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Nuclear  Magnetic  Resonance  (NMR)  spectroscopy  is  a  powerful  tool  used  to  analyze  the  physical  and  chemical 
structure of macro/microscopic molecules for a large variety of applications.  As an analytical tool NMR is prohibitively 
expensive for most laboratories, limiting its use in academics and field research.  Additionally, an NMR spectrometer is 
generally  very  large,  approximately  one  thousand  cubic  feet,  and  requires  substantial  support  services  such  as  a 
computer system and the liquid nitrogen used to support the cryogenically cooled electromagnet.  This paper describes 
the methodologies involved in the development of a field portable NMR technology based on rare earth permanent 
magnets  and  fabrication  techniques  derived  from  Micro  Electro  Mechanical  Systems  (MEMS)  technology.   The 
fabrication  of  microscale  helical  antennas  surrounding  an  integrated  capillary  for  the  analysis  of  biological  fluids 
(blood, urine, tears, amniotic fluid, saliva, etc.) and chemical agent sensing for homeland security is also detailed.  The 
motivating factors for down-scaling the components of an NMR spectrometer include improvements to the signal to 
noise ratio, vastly smaller sample volume requirements and reduced dependence on high performance superconducting 
electromagnets.   The technology described here may enable a small, portable, inexpensive NMR capable of being used 
in-line for water or chemical analysis or as a diagnostic tool in medical offices.  The major novel components of this 
system are the permanent magnetic with very high yet uniform localized field strength and a 100% fill factor coil for 
improved SNR.  

Microscale NMR probes have been researched for over twenty years and include helical coils and planar spiral type 
coils.  Protasis has developed the first helical coil (CapNMR), see Figure 1.  More recently, planar spiral NMR coils 
have been integrated with microfluidic channels on a glass substrate.

Figure 1: Solenoid type NMR probe developed by Protasis Inc. The wire is wrapped around a silica 
capillary tube. (Photo taken from Microfluidic Systems for Process Analytical Technology, Han 
Gardeniers, May 3, 2007)

The capillary wall thickness (coil on the left of  Figure 1 is wrapped around a silica capillary) represents a “dead” 
volume, or space within the coil not occupied by the sample under test.  By reducing the capillary wall thickness, the 
signal strength increases, corresponding to an increase in the signal to noise ratio for a given coil dimension.  This 
research demonstrates the ability to reduce the capillary wall thickness to approximately zero, or removes the capillary 
tube altogether.  Another group (C. Massin, EPFL Lausanne, CH) has developed planar micro scale spiral coils and 
integrated them into fluidic networks.



Small permanent magnet based NMR systems are being developed by “NMR Process Systems, Inc” as a low cost 
alternative to the much more expensive superconductor type systems.  The maximum field strength for these permanent 
magnet systems is typically on the order of 1 Tesla, but can be as high as 2.5-3 Tesla.

Permanent Magnet NMR Field Generator

NMR uses a very strong magnetic field to align the magnetic dipoles in the fluid sample being analyzed.  The magnetic 
field is then removed, allowing the dipoles to relax back to their normal randomly-oriented state.  The movement of 
these dipoles  creates a magnetic  field of  its  own, and an associated current,  which is  read and received by a coil 
surrounding the sample.  The characteristic frequency of a sample is determined by the strength of the static magnetic 
field.  The signal strength is directly proportional to the magnetic field strength, which has driven the need for higher ad 
higher  field  levels,  now  as  high  as  20  Tesla.   Magnetic  fields  of  this  magnitude  can  only  be  achieved  using 
superconducting  magnets,  or  pulsed  electromagnets,  both  of  which  requiring  large  amounts  of  electrical  current. 
Permanent magnets for use in NMR experiments have been limited to rudimentary demonstrations of resonance for 
academics or qualitative chemical analysis, due in large part to the inherent field variations across a magnet face.  This 
work shows that the magnetic field emanating from the ends of permanent magnets can be shaped and focused to create 
a  very  strong  yet  uniform  magnetic  field  using  ferromagnetic  structures.   This  paper  evaluates  the  design  and 
specifications of a permanent magnet system suitable for NMR of microfluidic samples.  Figure 2 shows the structure of 
the permanent magnet field generator.

Figure 2: (Left) permanent magnet field generator with ferromagnetic structures arranged to deliver maximum 
field  to  the  pole  gap,  and  (right)  magnetic  field  is  shunted  away  from the  pole  gap.   (give  some  scale  or 
measurements.)

Vanadium Permendur  was chosen for  the ferromagnetic  pole piece material  due to high magnetic  saturation (~2.4 
Tesla), which ultimately limits the field level to that value.  Our initial measurements confirm the ability to generate a 
field of 2.3 Tesla between the poles of the device in Figure 2.  The field is also adjustable through the movement of the 
flux shunt structures also show in the figure.   The range of magnetic  field values obtainable between the poles is 
roughly 0.03 to 2.3 Tesla, which would allow fine tuning of the NMR frequency during experimentation.  The surface 
of the ferromagnetic pole pieces must be polished to a roughness of approximately 0.1 microns peak-to-peak, which can 
be accomplished through standard lapping processes, but is time consuming.  The uniformity of the magnetic field 
across the pole area is also dictated by the two surfaces being perfectly parallel.  The ability to move the pole pieces 
relative to each other while taking NMR measurements would possibly reduce the manufacturing cost because the 
alignment could be verified through measurement.



100% Fill-Factor NMR probe

A microfluidic sample must be placed between the poles of the magnet described above in order to allow the field to 
align the magnetic dipoles in the sample.  A coil must be placed around the sample in order to receive the signal created 
by the precession of magnetically induced spins within the sample.  Normally a very thin wire coil is wrapped around a 
plastic or glasss capillary tube containing the sample and then placed between the two poles of the magnet.  The signal  
received by the coil is caused by the fluid in the channel, so the more fluid, the more signal.  The noise received by the 
coil is determined by the volume contained in the coil, so the capillary wall adds to the noise but not to the signal.  The 
best signal-to-noise ratio is found when there is as much fluid and as little capillary as possible inside the coil.  This 
paper describes the development and manufacturing process for an NMR probe (helical coil) which encapsulates the 
sample with a near-100% fluid fill-factor using low cost, soft lithography techniques.   Once the coil design has been 
determined (coil diameter/length, wire diameter), a rigid shaft is machined to match the required inner diameter of the 
coil.   Copper or gold wire is wound tightly onto the shaft, immersed in liquid silicone rubber and allowed to cure.  The 
sample is then cooled to further harden the silicone prior to cutting it into the shape to fit tightly between the magnetic 
poles.  Cooling also allows easy release of the shaft from within the helical coil.  The place where the shaft originally 
was is now a capillary for the fluid, where the fluid completely fills the space inside the coil.  This design allows a near  
100% fluid fill-factor and its  associated higher signal-to-noise ratio.   Tubing and a pump system is then added to 
complete the liquid flow circuit. This system can be used for a single analysis or in continuous flow mode, where the 
fluid is pumped through slowly, allowing for larger volume analysis or real-time monitoring.  An example of the coils 
produced during this work is shown in  Figure 3, showing the coil and silicone rubber acting as a substrate.  Closer 
inspection of this figure shows the voided out space within the coil.  The silicone material actually protrudes outward 
between the windings, making the observation volume slightly larger than the dimensions of the coil would suggest.

                                             

Figure 3: 100% fluid fill-factor micro coil (diameter 700 microns, 2.5 mm long).

These coils have been electrically characterized in terms of impedance for various test cases including; with and without 
a static magnetic field, with and without a fluid sample filling the coil.  Changes in impedance (susceptibility) have been 
observed and documented while changing the magnetic field strength.  The results are consistent with the theoretical 
susceptibility change due to magnetic field.



Full Physics 3D Electromagnetic Simulation

This paper investigates the permanent magnet NMR experiment using Maxwell’s equations and the Bloch equations to 
simulate  the  expected  resonances  received  by  the  coil.   This  analysis  was  used  to  evaluate  the  feasibility  and 
specifications for the system described above.  The NMR resonance condition of this micro system was simulated using 
the  Finite  Difference  Time  Domain method to explore the electromagnetic characteristics.   The intent  was to gain 
insight into the variables responsible for the NMR signal strength within this micro system.  The static magnetic field 
produced by the permanent magnets was modeled using the Finite Element Method and mapped onto the FDTD grid. 
The uniformity of the static field was the most critical variable used in the time domain analysis, revealing the obvious 
importance of maintaining as uniform of a field as possible.  The simulations showed that the NMR resonance signal 
dropped to an unobservable level as the uniformity was altered to above 25 ppm.  This analytical tool provided a means 
of exploring many variables in a short period of time, contributing to existing knowledge of micro NMR and  theoretical 
performance.  Simulations have also been designed to explore the signal to noise ratio in terms of the materials used for 
manufacturing.  The simulation predicts an NMR voltage of between 1 and 2 micro volts as long as the static field 
uniformity is 10 ppm or less.  Actual measurements are expected to be lower due to an inaccurate representation of the 
sources of noise during an actual experiment. 

Summary 

A 100% fill-factor micro scale NMR probe has been developed and manufactured using low cost MEMS fabrication 
techniques.  The operational range of this probe design has also been simulated using 3D full wave Finite Difference 
Time Domain methods, with the intent of discovering the limits of down scaling.  The static magnetic field for the 
initial  measurements  as  well  as  the  simulations  was  created  using  permanent  magnets  and  flux  concentrating 
ferromagnetic structures.  The uniformity of the magnetic field was varied by simulating small changes in the curvature 
of the pole pieces.  The magnetic resonance of the sample was detectable (signal voltage > 1 micro volt) only when the 
uniformity fell below 5 ppm across the sample volume.  In order to achieve this level of field uniformity, the pole shape 
was highly complex.  Methods such as laser ablation, or micro milling could be used to create the curvature, followed 
by a polishing process.  

The additional probe volume made possible by the high degree of sample fill-factor produced larger simulated NMR 
signals than the same size probe and a quarts/silica capillary.  The susceptibility of the materials used in the probe 
manufacturing process were also simulated in the full wave analysis and found to cause non uniformity of the magnetic 
field.  The silicone rubber used in the molding process can be doped with various materials to mitigate this effect, which 
will be tasked in the future work of this project.  The simulations also showed that scaling the probe down to an inner 
diameter of less than 50 nanometers resulted in no observable NMR signal.  Additional simulations are planned to 
exhaustively research the limits of scaling in order to provide a definitive set of tools for the micro NMR community.

  


