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Abstract

:

This article studies the optimal design approach for a portable nuclear magnetic resonance (NMR) system for use in non-destructive flow measurement applications. The mechanical and electromagnetic design procedures were carried out using the Ansys Maxwell finite-element analysis (FEA) software tool. The proposed procedure considered homogeneity and strength constraints while ensuring the desired functionality of the intended device for a given application. A modified particle swarm optimization (MPSO) algorithm was proposed as a reference design framework for optimization stages. The optimally designed NMR tool was prototyped, and its functionality was validated via several case studies. To assess the functionality of the prototyped device, Larmor frequency for hydrogen atom was captured and compared with theoretical results. Furthermore, the functionality and accuracy of the prototyped NMR tool is compared to the off-the-shelf NMR tool. Results demonstrated the feasibility and accuracy of the prototyped NMR tool constrained by factors, such as being lightweight and compact.
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1. Introduction


In the past few years, designing a portable device to take advantage of emerging nuclear magnetic resonance (NMR) technology has attracted the attention of many researchers [1,2,3,4,5]. However, achieving this goal requires finding optimal solutions while maintaining restrictions, such as weight, signal-to-noise ratio (SNR), magnetic field strength, and homogeneity [6,7,8,9]. Based on the main impetus of the NMR technology, which is a nondestructive advanced imaging technique, having a strong and homogenous static magnetic field can improve the detectability of the atom’s reaction in the sample under study. As realizing the accurate Larmor frequency is of interest in many research disciplines, it should be mentioned that there is a direct relation between the Larmor frequency and the static magnetic field strength. Thus, by strengthening the magnetic field in the region of the test (RoT), SNR shows a considerable increase, which results in a more accurate analysis.



Halbach arrays underline some outstanding features that designate them as a potential candidate to be used in optimal NMR design [10,11,12,13]. The high amount of magnetic field per mass, appropriate homogeneity, and easy handling are some well-known characteristics of these magnetic arrays. However, using Halbach arrays for constructing the NMR has some challenges as well [10,12]. For example, multi-direction pulling magnetic forces can be strong enough such that an intended openable structure might just not be feasible in practice. Furthermore, it should be noted that extreme amounts of pulling forces might gradually misalign the NMR mechanical structure and degrade the homogeneity of the magnetic field in the RoT. Therefore, it is necessary to provide an applicable design to reduce the pulling forces among the magnets [14,15,16].



Additionally, inherent inaccuracies in the manufacturing process of magnetic segments are other limitations for the NMR design process and have several undesirable impacts on the homogeneity of the magnetic fields when investigated by a finite element analysis (FEA) method. In some of the literature, FEA is employed to compare new designs for magnetic devices with conventional approaches to show the advantages of the new designed approaches [17]. For optimizing the pulling force, the methodology that has been mentioned in [18] is used to minimize this force that predominantly depends on the mechanical structure of the Halbach arrays. The highest level of homogeneity can be attained for relatively long magnetic arrays. However, in practice, having a long test device is not feasible given the application limits. Additionally, as mentioned before, inaccuracies in the production procedure highly impact the homogeneity of these magnetic arrays. To overcome this problem, magnetic arrangement for the discrete Halbach layout approach is employed in numerous design processes [19]. Hence, a consistent and homogenous field of desired field strength can be achieved from a structure of restricted length made by placing small permanent magnets in optimized positions. Such optimized placement can be determined by employing an optimization algorithm that mainly depends on analytical calculations. Various studies have been presented in the literature focusing on the use of low-field NMR on microscopic flow measurement [20,21,22], process and reaction monitoring [23,24], and remote NMR detection [25]. Furthermore, advanced studies using time-of-flight magnetic resonance for fluid flow and dispersion measurement have been proposed in [26,27]. This technique has further been applied for flow measurements in microfluidic chips in [28,29]. Other potential applications are in sap flow measurement in plant stem is discussed in [30,31]. The detailed discussion on sap flow measurement in plant stem is discussed in the literature [15,16] and lies beyond the scope of this article.



This paper studies the optimal design of the NMR tool via analytical methods, the FEA technique-based Ansys Maxwell software tool, followed by validation via experimental tests. An extensive FEA-based magnetic field strength and homogeneity evaluation for different NMR tool geometries is studied, which is not very well addressed in the literature. In each stage of the design process, simulation outcomes are assessed based on the pre-defined problem goals. Later, the approved design is prototyped, and theoretical and FEA simulation results are validated experimentally. The pre-defined constraints of the optimal designed portable NMR tool are for the flow measurement as a potential application. Thus, the main contributions of this paper include: (a) a detailed analytical study of portable NMR tool shedding light on the impact of the NMR tool geometry on magnetic field strength and homogeneity, (b) a modified particle swarm optimization (MPSO) algorithm as a reference design framework for the optimization stage of the portable NMR tool, and (c) an experimental validation of prototyped NMR tool performance.



The rest of this article is organized as follows: Section 2 discusses the electromagnetic backbone theories and fundamentals of optimization algorithm with an emphasis on the methodology that has been deployed in this framework. Later, in Section 3, finite element analysis is carried out regarding different geometries and design parameters, and the results are compared with each other to choose the optimal design among all potential candidate designs. Section 4 covers the prototyping procedures for the approved design for the considered application. In this section, all methodologies and processes as well as mechanical and electrical challenges are presented. Next, the functionality of the prototyped NMR tool is evaluated via several cases studies. Several experimental tests for Larmor frequency findings are carried out. Finally, Section 5 concludes all the remarks that have been proposed in this article.




2. Background Theory and Optimization Algorithm


In this section, electromagnetic equations are presented that clarify the main idea of the design strategy. As mentioned above, the multi-direction magnetic pulling force can be significantly large. Hence, an optimal design angle should be determined in which the pulling force is minimal. Based on the fundamentals of Maxwell’s pulling force (F), there is a direct relation between the remanence (Rem) and the electromagnetic force, which is given by


   R  e m   ∝     2 F  μ 0     A   



(1)






  F ∝      R  e m     2                  i f     A = C o n s t .      A 2                  i f      R  e m   = C o n s t .      



(2)




where    μ 0    is free space permeability, and A is the side length of each magnetic segment in (1). As seen in (2), the electromagnetic force is directly proportional to the square of A or Rem. If two dipoles have different magnetic moments, then the attractive force on the first dipole, which exists in an external magnetic field, is simplified and given by


    F ( ξ ) =      3    2    2    d 2         μ 0     m 1     m 2   π      2    1 − 1.5   cos  2  ( ξ )                                       ξ + ψ =  π 2     



(3)




where d is the direct distance between the magnetic segment, and mi is the moment for the ith magnetic cube. It should be noted that  ψ  is the angle between the magnetic moments of the segments. To minimize the force F, the value of  ψ  needs to be determined. Through mathematical analysis, the optimum  ξ  in (3) converges to 0.6154 radians. According to the problem objective and the application goal, the designed NMR tool should have features, such as lightweight, small size, and strong and homogeneous magnetic field. Though the application of NMR in nondestructive analysis has been studied in areas, such as plant growth monitoring [16] and food quality control [32], its application in flow measurement studies still has a huge potential yet to be explored. The authors of [15] have performed some initial groundwork in this direction where they deploy the nondestructive imaging feature of NMR for sap flow measurement in plants. However, this is just a preliminary work and does not consider the optimal designing of the portable NMR with due consideration on weight, size, magnetic field strength, and other practical constraints. In this manuscript, we are considering different geometries and provide their magnetic field strength and homogeneity as a reference design. The authors of [33] have proposed some initial work in this direction by proposing a method for increasing the homogeneity of the magnetic field in the portable NMR. In accordance, this article aims to shed light on the practical implementation aspects of the portable NMR concept. Consequently, a modified particle swarm optimization (MPSO) algorithm was employed in this work to find an optimal solution based on the pre-defined objectives. At this point, the magnetic segments’ shapes, the dimension of the RoT, and the height of the NMR are considered as the design parameters in the optimization. Based on the PSO fundamental, positions and velocity of each particle were initialized for every dimension. For each of these particles, the FEA determined the magnetic fields in the RoT. In this step, a proper objective function and practical criterion should be defined. The objective function considers all designed variables, and the criteria define the stopping point of the iteration process. If the criteria are not satisfied in the nth iteration, the velocity and positions of each particle need to be updated, and the process is repeated. Considering homogeneity and strength of the magnetic field as the primary objectives in this study, the objective function was built by three terms, which are given by


    g ( ρ , θ , z ) =  a 1  +  c 1   h 1  ( ρ , θ , z ) +  d 2   s 2  ( ρ , θ , z )                        h 1  =  v  − 1   ( ρ , θ , z )    h  − 1   ( ρ , θ , z )   ,                          s 2  =  B  − 1   ( ρ , θ , z )   v ( ρ , θ , z )      



(4)




where a1 is the optimum openable angle, h1 is the homogeneity function, and s2 is the strength function for each magnetic segment. These functions were formed in a cylindrical coordinates system, where  ρ  is the radial distance,  θ  is angular coordinate, and  z  is the height from the reference point. In (4), v  is the final volume of the magnetic segments, h is the field’s homogeneity in the RoT, and B is the maximum magnetic strength. To determine the coefficients in the objective function, one can define the constant values that satisfy the criterion c1 + d2 = 1. It should be noted that these coefficients act as the objective function’s weight factors and can be valued based on the importance of each term in the problem objective. Typically, a trade-off analysis for defining these constants can be carried out. Finally, the function g was optimized based on the defined criteria. However, in this methodology, the calculation burden is lessened when the optimum openable angle is found by (3) in the former step.




3. Finite Element Analysis and Simulation Results


The goal of this section is to evaluate the homogeneity and strength of the field based on the shape and number of magnetic segments. Figure 1 shows the magnetic vectors for rectangular and square NMR for evaluating the homogeneity of the magnetic fields in the proposed structures. As evident, in the case where rectangular magnetic segments are utilized, the magnetic field lines are more homogeneous and consistent. For evaluating the effect of the number of magnetic segments in a fixed-size structure, four simulations were performed. Here, the height of the structure and the distances between adjacent magnet arrays were fixed, while the number of magnetic segments per array were varied. As shown in Figure 2, by increasing the number of magnetic segments per array, the homogeneity level increases as well. However, it is also worth mentioning that by increasing the number of magnetic segments, the strength of the NMR structure decreases, and the possibility of breaking down also increases. This is due to the strong pulling forces among the adjacent magnet arrays, and the issue becomes even more critical when the NMR structure is desired to be compact. Considering this, the mechanical tolerance of the design can be enhanced by decreasing the number of magnetic segments per array at the cost of decreased homogeneity in the RoT.



The next design featured a rectangular structure, and two designs of different sizes were considered. The streamlines clarify the idea of Halbach arrays in the NMR application. Figure 3 shows the 3D designs and the Ansys Maxwell software output after simulating the whole system, respectively. Figure 3a has a height of 14.84 cm with a diameter of 2.83 cm, whereas Figure 3b has a height of 15.3 cm and a diameter of 5.6 cm. As can be seen, decreasing the air gap improves the homogeneity level of the magnetic field. However, this can be a restriction in a real prototype from two viewpoints: First, the pulling magnetic force increases extremely, and second, there will not be sufficient space for running laboratory tests when a holder around a tube is required to measure flow.



To have a more detailed study on the homogeneity and strength of the magnetic field, a trapezoidal magnetic segment was also evaluated. In this geometrical case, each magnetic segment had the trapezoidal format. The whole system was shaped by 12 magnetic segments, which were repeated in 11 rows. This structure is shown in Figure 4a. The high homogenous magnetic field had a value around 1 Tesla, which is high enough and can significantly improve the accuracy of the measurement. A mold is designed to hold each magnetic segment in an independent space. This mold is shown in Figure 4b. The perspective and top view of the Ansys Maxwell software output after simulating the whole structure are illustrated in Figure 4c,d, respectively. However, the challenges associated with the fabrication of such a structure as well as the ability to open and close the structure made the design drawbacks.




4. Prototyping and Experimental Results of a Candidate Optimized NMR Structure


The prototype of a portable magnetic structure for NMR is based on the output of the optimal design obtained via the MPSO optimization executed and tested in the Ansys Maxwell software. Among all the designs, the square shape NMR tool was the optimal option for prototyping, as shown in Figure 5. This structure is 15.24 cm in height with an internal diameter of 5.08 cm. Four arrays of permanent magnet segments were used in this design. In each array, four permanent magnet segments were used. The details and characteristics of these magnet segments is provided in Table 1 based on the FEA simulation of Figure 1.



To minimize the weight of the portable NMR structure, the top and bottom bases for the magnet arrays were fabricated using a polylactide (PLA) material. Another important part of this portable NMR device is the holder assembly (upper right image in Figure 5) that houses the tube or plant stem in a flow measurement setup. The placement and alignment of this holder assembly in the NMR structure highly impact the sensitivity of the obtained results and hence are one of the most challenging aspects of the NMR tool. Thus, it was designed in a way that it can easily be opened/closed with minimum lateral movement. In addition, the simplicity of this design decreases the risk of misalignment that might occur during repeated opening and closing of the holder assembly. Additionally, it was investigated during experimental testing that to achieve best results the holder assembly (with the tube or plant stem) should be placed in the RoT of the NMR structure that has the strongest and most homogenous magnetic field.



Furthermore, based on the fundamentals of NMR and as discussed in [15], the transmitter and receiver fields should be perpendicular to each other. Moreover, the transmitter coil magnetic field should be perpendicular to the static magnetic field built by permanent magnet arrays in the portable NMR magnetic structure. As discussed with details later, the reflection of test material atoms should be captured by the receiver coil. To achieve these goals, circular surface transmitter and receiver coils were wound on two plates that were attached to the sides of a tube holder, as shown in the lower left image in Figure 5. Consequently, in this prototype, two transmitter coils are installed on the opposite sides of the holder assembly. From an electrical point of view, the two coils are paralleled to improve the magnetic field strength and homogeneity. Similarly, the two receiver coils are placed on the remaining two opposite sides of the holder assembly, thereby forming a perpendicular alignment with the transmitter coils. The transmitter and receiver coils were installed on the respective sides of the holder assembly and fixed by special insulating tape. A side view of the holder assembly with the coils mounted on it and the glass tube are shown in the lower left image in Figure 5. As mentioned previously, to achieve the best results, the holder assembly with the glass tube should be aligned and placed where the strongest and most homogenous magnetic field exists. Based on our design and simulation results, this location is in the exact center of the RoT and at the geometric center (at equal distances from the four walls of the NMR magnetic structure).



The electrical measuring circuit connected to the terminals of receiver coil is comprised of a capacitive matching circuit followed by a radio frequency low-noise amplifier (RF-LNA), as illustrated by the wiring schematic diagram of the portable NMR tool in Figure 6. The matching circuit’s capacitors were tuned during the experimental tests to maximize the SNR of the received signal. Furthermore, the RF-LNA was used to boost the signal strength further to better observe the oscilloscope/spectrum analyzer for functionality testing and validation.



As per the NMR principle [15], analyzing the response of hydrogen atoms yields more information about their resonant frequency. Consequently, the test sample placed in the holder assembly is triggered (excited) by a burst of radio frequency pulses. These periodic bursts of excitation pulses are fed to the excitation coil by the signal generator. The reaction of hydrogen atoms to these excitation pulses are captured as the reflected signals by the receiver coil. These reflected signals are then filtered by the capacitive matching circuit and the RF-LNA. Output of the RF-LNA is then analyzed in the frequency domain using a spectrum analyzer. This frequency domain analysis of the received signal yields the Larmor frequency at which the resonance occurs. To find the Larmor frequency, the test material was triggered by a radio frequency signal in the megahertz frequency range. It is worth noting that the Larmor frequency has a dependency on the material and the strength of the static magnetic field. The experimental test was initiated by applying different radio frequency signals and monitoring the RF-LNA’s output in the frequency domain to capture the Larmor frequency.



4.1. Experimental Validation: Challenges and Noise Mitigation Approach in a Portable NMR Setup


This section provides a summary of the obtained results for each stage of the testing performed on the prototype to validate its functionality and expected simulation results. Before starting the test, it was essential to investigate the exciter radio frequency signal characteristics. A pulsed NMR method was used in this work. A modulated radio frequency signal comprised of two components is transmitted to the test material via the transmitter coils mounted on the holder assembly. One component of the exciter signal is a higher frequency sinusoidal waveform with a frequency approximately equal to the Larmor frequency of hydrogen atoms. The second component of the transmitted signal that envelops this sinusoid is a square pulse waveform of a relatively lower frequency. In our case, the test was initiated by using an 8 MHz sinusoid enveloped within a 25 kHz, 25% duty cycle square wave. This specific waveform was used to take advantage of the Fourier transform of the signal. Without the square envelope, the periodic burst of pulses could not be attained. Additionally, the introduction of a pulse spreads out the carrier signal across a larger frequency spectrum, thereby ensuring more widespread excitation of molecules. These resulted in a stronger excitation signal applied to the transmitter coil and, thus, provided a clearer image on the analyzer without the need for longer sample periods. The frequency of the radio frequency sinusoidal signal was changed for each test to find the Larmor frequency. Based on the practically measured magnetic field strength of about 0.3055 T and the level of homogeneity, we expected to obtain the Larmor frequency to be around 13 MHz. However, in practice, this value may be different from the simulation value. Based on the FEA simulation results and optimization of the selected geometrical shape in Figure 1, the magnetic field strength of 0.527 T was expected. Several factors that lead to the mismatches in the magnetic field strengths include inaccuracies in the magnetic segment’s fabrication, human error in the manufacturing of the prototype, interferences from ambient laboratory environment, etc. Furthermore, the variation in the homogeneity of the magnetic field strength was found to be about ±10% within the RoT. The same magnetic structure of Figure 1, if manufactured in a highly precise industrial setting, would yield much a lower mismatch of the magnetic field strength and homogeneity as compared with the simulation results.



For covering all frequency ranges, the test was started from the frequency of 8 MHz. This indicates that the hydrogen atoms were excited by an 8 MHz radio frequency signal. After that, the reaction of the atoms was captured. It is important to note that every captured output does not correspond to the reaction of the atoms. Upon analysis on the spectrum analyzer, there was no indication that a resonant occurred in the system. In other words, the SNR of the received signal was not considerable. The frequency of the radio frequency sinusoidal exciter signal was gradually increased, and the results were analyzed at each instance. When the sinusoidal signal frequency was increased to around 12.7 MHz, the highest peak in the received signal on the spectrum analyzer was observed. Figure 7 shows this reaction of the test material when excited by around a 12.7 MHz radio frequency signal. This is the frequency where resonance happens. In other words, the Larmor frequency has the value of 12.77 MHz. Additionally, the free induction decay is shown in Figure 8. The experimental Larmor frequency value of 12.77 MHz is pretty close to the expected value of 13 MHz. We, therefore, concluded that the experiment was compatible with the fundamental theory of the Larmor frequency, and these results showed the accurate functionality of the prototyped NMR with an optimized parameter based on the FEA simulation outcomes.



The portable NMR experimental setup is designed to replicate a proper setup for the flow measurement study in a tube or plant stem. A proper testbed should consider all the ambient conditions that could impact the performance of the NMR tool. Logically, the functionality of the designed tool should be evaluated in the laboratory via some scenarios under conditions similar to in situ. If the designed tool under the specific test could achieve promising outcomes, the prototyped NMR functionality would provide reasonable results in the real-life application. However, some parameter re-tuning was needed to achieve stable functionality. Additionally, some mechanical fixtures needed to support the entire structure in the field were designed. It should be remarked that the surrounding test area can have a high impact on the high-frequency transmitter and receiver coils. Hence, the test was conducted under conditions with the lowest external interfering factors. The water sample in the glass tube was excited by a chain of pulsating magnetic fields generated by the radio frequency excitation pulses. This generated magnetic field was perpendicular to the static magnetic flux. The hydrogen atom’s reaction as reflected waves (reflected signal) was captured by the receiver coils, which were then fed to the spectrum analyzer. These reflected waves corresponding to the reaction of the hydrogen atom are used in determining the Larmor frequency. To improve the SNR of the captured waveform, the matching circuit and RF-LNA were used as an interface between the receiver coils and the spectrum analyzer. The RF-LNA was powered by a DC power supply as shown in Figure 6.



To describe the testing procedure, it is essential to provide a brief illustration of the electrical circuit of the testing process and the associated equipment. There were two high-frequency coils responsible for transmitting the RF signal, and two high-frequency coils responsible for receiving the hydrogen atom’s reaction. The coils were located between the waveform generator and the matching circuit. To enhance the SNR of the received signal, a matching circuit that consisted of two variable capacitors was employed, which were adjusted through empirical observation. Finally, the RF-LNA was interfaced between the receiver and the spectrum analyzer to enhance the captured dynamic during the period that the RF excitation signal, which was not applied. Considerable noises were observed, so troubleshooting was conducted, which involved replacing the RF-LNA to resolve this issue. Moreover, due to the nature of any prototyped testing tool, the input and output wires and other nonideal submodules of the test setup increased the share of the noise in the obtained results. However, the spatial orientation of the wires was readjusted so that they are perpendicular to each other. This orientation may alleviate the inherent mutual magnetic interference to a great extent. Finally, an adequate filter was applied in the spectrum analyzer to increase the received signal’s SNR to an acceptable range. The plausible sources of the large coupled noise in the measured signal might be as follows: (1) the low accuracy of the amplifier; (2) the loose wires in the transmitter and receiver coils; (3) the matching circuit’s capacitance, which was not tuned optimally; (4) the constant magnetic field’s homogeneity, which decreased over time; (5) the internal forces between the permanent magnets, which affected the magnetic field consistency; or (6) the coaxial cables, which were not used to measure the receiver coil signal. A summary of the final obtained results after re-tuning all parameters are shown in Figure 7 and Figure 8, which validates the functionality of the optimally prototyped portable NMR tool operating in a realistic ambient condition.




4.2. Off-the-Shelf Lightweight NMR and Magnetic Resonance Imaging Spectrometer versus Optimally Designed Portable NMR Tool


In the previous subsections, an extensive evaluation of a different geometrical shape of a portable NMR tool and optimization of the magnetic field strength and homogeneity are provided. This section presents the Larmor frequency measurement from an off-the-shelf lightweight NMR and magnetic resonance imaging spectrometer setup (Pure Devices-Alegre Science). The outcome is compared to the captured results from the prototyped portable NMR tool. It is envisioned that due to the given features of the optimally designed portable NMR tool, as discussed in Section 2 and Section 3, the tool enables flow measurement for a wide range of applications, unlike existing lightweight NMR tools. Thus, this section investigates the functionality and accuracy of the prototyped NMR tool when compared to the off-the-shelf NMR tool. It worth mentioning that the proposed NMR tool in this paper offers additional features, which make it suitable for a wide range of applications.



Experimental tests, such as the Larmor frequency findings, were carried out using an off-the-shelf NMR setup to validate the outcomes from the optimally prototyped NMR tool. This validation was conducted using a Pure Devices Magspec/drive-L combination magnetic resonance imaging spectrometer. A 10 mm hole was built in the center of this cubic-shaped stationary magnetic system so that the test material could be placed within a glass tube in the region of the test, which was surrounded by magnetic segments. The output and the test results were captured through MATLAB figures for further analysis. Experiments on stationary water samples were conducted by several tests and analyses. As a general approach, the excitation system mechanism and its applied signals, which are featured on the samples under study, are explained, and then the captured results are illustrated. The input and output signals, which include all the applied excitation marks and practical results of the sample’s reactions in the study, are captured.




4.3. Free Induction Decay and Larmor Frequency


In this test we determine and capture the free induction decay (FID) curve for stationary water. However, some parameters needed to be adjusted before running any tests, such as the Larmor frequency, radio frequency at 90-degree pulse duration, shim values, an optimum span around the Larmor frequency, the number of measurements for both transmitter and acquisition trains, and the number of samples in each measurement. Figure 9 shows how a simple spin echo was created with gradients. As a side note, fast Fourier transformation (FFT) was applied to the encoded spin-echo signal, which shows a profile of the sample. Here, the echo time was 10 ms, and the repetition time was set equal to 100 ms. Regarding the acquisition parameters, it started after 0.1 ms and applied the 90-degree signal.



To provide an FID for the sample under study, we needed to apply an excitation pulse and then acquire the impacted signal based on the abovementioned points. Figure 10 shows the acquired signal for peaks of the FID curve when tap water was used as a test sample. Due to capturing the atom’s reactions in terms of the induced voltage in the receiver coil, this figure illustrates the decay of the RMS voltage at the coil after removing the excitation signal from the system. Note that this value started from ~180 µV and decreased to 0 µV after 0.045 s. Due to the occurrence of resonance when the atoms were excited by an RF signal at a specific frequency, the FID curve was presented in the frequency domain after applying the FFT over it. Figure 11 shows the Larmor frequency for this test. The value of the Larmor frequency depends on the magnitude of the constant magnetic field and the material, which is being tested. Based on our magnetic device features, we found the Larmor frequency was around 18.145 MHz. Considering the differences in constant magnetic field values, the obtained results from this off-the-shelf lightweight NMR tool with magnetic resonance imaging spectrometer are validating what was observed for the Larmor frequency from the optimally prototyped portable NMR tool. However, the limitation of the off-the-shelf setup is its mechanical structure and weight, which may not be feasible for applications, such as sap flow measurements in a plant’s stem. The optimally prototyped tool provides this feature while ensuring accurate measurements. It worth mentioning that the prototyped magnetic structure of Figure 1, if manufactured in a highly precise industrial setting, would yield a much lower mismatch of the magnetic field strength and homogeneity as compared with the simulation results, which results in more accurate measurements.





5. Conclusions


An optimal design framework for prototyping a portable nuclear magnetic resonance system was presented in this article. Extensive FEA of different geometries of the NMR were studied to evaluate their magnetic field strength and homogeneity. Modified particle swarm optimization techniques were proposed as a framework for the optimal design of the NMR tool. By using the Ansys Maxwell software tool, several potential designs were assessed. The confirmed design option was prototyped in the research laboratory after assessing the required homogeneity and strength regarding the constant magnetic field and contemplating the optimal outcomes of the optimization algorithm. Prototyping procedures were stated, and all electrical and mechanical restrictions were considered. To evaluate the functionality of the prototyped device, the Larmor frequency of hydrogen atoms in a glass tube was defined as the test objective. Additionally, the performance of the prototyped NMR tool was evaluated by carrying out some practical use cases. Finally, the accuracy and performance of the optimally designed and prototyped portable NMR tool is compared with an off-the-shelf NMR tool and an advanced magnetic resonance imaging spectrometer. The results demonstrate the accuracy of the optimized NMR tool with additional features, which enables a wide range of applications, which is the main limitation of commercially available tools given their mechanical and weight constraints. All experimental results were supported by theoretical principles and the experimental evaluation for the NMR tool.
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Figure 1. Initial design of the NMR tool and simulation output; (a) 3D design of rectangular NMR; (b) 3D design of square NMR. 
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Figure 2. Evaluating the effect of the number of magnetic segments on the magnetic field homogeneity: (a) one magnetic segment NMR structure; (b) four magnetic segments NMR structure; (c) eight magnetic segments NMR structure; (d) sixteen magnetic segments NMR structure. 
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Figure 3. Evaluating the rectangular shape of NMR magnetic field homogenity and strength for different lengths: (a) NMR magnetic field with the height of 14.84 cm and the diameter of 2.83 cm; (b) NMR magnetic field with the height of 15.3 cm and the diameter of 5.6 cm. 






Figure 3. Evaluating the rectangular shape of NMR magnetic field homogenity and strength for different lengths: (a) NMR magnetic field with the height of 14.84 cm and the diameter of 2.83 cm; (b) NMR magnetic field with the height of 15.3 cm and the diameter of 5.6 cm.



[image: Jne 04 00025 g003]







[image: Jne 04 00025 g004 550] 





Figure 4. Evaluating trapezoidal magnets for NMR: (a) 3D design for a trapezoidal format of NMR; (b) design mold for magnetic segments; (c) perspective view of magnetic field in streamline format; (d) top view of the structure in (c). 
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Figure 5. In order from left-to-right and top-to-bottom: prototype of portable NMR magnetic structure (upper left), the stem holder assembly (upper right), the glass tube and holder with mounted transmitter and receiver coils (lower left), and top view of NMR mechanical structure with holder equipped with exciter and receiver coils (lower right). A glass tube filled with water placed in the holder assembly. 
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Figure 6. High-level schematic diagram of portable NMR tool connection for functionality testing and validation. 
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Figure 7. Output reaction in frequency domain when the system was excited by a 12.7 MHz radio frequency signal. Resonant was observed in this test. 
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Figure 8. Output reaction in time domain when the system was excited by a 12.7 MHz radio frequency signal. Free induction decay is obvious. 
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Figure 9. Simple spin echo with gradient. 
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Figure 10. Peaks of free induction decay curve for hydrogen atom. The signal was acquired after removing exciting signal. 
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Figure 11. Fast Fourier transformer of acquired signal when resonance occurs; the dominant frequency is known as Larmor frequency. 
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Table 1. Characteristics of magnetic segments used in forming the four permanent magnets of the NMR structure.
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	Parameter
	Value





	Magnet material
	Neodymium



	Dimensions
	1″ (Length) × 1″(Width) × 1″(Height)



	Pull rating
	81.86 lbs



	Weight
	0.267 lbs



	Remenance (Rem)
	13.22 kGauss
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