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ABSTRACT: The superior mass sensitivity of micro-coil technology in Nuclear Magnetic Resonance (NMR) Spectroscopy provides 
potential for the analysis of extremely small mass-limited samples such as eggs, cells, and tiny organisms. For optimal performance 
and efficiency, the size of the micro-coil should be tailored to the size of the mass-limited sample of interest, which can be costly as 
mass-limited samples come in many shapes and sizes. Therefore, rapid and economic micro-coil production methods are needed. One 
method with great potential is 5-axis Computer Numerical Control (CNC) micro-milling, commonly used in the jewelry industry. 
Most CNC milling machines are designed to process larger objects and commonly have a precision >25 µm (making the machining 
of common spiral micro-coils, for example, impossible). Here, a 5-axis MiRA6 CNC milling machine, specifically designed for the 
jewelry industry, with a 0.3 µm precision was used to produce working planar micro-coils, microstrips, and novel micro-sensor 
designs, with some tested on the NMR in less than 24 hours after the start of the design process. Sample wells could be built into the 
micro-sensor and could be machined at the same time as the sensors themselves, in some cases leaving a sheet of Teflon as thin as 
10 µm between the sample and sensor. This provides the freedom to produce a wide array of designs and demonstrates 5-axis CNC 
micro-milling as a versatile tool for the rapid prototyping of NMR micro-sensors. This approach allowed the experimental optimiza-
tion of a prototype microstrip for the analysis of two intact adult Daphnia magna organisms. In addition, a 3D volume slotted tube 
resonator was produced that allowed for 2D 1H-13C NMR of D. magna neonates and exhibited 1H sensitivity (nLODꙍ

!""= 1.49 nmol 
s1/2) close to that of double striplines, which themselves offer the best compromise between concentration and mass sensitivity pub-
lished to date. 

INTRODUCTION  
The medical field have recently identified 

environmental exposure as the predominant cause of 
many neurodegenerative diseases including links to 

heavy metals, pesticides and other environmental 
factors,1–4 however exact causes are still not clear. 
Similarly, in environmental research there is a need to 
better understand “why” chemicals are toxic.5 Present 

mailto:andre.simpson@utoronto.ca


 

environmental policies are commonly based on apical 
endpoints such as death, movement and reproduction, but 
provide little information on sub-lethal impacts, toxic 
mechanisms or synergistic effects.6,7 In vivo NMR is 
evolving as a powerful technique to help fill these gaps in 
knowledge.8 The living organism arguably represents the 
“ultimate biosensor” responding in real-time to its 
environment, while the NMR spectrometer “interprets” 
the biochemical changes, providing information to help 
explain sub-lethal toxicity at the molecular level.8–15 

In environmental research, understanding toxic 
impacts and responses in eggs and neonates from aquatic 
organisms is of paramount importance. For example, 
keystone species such as D. magna consume algae and 
are in turn eaten by fish.16 As such, if they are impacted 
by a toxin and disappear, there is potential for the entire 
ecosystem to collapse. In times of environmental stress 
(low oxygen, cold temperature, lack of food, etc.) 
Daphnia reproduce sexually and produce resting eggs.17 
These are deposited into the sediments and can remain 
viable for decades (only hatching when ideal 
environmental conditions return).17 In this way, the 
species can outlast environmental changes (winters, 
droughts, longer term climatic shifts, etc.). However, if 
anthropogenic toxins eradicate these reserve egg banks 
the implications could be catastrophic for the 
ecosystem.17 Unfortunately, toxic impacts in “static” eggs 
are extremely challenging to study using conventional 
apical indicators such as death, movement, and 
reproduction. Similarly D. magna neonates (<24 hrs old) 
have been shown to respond differently to contaminants 
compared to adults18 and thus more in depth molecular 
information is needed for this particularly at risk age 
group.  

While NMR provides unique information as to the 
chemical composition of living systems, the small size of 
eggs and neonates make them very challenging to study 
using conventional 5 mm NMR probes.15 However, 
micro-coil NMR offers vastly improved mass sensitivity 
(ideal for tiny specimens such as eggs).19 Recently, 
Fugariu et al.19 showed that matching the diameter of 
micro-coils to the sample of interest could increase signal 
by 100’s, even 1000’s of time. Given that eggs, neonates, 
and small organisms come in a range of shapes and sizes, 
for optimal NMR detection there is a need to develop a 
diversity of size-matched micro-coils in a rapid and cost-
effective manner.  

Single sided planar micro-coils and Helmholtz micro-
coils are commonly produced through electroplating Cu 
onto a Cr/Au seed layer on a glass substrate (with a 
photoresist mould guiding the electroplating of the 
turns).20–22 With some exceptions, mainly for research,23–

28 the vast majority of commercially available NMR 
micro-coils are made in clean rooms via multi-layer 
deposition20,21,29–31 and while exquisitely precise, are 
expensive and time intensive to construct.  

An alternative approach involves CNC micro-milling, 
which so far has been used to produce various larger 
planar NMR coils (11.1 mm to 17.1 mm)32 as well as 
larger microstrip designs27 that don’t require micron-level 
precision to produce. However, the majority of CNC mills 
are made to process larger objects and commonly have a 
precision and repeatability of 25 µm or more, which 
makes the machining of spiral micro-coils that commonly 
have copper channels with spacings of 20-30 µm 
impossible.19,20,29 Interestingly, the jewellery industry 
requires high precision to produce 3D objects (both for 
direct milling of jewellery and making castable moulds), 
and a range of high precision 5-axis micro mills were 
developed at reasonably affordable prices. For example, 
the mill used in this research has a precision of 0.3 µm 
and cost ~$40K USD to deliver and install (roughly 
analogous to 3-4 commercial micro-coils). The 5-axis 
CNC micro-milling technique discussed here has the 
capability to manufacture both planar and 3D volume 
micro-coils with much smaller dimensions and, to the 
authors knowledge, has yet to be applied within NMR 
micro-coil development.  

 

 
Figure 1. The MiRA6 CNC milling machine (top, left) used in this 
study (photo used with written permission from NSCNC 
manufacturing LTD). This machine can handle milling bits down 
to 5 µm in diameter. An electron microscope image (bottom, left) 
of a Performance Micro Tool micron series milling bit next to a 
human hair (used with written  permission from Performance Micro 
Tool). Examples of coils/sensors machined in this present study 
include a spiral coil33 (top, middle, 16 turns with 40 µm wide 
copper and 60 µm spacing), as well as a microstrip34 (centre, 3 mm 
length and 150 µm width). A sample well can also be milled as the 
coil is made with a thin PTFE membrane separating the coil from 
the sample (bottom, middle). Pins on the micro-coil and micro-
sensors are inserted into contacts at the top of a modified Bruker 
TXI probe body (right). A microstrip is shown as an example and 
the z-gradient was intentionally moved to the side. The green arrow 
shows a hole within the custom gradient helping ensure proper 
positioning of the detection coil within the probe.  

 
In this study, the feasibility of using both 3-axis and 5-

axis CNC micro-milling in the production of working 
planar and 3D volume micro-coil/micro-sensor 
technology was tested. A series of previously published 



 

planar micro-sensor designs20,34 along with some novel 
designs were manufactured to demonstrate the capability 
of using CNC micro-milling for NMR micro-coil 
development. In addition, a series of microstrip designs34 
were optimized for analysing 13C-labelled D. magna 
adults as well as a slotted-tube resonator (STR)35 for the 
study of neonates. It was found that cavities and sample 
holders could be made from copper/Teflon sheet at the 
same time as the coils were made. As such, it was possible 
to simulate, mill, tune/match, and test micro-sensors on 
the NMR all within 24 hours, demonstrating the potential 
of 5-axis CNC micro-milling in rapid prototyping of 
micro-coil and micro-sensor technology.  

 
EXPERIMENTAL METHODS 
CNC Milling. All copper-plated Teflon (CuFlon®) 

used in this study was purchased from Crane® Polyflon 
and had a copper thickness of ½ Oz/ft2 (~17.5 µm thick) 
as well as a PTFE dielectric thickness of 1/16” (~1.588 
mm). The material is 100% PTFE dielectric with no 
fillers. Printed Circuit Boards using a 18 µm copper 
thickness were previously used to build extremely 
sensitive resonator designs.27 All milling bits/drill bits 
that were used in this study (ET-5-1250-F, ET-5-0312-F, 
ET-4-0156-C, 100M2X300S, 50M2X150S, and KT-
0200-R) were purchased from Performance Micro Tool. 
3D models of each micro-coil/micro-sensor were 
constructed using Rhinoceros 5®. G-code Tool Paths 
were programmed using the plugin MadCAM® and 
executed via the NSControl software on the MiRA6 CNC 
milling machine.  

For planar coils/sensors, the 3-axis mode of the 
MiRA6 was mainly used for milling, although the 4th axis 
and 5th axis were used to orient the part as needed.  

The full 5-axis mode of the MiRA6 was used to mill a 
3D volume STR design adapted from Benabdallah et al.35 
(with 0.8 mm spacing from a copper tube with a 1.270 
mm O.D. and a 0.813 mm I.D.). To connect this STR to 
the rest of the probe network, an adapter was made from 
CuFlon®. This board contained groves with precise 
depths and pads that allowed the resonator to be 
accurately positioned and soldered in place. For this 
resonator, samples were placed in a thin walled glass 
capillary purchased from Hampton Research with either 
a 700 µm O.D./680 µm I.D.  (Cat: HR6-164), 500 µm 
O.D./480 µm I.D. (Cat: HR6-160), or a 100 µm O.D./80 
µm I.D. (Cat: HR6-152) and then inserted into the STR. 

After milling, the milled resonators were tuned and 
matched using non-magnetic ceramic capacitors from 
American Technical Ceramics and Knowles (purchased 
from Digi-key). See Figure 1 for how the completed 
sensor connects with the rest of the modified Bruker TXI 
probe body. CNC milling and Simulation paramiters are 
described in greater detail within the Supporting 
Information. 

NMR Experiments. All experiments were performed 
using a 500 MHz Bruker Avance III NMR Spectrometer 
and Topspin 3.5 pl7 was used for data collection. Data 
analysis was performed using both Bruker’s Topspin 3.5 
and ACD labs Spectrus Processor version 2018.1.1. NMR 
experimental paramiters, samples used (including 
biological samples), and methods for metabolite 
identification are described in detail within the 
Supporting Information. 

 
RESULTS AND DISCUSSION 
Demonstration of Planar Micro-coil and Micro-

sensor Construction using CNC Micro-milling. To 
demonstrate the ability of CNC milling to produce micro-
coils/micro-sensors, four single sided planar designs (two 
published and two unpublished) were milled using the 3-
axis mode of the MiRA6. This included a 3 mm long and 
150 µm wide microstrip that was adapted from Chen et 
al.34 and a 1000 µm I.D. planar micro-coil that was 
adapted from Massin et al.20. Two novel designs (inspired 
by the microstrip34 and micro-slot designs36) were also 
created to demonstrate the capability of micro-milling for 
rapid prototyping of new sensor designs. One design was 
an array of five parallel 0.2 mm wide strips (spaced 0.1 
mm apart) with an overall length of 7 mm and overall 
width of 1.4 mm (named a “Parallel Array” here). The 
other design contained a staggered array of 0.5 mm long 
and 0.1 mm wide slots (spaced 0.2 mm apart) with an 
overall length of 7 mm and an overall width of 1.7 mm 
(termed a “Staggered Slot Array” here). All designs are 
illustrated in Figure 2 (left column). 

 

Figure 2. The micro-coil and micro-sensors produced using the 3-
axis mode of the MiRA6 (left). Black bars are scaled to 1 mm. The 
images for the Parallel Array and the Staggered Slot Array were 
magnified intentionally to highlight the structural features. Each 
sensor was used to analyse a 100 mM Sucrose solution (in H2O) 
within a 500 µm O.D. glass capillary with 10 µm walls (right, 256 
scans).  



 

Sample well design is considered in the next section, 
here to simply demonstrate the feasibility of NMR data 
collection a 500 µm O.D./480 µm I.D. capillary was filled 
with 100 mM Sucrose and secured over each coil/sensor. 
As shown in Figure 2 (right column), all sensor designs 
were able to obtain a 1H NMR spectrum of Sucrose. The 
3 mm microstrip provided the highest total SNR for the 
sucrose signal. When corrected for the volume of the 
sample over the active region, both the planar micro-coil 
and the 3 mm microstrip provided a similar SNR per µL 
of sample. This is consistent with the literature that has 
shown both these designs to be extremely sensitive.30,34 
The lineshape, however was slightly better for the 3 mm 
microstrip compared to the planar micro-coil. This is 
likely due to the length of coil/sample which in this case 
is much larger than the width (allowing for easier 
shimming using Z orientated shims systems).37 

Although the Parallel Array and the Staggered Slot 
Array exhibited the worst SNR for sucrose, they provided 
the most sinusoidal nutation curves (see Figure S1), 
demonstrating that these designs have the most uniform 
B1 field across the entire sample.19 This is due to the 
Parallel Array and Staggered Slot Array having a larger 
excitation area than the planar micro-coil or 0.15 mm 
wide microstrip (thus the B1 field penetrated the entire 
sample volume). Conversely, the much smaller microstrip 
and micro-coil excite only a smaller volume of the 
sample. These smaller coils show a reasonable “90o” 
pulse because as the pulse length is increased both the flip 
angle increases along with the penetration of the coils 
stray field further into the sample. However, as the pulse 
is increased further, spins far from the coils surface only 
receive a weak RF field (<50% of RF field strength 
compared to the coil surface) and thus do not undergo 
inversion leading to poor nutation performance. Indeed, 
this was reported previously when smaller coils were used 
to excite a much larger sample.19 In summary, these 
introductory prototypes show that CNC micro-milling 
has potential for creating working micro-coils and micro-
sensors for use in NMR spectroscopy.  

Optimization of Sample Well Geometry. As 
mentioned previously, CNC milling can simultaneously 
create the sample well at the same time the micro-sensor 
is made. In the case of the CuFlon® material used here 
(pure PTFE coated with copper), this is advantageous as 
the sample holder/well can be machined directly into the 
PTFE layer (which has high chemical compatibility and 
no spectral background in 1H NMR).38 By making the 
PTFE layers between the sample and coil/sensor as thin 
as possible, filling factor and signal can be improved. 
Although the MiRA6 has a positioning resolution of 0.3 
µm, a spindle runout (inaccuracies that cause a tool to 
deviate from the ideal axis) of ~1 µm remains an issue. 
Therefore, in theory it should be possible to machine 
down to PTFE layers approaching 2 µm. However, in 
practice the PTFE tends to tear from the shear forces 
exerted from the milling bit when it gets extremely thin 

as well as the remaining PTFE membrane becoming 
easily ruptured during everyday use. As such, we have 
found a Teflon thickness of 10-30 µm to be the best 
compromise for robust manufacturing and good SNR 
while being sturdy enough for everyday use.  

With the ability to create the sample wells using 5-axis 
milling it is possible to create various size and shaped 
wells to optimize signal. To demonstrate this, three 
microstrips (3 mm length and 0.15 mm width) were 
milled each having a different well design/shape. One 
was a 500 µm diameter capillary well that was drilled 
from the top of the sensor down to the bottom of the strip 
(behind the strip), leaving a 10 µm PTFE layer between 
the sample and the strip. Another design had a 2 mm x 3 
mm rectangular well and the third design had a 3 mm 
diameter circular well, both milled from the back so the 
wells were directly behind the strip (see Figure 3). For 
both the circular and rectangular designs, the larger 
surface area of the thin membrane made it difficult to mill 
to 10 µm thickness. Instead, a 30 µm PTFE layer between 
the sample and the strip was left which could be 
reproducibly matched without tearing. As shown in 
Figure 3B/C (middle column), the Teflon is so thin after 
machining the microstrips can be seen through the 
membrane from the back of the device.  

A 100 mM Sucrose solution in H2O was used to test 
the sensors’ performance. As shown in Figure 3, the 
microstrip with the capillary well provided the best 
lineshape in part due to the long thin vertically oriented 
sample being most amenable to shimming37 as mentioned 
above. Magnetic susceptibility distortions introduced by 
the wider shape of the sample39 also likely contributed. In 
this case the sample is introduced directly into the Teflon 
channel and an additional glass capillary is not required. 
The round and rectangular sample wells (Figure 3B and 
3C respectfully) provided a reduced lineshape but are still 
important designs as they match the size of many small 
aquatic organisms. In turn, as the 1H lineshape for living 
organisms is relatively wide (rarely less than ~50 Hz, ~0.1 
ppm at 500 MHz)9 due to magnetic susceptibility 
distortions, 2D 1H-13C NMR is commonly required for 
the discrimination of metabolites.13,14 Indeed, the 
lineshape for the square and round well for sucrose is 
~25-50Hz (already better than the natural lineshape of 
intact organisms). As such, while the capillary well will 
have clear advantages for dissolved homogeneous 
samples, the round and rectangular well designs would 
work for inhomogeneous living samples such as D. 
magna or Hyalella azteca (commonly used for toxicity 
testing but are too large to fit inside narrow 
capillaries).10,40–42  

 



 

 
Figure 3. Three 3 mm long and 150 µm wide microstrips were 
milled each with different sample well geometries (left). Capillary 
(A), circular (B), and rectangular (C) well geometries are shown. 
The green boxes highlight the microstrip regions (left column), and 
the sample wells (middle column).  Each microstrip was used to 
analyse a 100 mM Sucrose solution in H2O (right, 256 scans). 

 
Figure S2 shows the nutation curves for different 

sample wells. In the case of the capillary well, as the 
sample is restricted within the more homogeneous region 
at the microstrip surface the capillary design shows the 
best nutation curve (i.e. shorter 90o pulse and improved 
inversion).19,34,39,43 However, the nutation curve is far 
from ideal, explained by the fact the capillary used here 
is 0.5 mm in diameter over a microstrip that is only 150 
µm wide. The nutation curves for the round and 
rectangular wells are even worse as their larger sample 
size lead to an even smaller percentage of the sample 
being within the region close to the microstrip surface that 
receives a more homogeneous B1 field.   

One limitation for micro-drilling the capillary for the 
sample well is that there is a limit on the length/width 
ratio of the micro drill bits that are available. For example, 
at Performance Micro Tool the longest available 300 µm 
diameter wide bit is only 7.1 mm long and the longest 
available 150 µm diameter wide bit is only 3 mm long. 
As such, there are some restrictions for drilling very long 
thin capillaries. Other options could be to 1) drill the 
capillary as a “channel” from the rear, 2) or in some cases 
(dimensions permitting), use a longer and wider bit to 
open up access to the sample location and then use the 
fine bit to form the sample well.  With the caveats noted, 
the versatility from forming the coil and sample well at 
the same time allows for the optimization of specific 
sample geometries as needed. This is important as 
matching the sample size and geometry of the well/coil is 
critical and can increase mass sensitivity by many orders 
of magnitude for microscopic samples vs. using off the 
shelf standard 5 mm NMR probes.19  

Microstrip Optimization for D. magna. When 
developing micro-coil NMR, researchers often have 

target samples in mind. In the case of intact biological 
samples, these have a predefined sample size and shape. 
In aquatic toxicity studies, D. magna are the most 
commonly studied organisms.40–42 Due to the magnetic 
susceptibility broadening in the 1H NMR, 2D 1H-13C is 
often used in combination with 13C enrichment for both 
ex vivo and in vivo metabolic profiling in Daphnia.11–

14,44,45 Commonly, for such studies 20 adult Daphnia are 
used in a 5 mm flow cryoprobe system.11 However, given 
that 13C enrichment of whole organisms is very expensive 
and in vivo exposure trajectories need to be repeated 
numerous times (including controls) for statistical 
analysis11 studies require large cultures that are both 
challenging and expensive to maintain. However, if 
metabolic screening could be performed using fewer 
organisms using micro-coil NMR it drastically reduces 
the cost critical to implement in vivo toxicity screening on 
a routine basis. As adult Daphnia are around 1.5-2 mm in 
diameter, a 4 mm x 2 mm well was chosen to 
accommodate two adult organisms. In turn, given the high 
sensitivity of microstrips34 and the fact they match well 
with elongated samples they were chosen for 
experimental optimization. Note the goal is not to design 
the absolute best coil for D. magna per se, but instead 
demonstrate how micro-milling can be used to rapidly 
prototype coil geometry given a fixed sample size and 
coil design. 

 
Figure 4. Four 7 mm long microstrip prototypes were produced 
each containing a 2 mm x 4 mm well (large enough to hold two D. 
magna organisms). The SNR for the sucrose signals (3-4 ppm) are 
reported (32 scans).  

 
Figure 4 shows four different microstrips over a 

consistent sample well (all with a 2 mm width, a 4 mm 
length, and 1.58 mm depth). The length of the strip was 
set to 7 mm and the copper on the back was grounded to 
allow the RF to penetrate further into the sample.34 The 
width of the strip was varied for each microstrip (2 mm, 



 

1 mm, 0.5 mm and 0.2 mm) with the spacing around the 
strip set at half the strip width. While a smaller gap width 
reduces susceptibility distortions, it also reduces 
sensitivity because the magnetic field lines have to 
squeeze closer together, causing larger eddy currents and 
thus losses. Therefore, as the strip lines are scaled down, 
the percentage of losses due to these eddy currents, as 
well as the line width (B0), will remain the same. A ratio 
of half of the strip width was used to be consistent with 
previous studies27,46 which identified this ratio to be a 
good compromise between sensitivity and resolution for 
1H spectroscopy. 

All B1 field simulations for these microstrips are 
shown in Figure S3. While the B1 field for wider 
microstrips penetrate further into the sample, the 
narrower microstrips produce a more intense localized B1 
field close to the surface as such it is hard to predict 
exactly from simulations which will give most signal in 
the relatively large sample well required to accommodate 
two Daphnia. 

Experimental 1H NMR results show that the largest 2 
mm strip indeed provided the highest SNR for the set 
sample size but only ~17% more than the 1 mm strip with 
the 500 µm strip not far behind. The smaller strips (500 
µm and 200 µm) produce improved lineshape due to 
improved shimming in the smaller excited region. Figure 
S4 shows the nutation curves improve as the strip width 
increases due to more of the sample being uniformly 
excited.19 As such, from 1H NMR data and simulations 
alone the 2 mm strip (which matches the sample well 
width) would be the obvious choice. However, in practice 
when double tuned and used for a 1H-13C HMQC it was 
found that the 2 mm microstrip required >100 W for the 
adiabatic inversion on the 13C channel vs. only 27 W for 
the 1 mm microstrip. Considering the probe body is a 
prototype provided by Bruker without peak RF handling 
limits, it was decided to err on the side of caution and use 
the 1 mm design rather than the 2 mm design for the 
analysis of D. magna. This result is interesting as it 
demonstrates that while simulations and precedent19 
suggest matching the coil size to the sample will give 
optimal signal, the ability to quickly and affordably build 
prototypes can provide key practical insights that are hard 
to predict. This is especially important given that micro-
coils are traditionally manufactured using multilayer 
technologies in dedicated clean rooms that can be very 
expensive and take months to complete.20,29 In 
comparison, here it was possible to design, mill, and 
match/tune a microstrip within 24 hrs once the process 
was optimized.  

 

 
Figure 5. Two uniformly 13C-labelled D. magna adults were 
analysed using the optimized microstrip design. A total of 22 
metabolites were able to be identified using Bruker’s Bioreference 
Software Database. Results from a study by Fortier-McGill et al.47 
was used to identify Triglycerides (TAG). A photo of a D. magna 
adult is also shown.  
 

Figure 5 shows a 1H-13C HMQC of two intact 13C-
labelled adult D. magna acquired using the 1 mm x 7 mm 
microstrip. The organisms were placed into the holder 
alive but died during the 16 hr analysis. In the future, flow 
capabilities should be integrated into the micro-coil 
designs in order to supply the organisms with food and 
oxygen to keep them alive.11 However, the results are 
highly encouraging, and a range of metabolites can still 
be assigned from only two Daphnia (~200 µg dry 
weight). Indeed, the number of signals and metabolites 
are very similar to those identified using 5 mm 
cryoprobes and using 10 times as many organisms.14,15 As 
such, it is clear micro-milled micro-coils perform very 
well and have practical applications for mass limited 
samples.  

Volume vs. Surface Coils. Thus far all the coils made 
are two-dimensional and can be manufactured using only 
a 3-axis milling machine (i.e. X/Y/Z movements). 
However, it is also feasible to make 3D volume coils if all 
5 axes (X/Y/Z/A/B) are used. To the authors’ knowledge 
to date, the best balance between mass and concentration 
sensitivity was achieved by Finch et al.27 using a double 
stripline design. Here, the idea was adapted but instead of 
making the pieces as separate parts and then constructing 
the 3D device in layers, the device was machined as a 
single piece such that it roughly resembles a slotted tube 
resonator (STR).35,48 For simplicity, the resonator was 
milled from a copper tube, but could be machined from a 
solid copper rod (or block) if required.  

 



 

 
Figure 6. An STR (A) was produced with the intention of analysing 
mass-limited biological samples. A CAD drawing of the STR (with 
the B1 profiles produced using Feko) is also shown (B). The black 
contour represents the 90% RF field lines for the STR. HMQC 
experiments were performed on a 1 M 13C-D-Glucose solution (in 
D2O) using both the STR (C) and the previously described 1 mm X 
7 mm microstrip (D). The resulting spectra closely resembled what 
was provided by the Bruker Bioreference database. For the 
microstrip, the sample was contained in a 2 mm x 4 mm x 1.58 mm 
well while the sample for the STR was contained within a glass 
capillary with a 500 µm O.D. and 10 µm glass walls. 
 

Similar to the Finch et al.27 design, the B1 field 
between the two plates is highly concentrated and 
uniform between the plates. As such, the nutation curve 
produced by the resonator provides improved inversion 
important for 2D NMR (Figure S5). In turn, the SNR per 

µL of sample produced in 1H-13C HMQC is excellent and 
increases 5-fold over the single sided microstrip (see 
Figure 6). This is predominantly explained by the 
complete and uniform penetration of the B1 field 
throughout the sample for the slotted resonator design (a 
comparison of the B1 profiles for the two micro-sensors is 
shown in Figure S6). In a previous study it was shown 
that 80% of the signal was lost when complex multiple 
pulse experiments were applied to single sided surface 
coils due to RF inhomogeneity.19 Indeed a similar value 
of 80% loss was observed here for the sample run on the 
single sided microstrip vs. the STR.  

Sensitivity Comparison. Arguably the most practical 
NMR micro-sensor published to date is the double 
stripline design by Finch et al.27, which shows the best 
combination of concentration sensitivity and mass 
sensitivity to date. Following the method for measuring 
sensitivity outlined by Finch et al.27, 150 mM Sodium 
Acetate was used as a test sample. Figure S7 shows an 
SNR of 49.9 was achieved for a 20 nL sample contained 
within an 80 µm I.D. diameter capillary (4 mm sample 
height). When the different fields (300 MHz by Finch et 
al.27 and 500 MHz in this study) are accounted for and a 
loss of 50% factored in for the double tuned (1H-13C) 
circuit used here vs. the single tuned 1H only circuit49 
used by Finch et al.27, the sensitivity of the STR described 
is on par with its previous counterpart. When converted 
to a field strength of 600 MHz which is common practice 
to permit micro-coil comparison27 this gives a detection 
limit nLODꙍ

!""= 1.49 nmol s1/2 for the STR described 
here. However, it is still behind the most recently reported 
value by Sharma and Utz46 of 1.40 nmol s1/2  for 1H on a 
double stripline resonator mounted on a specially 
designed transmission line probe. The improved 
sensitivity achieved by Sharma and Utz46 is likely in part 
due to their optimal transmission probe design and in part 
due to the reduced lineshape of the STR described here.  

Figure S8 shows an expansion of the acetate peak, 
while it has reasonable linewidth at half height (~0.015 
ppm) it has a slight asymmetry that cannot be shimmed 
away, which will impact SNR measurements that are 
based on peak height. For a wider capillary (680 µm I.D.) 
the situation becomes worse (see Figure S8B). In this 
case, as the sample is brought close to the surface of the 
copper the magnetic susceptibility differences between 
the sample, glass, and copper lead to distorted magnetic 
environments and poor lineshape. To avoid this, Finch et 
al.27 used acrylic for the sample holder and printed circuit 
boards with only 18 µm thick copper layers which 
produced a more homogeneous magnetic environment 
and superior lineshape. The advantage of 5-axis milling 
is that if sensors can be machined directly from metal 
blocks then sensors of virtually any size, shape, or 
complexity can be easily manufactured. A viable future 
solution to reduce magnetic susceptibility distortions 
could be to machine the parts from aluminium, which has 
a positive magnetic susceptibility, and then electroplate 



 

with copper that has a negative susceptibility. At the ideal 
ratio, the susceptibilities should cancel leading to zero 
distortions form the coil materials. Indeed, a similar 
approach was successfully demonstrated for NMR micro-
coils which used layered aluminium/copper “zero” 
susceptibility wire.24 

Testing the Slotted-Tube Resonator on D. magna 
Neonates. While fully dissolved solutions of simple 
chemicals can give rise to sharp lines, intact biological 
samples such as small organisms and eggs themselves 
distort the applied B0 field leading to broad lineshape 
often in the range on 0.1-0.2 ppm at 500 MHz for 
Daphnia.9 As such, as long as the magnetic 
susceptibilities from the coil are not much larger than 
those produced by the natural samples themselves, then 
the impact of coil induced spectral broadening is greatly 
reduced for intact samples with naturally broad lineshape.  

To demonstrate that the STR has applications even in 
its current form for biological samples, it was tested on 
14 freeze-dried 13C-labelled D. magna neonates (1-2 days 
old). With a dry weight of ~1.5 µg,50 this represents ~20 
µg and 1/10th of the dry weight analysed in the two adult 
Daphnia on the microstrip. While the SNR is relatively 
low, a range of metabolites can still be identified (shown 
in Figure 7). In addition to the expected amino acids, 
additional products of carbohydrate and glycerol 
metabolism by microorganisms (such as acetaldehyde, 
acetic acid, 1-butanol, ethanol, 1,2-propanediol and 1,3-
propanediol) were also present within the sample.51–55  

 

 
Figure 7. The milled STR was used to analyse 14 D. magna 
neonates in a glass capillary with a 700 µm O.D. and 10 µm walls. 
A total of 12 metabolites were able to be identified using Bruker’s 
Bioreference Software Database. The D. magna neonates inside the 
STR are also shown. 

 
In a paper by Dutta Majumdar et al.15 100 D. magna 

neonates were needed to provide a usable 1D 1H NMR 
signal using a Bruker 5 mm QXI probe. The signal 

however was still much smaller than that from 10 adults 
and 2D 1H-13C NMR was not attempted in the Dutta 
Majumdar et al.15 study. Here, using the milled STR only 
14 neonates were needed to obtain a usable amount of 
signal in 2D 1H-13C NMR and represent to our knowledge 
the first 2D NMR of Daphnia neonates.  

 In summary, this demonstrates that the milled 
resonators have considerable potential and even the early 
prototypes described here are nearly as sensitive as the 
most practical resonators published to date27,46 and open 
up the door for novel NMR of mass-limited biological 
samples. 

 

CONCLUSIONS  
In this study, we demonstrated CNC micro-milling 

can produce working planar micro-coils, microstrips, and 
other micro-sensor designs. In addition, sample wells can 
also be easily constructed and optimized according to the 
sample type and the micro-sensor type. In turn this 
demonstrates the versatility of 5-axis CNC micro-milling 
as a rapid prototyping technique for manufacturing NMR 
micro-sensors. Furthermore, the prototype 1 mm x 7 mm 
microstrip and 3D volume STR were successfully applied 
to collect 2D 1H-13C NMR on two adult D. magna (~200 
µg) and 14 neonates (~20 µg), respectively. The STR 
showed an SNR within the same ballpark of arguably the 
most practical micro-sensors published to date for mass 
limited biological samples.27,46 Future work will focus on 
reducing the magnetic susceptibility of the STR via 
plating or the use of alloys.  

Overall, this study is the first thorough demonstration 
of the capabilities of 5-axis CNC micro-milling as a 
technique for rapid and economic production of micro-
coil and micro-sensor technology for NMR. The 
machines are extremely versatile and are commonly used 
for the highest resolution molds in the jewelry industry, 
as such they can be used to generate highly intricate 
models.56 As such, in future, it should be possible to 
generate all sorts of volume NMR coils, such as saddles, 
solenoids, birdcages, Helmholtz etc. if needed. The main 
limitation, is the aspect ratio of the smallest (<100 µm) 
milling bits that tend to have only ~3:1 (length: depth, i.e. 
a 100 µm bit can only mill 300 µm deep). However, 
assuming thin walled metal capillaries can be purchased, 
or long aspect ratio drilling bits (drilling bits drill only 
vertically and often have aspect ratios >20:1) used to 
hollow out rods, then it should be possible to mill 
practically any pattern into the tube walls and thus 
generate all common types of NMR coils and protype 
novel designs.  
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