown in
Appendix A.2.

3D demonstrator components for AM were designed in computer aided design (CAD) software
(SolidWorks 2017) before being exported as surface geometries (STL files). Open source slicing
software (Slic3r v1.3.0) was used to generate a layer-by-layer, machine interpretable code (g-Code),
which was thereafter automatically modified by the printing software (post-slicing modifications)
to reflect calibration values and to include the additional tool-paths necessary to automatically
characterize (using the SRR probe) the component as it formed. AM parts were fabricated using

a FFF hot-end (TitanAero from E3D, UK with a @ = 0.6 mm brass nozzle) using commercially

6



(b) Constant

Description

Af 0.005 GHz
0.55 mm
1 “
10 "
5 “
0.5 "
8 “
0.2 :

+ »na T Q9

Frequency sweep resolution
Air gap in SRR

Thickness of SRR ring
Internal radius of SRR
Width of SRR ring
Ring-sample separation
Probe separation

Layer thickness

Figure 1: (a) A photograph of the hybrid-AM machine showing: (i) the SRR probe connected to (ii) a VNA, (iii) a
control computer, (iv) functional modules including FFF hot-ends and (v) the temperature controlled build

platform. (b-c) The primary geometric and operating parameters used for the SRR probe.




available polymer filament (Natural polylactic acid (PLA) from Spoolworks, UK) with e, = 2.71+
0.06 at print speeds of 30mms~!, and nozzle/build-platform temperatures of 192°C and 40°C
respectively. Consistent with previous work, the &, of printed PLA was assumed to be independent

of temperature over the range used in this study and at frequencies in the low GHz spectrum [42].

2.2. Electro-magnetic characterization techniques

Figure 2 schematically illustrates the operating principle of the SRR probe: (a) two magnetic
field (ﬁ field) probes (RF-R 50-1, Langer EMV, Germany) were placed at equal distance from a
single Cu split ring resonator (SRR), at a separation distance s = 8 mm and connected to a VNA
using flexible coaxial cables (1 m SMA-SMA, Langer EMV, Germany); (b) the probes induced an
electric field (]:j field) across the SRR and its fundamental resonant frequency (fp) in free space
was evaluated by searching for the local maximum in transmission (Sg1) over a frequency sweep
f € [1.5,1.9] GHz at specified resolution Af < 1 MHz; (c) fo was then influenced by the presence
of an introduced material with €, > 1 in the fringing E field across the SRR air gap that resulted
in; (d) a shift in fy that was recorded by the VNA. Finally, (e) contributions related to the sample
e, were isolated from other factors and, (f) by post-processing of the SRR resonant frequency map
fo(X); a (g) spatial permittivity map &,(X) was obtained.

For validation, the intrinsic relative dielectric permittivity of the printed PLA filament was
also measured using conventional Nicolson-Ross-Weir (NRW) waveguide methods according to
[43]. Reflection and transmission data was collected from a 2 mm thick sample (printed using FFF,
100 % infill) which was placed in a rectangular waveguide (No. 18094-SF40, Flann, UK) operating

in mode T'E' o over the frequency range 12 to 18 GHz.
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Figure 2: A schematic illustration of the SRR operating principle depicting: (a) the SRR, (b) the E field in free
space and (c) under the influence of a material €,> 1, (d) the resulting shift in resonant frequency Afo, (e) a
sub-set of parameters influencing the resonant frequency, (f) an equivalent circuit for interpreting the frequency

shift, and (g) the resulting spatial permittivity map.



2.3. Simulation

Full-wave EM simulations of the SRR system were conducted in Comsol Multiphysics. The
geometry of the SRR probe was derived from a CAD model with dimensions comparable with the
experimental set-up shown in Figure 1. The H field probes were modelled as simplified, planar
(2D) rings of @10 mm, equi-distant from the SRR with a probe-probe separation distance s = 8 mm
and lumped port impedances of 502 to model the coaxial, SMA connectors used. The SRR was
modelled as an ideal, perfect electric conductor in free space (without the SRR holder, see Ap-
pendix A.3), and all surfaces were considered to be perfectly flat. The quasi-infinite, spherical
finite elements model (FEM) boundary was defined as a perfectly matched layer (PML). The FEM
mesh size was limited to < \/5, and areas of interest (e.g. between the SRR gap and sample) were
refined by a factor of 4 to provide mesh-independent solutions. The SRR resonant frequency fy
was determined numerically using a coordinate search f € [1.5,3] GHz, maximizing for the port
transmission parameter Sai, i.e. fo at maxz(S21), to an optimality tolerance of Sy 4 < 0.005 (ap-
proximately equal to the nearest 1 MHz to match the VNA sweep resolution used in experiments).
Appendix A.3 shows that the transmittance response So;(f) of the simplified, simulated SRR probe
matched the experimental data closely, with experimental and simulated values of fy matching to

within +2 MHz.
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3. Results and discussion

The key steps involved in measuring the spatial distribution of relative dielectric permittivity
(er) within printed parts were: (i) the resonant frequency (fo) of the split ring resonator (SRR) was
measured (i.e. sampled at discrete locations layer-by-layer and in-line with AM), (ii) a deblurring
post-processing step was applied to enhance the spatial resolution, and finally (iii) an extraction
model was applied to obtain a 3D, spatial &,(X) map of the printed object. Figure 3 schematically
shows steps (i) to (iii) above, alongside corresponding 3D contour maps of experimental data show-
ing the resonant frequency for: (a) an empty build platform, termed f.¢(X), (b) an arbitrary 3D
shape (PLA, 100 % infill), termed fy(X), and (c) the same shape after deblurring, termed fpq(X).
Note that the 3D data presented in Figure 3 is a reconstruction of successive X-Y imaging planes

incrementing in the Z direction.

(a) Empty volume (b) During print (c) Deblurred map
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Figure 3: A schematic flowchart of the steps (i-iii) involved in the non-destructive, in-line dielectric
characterization technique and 3D contour maps of resonant frequency (fo) data for: (a) an empty build fr.s(X)
(free space), (b) during manufacture of the demonstrator object, showing the permittivity contribution of the

printed part fo(X), and (c) the sample data after deblurring foq(X).
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3.1. Measurement — In-line sampled frequency map

Figure 4a shows a photograph of the SRR probe in relation to a printed demonstrator during
the later stages of fabrication. Figure 4b, ¢ and d show raw, unprocessed experimental resonant
frequency data from in-line measurement: (by) is a Y-Z plane in free space showing only the
(weak) permittivity influence of the build platform, i.e. f,.f(X), and (b2) is the same Y-Z plane
but now with the additional contribution/influence of the printed object, i.e. fo(X); (c) is a X-Y
plane of fy(X), and (d) is the reconstructed data in 3D showing the location of the preceding 2D
sections shown in (b) and (c). The local resonant frequency was influenced by: (a) a contribution
from the just-printed part (referred to as peripheral contributions), (b) the native or intrinsic fy
of the SRR probe (described in Appendix B), and (c) other contributions from the overall ambient

environment /system (described in Appendix C).
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Figure 4: (a) A photograph of the SRR probe during operation and (b-d) raw, unprocessed experimental resonant
frequency data from in-line measurements: (b1) a Y-Z plane showing only the contribution of the build platform,
(b2) the same Y-Z plane with additional contributions from the printed part, (c) a X-Y plane of the frequency data

in (b2) and (d) a 3D contour map showing the location of the cross-sections in (b) and (c).
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3.1.1. Peripheral contributions

Permittivity dependence. While both the intrinsic fy of the SRR, and any ambient environ-
ment /systematic contributions were considered to remain constant throughout sampling, the shift
in fy with position, i.e. fy(X) in Figure 4, was attributed to a change in the local environment (i.e.
the peripheral conditions) sampled by the SRR. This arose due to distortion of the fringing fields
associated with the induced E field across the SRR gap (schematically illustrated in Figure 2¢)
when close to materials with a permittivity different from air. This may be interpreted as a change
in total ring capacitance (contribution of Ceys in Figure 2f), and leads to the measured shift in f.
By simulating the SRR close to an ideal, quasi-infinite material with user-specified, varying EM

properties (g, € [1,50]), a logarithmic relationship between fy and e, was established:

8f0 . Me
e, Er

(1)

where M, was a best-fit coefficient dependent on the SRR geometry. Data to support Equation (1)
is shown subsequently in Figure 8b. The non-linearity of Equation (1) shows that with increasing

permittivity, the absolute sensitivity of the technique decreases.

Probe-sample separation distance. Both simulation and experiment showed the SRR resonant
frequency was sensitive to the probe-sample separation distance (¢). Equation (2) below expresses
the relationship between fp and ¢ that was established by simulating a quasi-infinite sample (i.e.

all sample dimensions exceeding the sampling volume size) with ¢, € [1,10] for ¢ > 0.05 mm:

dfo o~ exp(My x ¢")

=0 2
dq qgt-n @)

where n = 0.1 and M, < 0 were best-fit coefficients. Data to support Equation (2) is again shown
subsequently in Figure 8c. In other words, the closer the SRR was to the sample (i.e. ¢ — 0), the
more noticable (larger Afy) the contribution of the sample to the frequency shift (i.e. a stronger
signal). However in practice, when the SRR was too close to the printed part (¢ < 0.2mm),
inevitable surface printing imperfections (e.g. stringing, blobs and zits) came into physical contact
with the SRR, invalidating readings by possible deformation of the SRR. Appendix B provides an
indication of the sensitivity of fy to changes in ring geometry. Therefore, a probe-sample separation

distance ¢ € [0.5,1Jmm was identified as a reasonable compromise between attaining sufficient
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signal strength (dynamic range) while preventing occasional surface undulations from touching the

SRR. The probe-sample separation distance used for all data shown here was ¢ = 0.5 mm.

Surface roughness. Given the comments above, the surface roughness of printed parts using
optimized printing parameters was evaluated using whitelight confocal microscopy (NanoFocus
uSurf) as R, = 0.7 um parallel to the print direction and R, = 6.4 um perpendicular to the print
direction. The effect of typical surface roughness on the SRR signal was therefore considered
to be negligible due to the large difference in roughness length scale when compared with the

probe-sample separation distance (¢) ~ 0.5 mm.

Automatic calibration. Let fy i be the intrinsic resonant frequency of the SRR in free space
and fopeq the resonant frequency of the SRR at a separation distance ¢ between the SRR and the
build platform (see Figure 1c for a definition of ¢). Simulations indicated that for ¢ = 0.5mm,
the shift in fy compared to the native fpqir of the SRR in free space (i.e. the dynamic range
DRyeq = fo,air— fo,ped) should equal DRy.q = 140 MHz. In order to accurately and repeatably reach
the chosen probe-sample separation distance of 0.5 mm in practice, the build platform approached
the SRR in small increments (Z-steps of > 3.4pm) while monitoring the shift in fy. Once DR =
140 MHz was reached, with knowledge of foqir and fopeq, the best-fit coefficients M. and M,
in Equations (1) and (2) could be obtained. Experiments showed that the desired probe-sample
separation distance could be achieved repeatedly to within +5 pum. The calibration process is shown

schematically in Appendix A.4.
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Sampling volume. The signal (fp) recorded at point X was not only influenced by the dielectric
properties of the desired sampling point directly below the ring split, but also by the aggregate
contribution of a large, weighted sampling volume that influenced the E field. Figure 5a shows
the simulated SRR sampling volume, which was approximately hemi-spherical. It is this sam-
pling volume effect that explains the blurring in the fy maps at the object edges in Figure 4.
The sampling volume in Figure 5a was modelled as a distribution directly proportional to the
simulated magnitude of the E field within a dielectric material (i.e. a 3D, point spread function
(PSF) « |E|). The shape/dispersion and in particular the penetration depth (in the vertical Z-
axis) of the sampling volume was a function of the material &, (a higher e, resulted in a more
shallow sampling volume). The sampling volume associated with a SRR operating at wavelength
A ~ 15cm (2 GHz in free space) was approximately A\/11 (i.e. ranging from —7 to 7 mm in the PSF
in Figure 5a). This provided a good estimate of the default spatial resolution of the characteri-

zation technique, i.e. the minimum achievable distance between two fully decoupled measurements.

(a) (b)
Intrinsic frequency
SRR “argma  —Orentanen
Electric field Decired - Radiusr
strength |ﬁ| sampling Peripheral contributions

point — Sampling volume
- Permittivity of sample &,
- Previous layers + bed

— Separation distance q

— Anisotropy of material

— Surface roughness 7,

10 Systematic

0 X [mm] — VNA resolution Af
10 -10 — Spatial accuracy Ay
— Surroundings (bed, frame ...)
Magnitude of PSF — Meshing

I B ——-
Low High
Figure 5: (a) A 3D contour-plot of simulation data showing the sampling volume (linearly proportional to the
magnitude of the induced E field within the sample, i.e. point spread function (PSF)  |E|) for an ideal,

quasi-infinite material with €, = 3, and (b) an overview of the primary factors influencing the resonant frequency

(fo) of a SRR.
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3.2. Deblurring — Improving spatial resolution

To account for the blurring and to enhance the spatial resolution of the resonant frequency map
fo(X) (i.e. step ii in Figure 3), a post-processing method referred to as deblurring was developed
and entailed: (a) the expansion and enhancement of fy(X) in space, (b) 3D deconvolution thereof
using a single, approximated point spread function related to the shape of the sampling volume
shown previously, and (c) contraction of the expanded, deconvoluted map to generate a refined
frequency map fpq(X) matching the original size of fj(X).

To enhance the sampling resolution despite the relatively large PSF (comparable in size with
the object features), it was imperative to taper the edges of the data set. This was necessary
to minimize the ringing effect induced by deconvolution [44]. To preserve information near the
edges of fy(X), the data set was expanded/extrapolated before being tapered. Figure 6 shows an
expanded data-set (prior to deconvolution) and highlights how data from an empty volume scan
(fres in Figure 3), alongside fo qir and fopeq (from the automatic calibration process described in
Section 3.1), was used to extrapolate the data.

The PSF from Figure ba was used to deconvolute the newly expanded, tapered frequency map
from Figure 6 in a single iteration. It should be noted that the sampling volume in Figure 5a was
truncated to consider only the contribution of already printed layers (i.e. the materials beneath
the SRR and the surface of the sample at the time of measurement) and to ignore the contribution
of air above the surface of the sample, resulting in an asymmetric PSF (but more computationally
efficient) where the PSF= 0 for all locations where Z > 0. Figure 7a shows a plot of fy as a
function of X for the X-Z section shown in Figure 7b, indicating the effect of deconvolution in
the resulting maps for fy q(X). With reference to the labels in Figure 7, deconvolution led to: (i)
a reduction in the range of resonant frequency within a single material, and (ii) much improved
dielectric isolation of the build-platform contribution.

To quantify the improvement in spatial resolution due to deblurring, consider the SRR with
resonant frequency fo q;r in free space, and with fy s when in proximity to a large sample (g, > 1
and all dimensions exceeding the size of the PSF). The dynamic range (DR) for this system is
defined as DR = | fo air — fo,s|- We define the spatial resolution of the SRR technique as the step
(in X) required to resolve a 10 % shift in fy when transitioning across a physically sharp interface

between the sample and air, i.e. Afy = 0.1 x DR. Using this definition, for a sample with &, = 10,
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Figure 6: The expansion and enhancement of 3D experimental data (fo(X)) with tapered edges, addition of air and

build platform buffers alongside extrapolation of edges using reference data for an empty scan (fref).
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Figure 7: Deblurring of experimental data showing: (a) various sections of data (raw/unprocessed fo data and

deblurred foq data) at different heights and (b) the location of the X-Z sections taken from the 3D reconstruction.

deblurring achieved a spatial resolution improvement of at least x1.6, from +6.4mm or \/11 to
+4.0mm or A\/18 where X is the resonance wavelength of the SRR. Figure A.5 shows supporting
simulation data to assess the spatial resolution limit of an ideal SRR. It should be noted that the
spatial resolution was dependent on ¢, because the simplified PSF function used in deblurring was

itself related to the fringing E fields of the SRR, which were again dependent on &,.
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3.3. Extraction — Interpreting the resonant frequency

A model to translate the frequency maps to relative dielectric permittivity (e,) maps (i.e. step
iii in Figure 3), while taking into account the SRR probe-sample separation distance ¢, was derived
from Equations (1) and (2). The extraction model is expressed in Equations (3) and (4) below and

is shown graphically in Figure 8:

foa = foair — DR X exp (Mq 5 q0.1) -

DR = M_.In(e,) (4)

where fj qir is the intrinsic resonant frequency of the SRR in free space (see Appendix B), DR is the
dynamic range as a function of relative dielectric permittivity (£,), ¢ is the sample-SRR separation
distance, and M, and M, are sensitivity factors related to ¢ and &, respectively. Combining
Equations (3) and (4) yields:

fo,air — foa

In(er) = M. x exp (Mg x ¢*1) (5)

The extraction model allowed for an extraction curve (i.e. &.(fy) at constant g, see label i
in Figure 8a) to be deduced for any specified experimental set-up. The dynamic range DR in
Equation (4) is a logarithmic best-fit over a sample permittivity range &, € [1,50] and is shown
for ¢ € [0.5,2]mm in Figure 8b. The relationship between resonant frequency fy and probe-sample
separation distance ¢ is shown in Figure 8c.

Figure 9 shows a 3D spatial &,(X) map of a printed demonstrator with deliberately varying local
fill density to provide a range of local €,, between air (¢, 4 = 1) and printed PLA (e, pra = 2.71).
The demonstrator, shown in Figure 9a and b, comprised a 220 mm sphere (100 % infill) centered
within a 40 mm cube (25 % infill). The dimensions of printed features could be deduced from the
g, map in Figure 9¢ and d to an accuracy of £2mm. The average &, measured for the 25 % dense
box around the sphere was 1.46, in excellent agreement with a Wiener’s formula based estimate of
1.43 [45], and suggested a typical accuracy of approximately 5% for materials in this permittivity
range. Although the work in this paper has used PLA only, the FFF process benefits from a very
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Figure 8: (a) A 3D surface plot showing the extraction function for converting SRR resonant frequency foq into
permittivity &, while accounting for SRR probe-sample separation distance g. An indicative (I) extraction curve at
¢ = 1mm is highlighted, alongside (II) the dynamic range DRpeq associated to the build platform and (III) data
points from simulations. Cross-sections highlighting contours at (b) ¢ = [0.5,2]mm and (c¢) &, = [1,5.6,10] are also

shown.
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wide and increasing range of commercial polymer and polymer-composite filament materials, all of

which could be investigated in their printed form using the in-line SRR probe approach.
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Figure 9: Photographs showing (a) a printed object with varying infill density, and (b) the dielectric imaging
module/sensor and object during the later stages of fabrication. Experimental data showing (c¢) the measured
spatial permittivity map e,(X) using SRR measurements of fo only, and (d) a typical X-Z planar cross-section of

er(X).
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4. Conclusions and outlook

The layer-by-layer nature of AM processes presented an opportunity to integrate a non-destructive,
compact surface-based characterization technique in-line with device fabrication. Using data ob-
tained during manufacture, it was straightforward to reconstruct 3D images of the spatial distribu-
tion of relative dielectric permittivity within a printed part. Data was recorded using a non-contact,
sub-wavelength EM characterization technique based on a split ring resonator (SRR). In princi-
ple, the real-time assessment of local material properties could provide a near immediate proxy
for quality control, at least in terms of the permittivity design. The imaging principle and its
limitations have been discussed in detail and proof-of-concept (PoC) experimental data presented.

The methodology shown here could be easily extended to integrate other surface-based tech-
niques in-line with AM processes. In particular, the non-contact/non-destructive nature of the
dielectric imaging technique may offer opportunities for other AM applications e.g. for monitoring
deposition, curing or defects in soft materials, or mapping property changes due to combinations
of materials. However, the resolution of the current technique, even after post-processing, was
insufficient to detect sub-mm features or small printing defects. Where high spatial resolution is
needed, the time penalty from point-by-point scanning over a surface may become significant. For
the parameters and apparatus used in this paper, the time to acquire each data point, including
the time taken to move in X and Y was approximately 1s. However, both constraints are likely
amenable to further optimization through hardware/software improvement.

This proof-of-concept study has shown that there are some generic challenges related to in-
tegrating characterization techiques into AM, and in particular include: (a) the need for open,
accessible control software that readily allows for plug and play sensor integration and data sam-
pling, (b) a greater range of characterization probes compatible with a wider range of materials
and AM processes, and (c) the need for sensor/hardware/software strategies that avoid slow point-
by-point scanning of the printed area. Specifically with respect to 3D dielectric imaging using
a SRR in-line with AM described in this paper, a proof-of-concept demonstration of closed-loop
feedback control, i.e. immediately responding to potential (relatively large) printing defects, could
now be realistically considered. The investigation of other EM material properties, such as the di-
electric loss tangent, may be considered by, for example, relating the quality factor of the resonant

transmission signal Sa; to the loss tangent in an analogous manner to the method described in this
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paper for relating fy to e,. Furthermore, increasing the operating frequency of the SRR system
(i.e. using a smaller ring) will lead to improved spatial resolution and may allow the detection of
smaller printing defects. The resonant ring dimensions used here were primarily for convenience
derived from our prior work on developing the SRR concept [19] and for proof-of-concept, while
Appendix B describes how the geometry can easily be varied to explore different frequencies and

spatial resolutions.
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Appendices

A. Supplementary figures

A.1. Split ring resonator module

6 4 3 2 1
e PART NUMBER DESCRIPTION Supplier Qry.

1 |M_SRR2_SA_Coax Probe Near-field H probe (co-axial) | P-Langer RF-R 50-1 | 2
2 |M_SRR2_VerticalBar Vertical bar for probe support M-STORES 1
3 |M_SRR2_Support Clip Support clip for probes M-PRINTED IN LAB 1
4 |G_M_Kanya Smaill L-Bracket| Small connector bracket Kanya P-KANYA 1
5 |M_SRR2_Horizontal Bar Base plate for SRR2 module M-STORES 1
6 |M_SRR2_SRR Holder Holder for SRR M-PRINTED IN LAB 1
7 [M_SRR2_Split Ring Split ring resonator (SRR) M-STORES 1
8 |M_SRR2_ProbeChuck Chuck for near-field probe M-PRINTED IN LAB 2
9 |Washer 1SO 7089 - 5 M5 Washer P-RS 525-931 2
10 |Washer ISO 7089 - 3 M3 Washer P-RS 189-620 2
11 [ISO 4762 M5 x 16 - 16N M5 x 16 Socket head P-RS 281-085 2
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Figure A.1: Engineering drawing of the SRR module sub-assembly.
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A.2. Hybrid additive manufacturing application
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Figure A.2: Screenshot of the GUI for the hybrid-AM app showing (i) the status dashboard and activated
functional modules, (ii) connected devices, (iii) module specific tabs for inputting parameters and (iv) live 3D

contour plots of the SRR data during print.
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A.8. SRR transmittance response
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Figure A.3: A comparison of the transmission parameter Sz; between (a) simulation and (b) experiments for a
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A.4. Automatic calibration of SRR probe-sample separation distance
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Figure A.4: (a) The influence of probe-bed separation distance ¢ on the SRR resonant frequency and (b) a

screenshot of the control software GUI for initiating the automated SRR calibration process.
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A.5. Deconvolution

(a) (b)

[ SRR

\

Extrapolated Data recorded Extrapolated :
T mm Simulation data L s : Sampling
- — Extrapolated & tapered H ‘ / volume

—— Deconvoluted i

1.95 - A
& =1
"% 10%ofDR ]
1.9+ &

Sample permittivity &,

N
T
2 -
< :
> 1.85 o o (<)
2 ° =
S 2 Spatial N 05
g c resolution ©
&= o g
-~ 18 = £ X [t
& S =z 0
5 2 -10 -5 0 5 10
o
g (@)
& 175 (d)
Spatial
& =10 resolution in X - MMl + [mm]
1.7
Simulation 5.9 7.8
Deconvoluted 3.5 4.5
1.65 . - 1 L I 1 I |
-40 -30 -20 -10 0 10 20 30 40

Distance from step b [mm]

Figure A.5: (a) Simulation data showing the spatial resolution limit of the SRR in the x-axis, (b) a schematic of

the experimental setup used for simulation, (c) the PSF used for deconvolution and (d) an indication of the impact

deconvolution had on spatial resolution.
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B. Geometric factors influencing the intrinsic resonant frequency of a SRR

The intrinsic resonant frequency of the SRR (i.e. fo for an ideal, singly split ring resonator
in free space with permittivity and permeability 9 and pg respectively, excluding any peripheral
contributions) may be modelled as an equivalent electronic L-C' circuit as expressed in Equation (6).
The total capacitance of the resonating system Cy is given by Equation (7): the sum of the
parallel plate capacitance Cgqp (across the air gap), and the capacitance of the SRR surface Cying.
The magnetic inductance L as well as Cgqp and Cing may be expressed analytically from [46],
see Equations (8) to (10), as a function of geometric SRR parameters (ring width w, thickness
h, internal radius R and air gap g, defined in Figure B.1b). Figure B.1 shows a plot of the
analytical equations for geometric parameters comparable to those used for the in-line dielectric

characterization technique. R, was defined as the average radius of the SRR (R, = R+ w/2).

1

air — L —— 6
fo, 271'\/@ ( )

Ctot = Cgap + Cring (7)
hw
Cyap = €0 (g> +eo(h+w+g) (8)
h+w 4R
Cm'ng = 260 |: . In <g>:| (9)
S8R 1
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g 025 mm Airgap
h 1 “  Thickness
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Dimension [mm] *Schematic in (b) from Sydoruk et al., 2009

Figure B.1: (a) The intrinsic resonant frequency (fo) of a SRR in free space as a function of geometric parameters,

(b) definition of geometric parameters (schematic from [46]) and (c) default geometric parameters used.
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C. Considerations related to the SRR system

The control system (e.g. meshing distribution/density and NC parameters) as well as the cali-
bration of the SRR system (e.g. mechanical offset, perpendicularity to the probe to the print-bed)
influenced the quality of 3D SRR measurements (i.e. the raw data: f,.;(X) and fo(X) in Figure 3).

Meshing. A series of time-saving measures, shown in Figure C.1, were implemented in the au-
tomated meshing process to speed up the sampling: (a) a coarse, 9-point mesh and skipping of
sampling layers for the empty volume scan f,.(X), and (b) a variable mesh density with a high
resolution core (where the print part was) and a coarse perimeter. To generate a map with uniform
denisty, data points were interpolated using a spline algorithm. Applicable metadata (e.g. the size

and location of the printed part) was automatically extracted from the g-Code.

Electro-magnetic shield and equivalent bed permittivity. The build platform was comprised
of a glass plate (4mm thick borosilicate glass, e,= 4.6 [47]), a heated silicone bed with internal
electronics (heaters, sensors, wiring) and mechanical fixtures, (Al bars, insulation material, etc.).
Figure C.2a shows that the recorded fy was noticably influenced by the silicon bed and fixtures
which may be interpreted as unwanted background noise (~ 25 % of the dynamic range D Rpeq for
gr € [1,5]). An EM shield (Cu foil) was inserted between the silicon bed and glass plate to reduce
this effect (see Figure C.2b). The introduction of Cu with very high relative dielectric permittivity
(er— 00) and the influence this had on the reference frequency fjpeq was considered. To simplify
the extraction model, the build platform was considered to have an equivalent permittivity of

er= 5.6 (see Figure C.3).
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Figure C.1: Schematic illustration of the meshing process.
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Figure C.2: Experimental data for an XY-scan of SRR resonant frequency fo for an empty build-plate showing: (a)
build plate, consisting of a glass plate and heated bed, not parallel to build-plate motion, (b) the addition of a

copper shield as electric conductor and (c) build plate with copper shield parallel to motion.
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Figure C.3: (a) Simulation data showing the resonant frequency (fo) as a function of separation distance ¢ for (b)
various build-plate configurations: (i) a borosilicate glass plate with a Cu shield and (ii) a simplified build platform

of quasi-infinite thickness with an overall equivalent permittivity of €, = 5.6.
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