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ABSTRACT 

The smart material, Galfenol, is being explored for its uses as a magnetostrictive 
material. This project seeks to determine if Galfenol can be used as a tactile 
sensor in a 2-D grid array, magnetic circuit system. When used within a 
magnetic circuit, Galfenol indicates induced stress and force as a change in flux, 
due to a change in permeability of the material. The change in flux is detected by 
Giant MagnetoResistive (GMR) Sensors, which produce a voltage change 
proportional to the field change. By using Galfenol in an array, this research 
attempts to create a sensory area. 

Galfenol is an alloy made of Iron and Gallium. FexGax, where 15 5 x 528, 
creates a material with useful mechanical and transduction attributes (Clark et al 
and Kell). Galfenol is also distinguished by the crystalline structure of the 
material. Two types currently exist: single crystal and polycrystalline. Single 
crystal has higher transduction coefficients than polycrystalline, but is more 
costly. Polycrystalline Galfenol is currently available as either production or 
research grade. The designations are related to the sample growth rate with the 
slower rate being the research grade. The slower growth rate more closely 
resembles the single crystal Galfenol properties. Galfenol 17.5- 18% research 
grade is used for this experiment, provided by Etrema Products Inc. 

The magnetic circuit and sensor array is first built at the macro scale so that the 
design can be verified. After the macro scale is proven, further development will 
move the system to the nano-level. Recent advances in nanofabrication have 
enabled Galfenol to be grown as nanowires. Using the nanowires, research will 
seek to create high resolution tactile sensors with spatial resolutions similar to 
human finger tips, but with greater force ranges and sensitivity capabilities 
(Flatau & Stadler). Possible uses of such systems include robotics and 
prosthetics. 

CIRCUIT DESIGN 

Nine Galfenol rods of 1/8” diameter by %” long are arranged in a 3x3 grid array. 
The rods are evenly spaced with 3/16” distance between rod centers. A grade I 
ceramic magnet sits below the rods which produces the flux through the system. 
The magnetic circuit is completed by I010 steel pathways. At the top of the rods 
the steel is separated by small gaps to encourage the flux to travel along paths 
indicative of the rod it covers (See Figure 1). Magnetic flux travels the shortest 
path back to the magnet and along the path of greatest permeability. Therefore 
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the flux is directed certain ways as steel has a higher relative permeability, 
~"1156, than air, p=l. The flux from the magnet travels up through the Galfenol 
rods, through the 1010 steel paths, and then to the sides of the circuit where the 
GMR sensors are located. Next, the flux travels down the side wall steel paths to 
a bottom layer of steel which the magnet rests upon, closing the circuit. 

The steel pathways on the sides of the circuit are separated by Aluminum 
spacers. The size of the spacers can be varied for investigation into the effect of 
separation distance between the steel paths on the flux flow. 

The layer of steel at the top of the Galfenol rods is a group of steel pieces, placed 
together to create pathways to the sides, This steel layer is sectioned in order to 
allow force to be applied to one rod at  a time without affecting the others. 

Steel Pathways 

Rods 

Figure 1. Circuit Design 
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CIRCUIT OPT1 M IZATION 

Magnetic modeling is performed to optimize the circuit design for efficiency and 
for determining the best location for the GMR sensors. Two software programs 
are used; Oersted (2-Dimensional) and Amperes (3-Dimensional). Initial 
modeling is performed using Oersted, and more accurate analysis is completed 
using Amperes. Oersted simplifies the circuit by assuming a constant design 
through a user specified depth. Figure 2 shows a 2-D model of 2 Galfenol rods 
under no stress on top of a grade 1 ceramic magnet. &lhd ;& @vu,& fiw, 

\ 

Figure 2. 2-0 Models of the Magnetic Circuit Design 

The analysis allows determination of where the maximum flux level occurs and 
therefore where the GMR sensor should be located. 

Once the basic circuit design is chosen, a more detailed analysis is performed 
using Amperes. The following figures depict Amperes 3-D analyses results. 
Information on how the B-H curve of the Galfenol material changes due to 
applied stress is used in the model to investigate how the flux level changes at 
different locations when force is applied to one rod in the array. Figure 3 depicts 
the flux density in one row of Galfenol rods when the array is in the nominal, no 
stress configuration. The greatest concentration of flux is shown to be along the 
top level of steel near the left side. This information contributes to the decision to 
locate the GMR sensor close to this location. Figure 4 shows the flux density 
along the top steel pathways with no rods under stress. 
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Steel Pathway Grade I Cerimic Magnet 

Figure 3. Side view of Galfenol rods under no stress 

*? Side Steel Paths 1 2 3 -f 

I / / Side Steel Paths 

Figure 4. Top view of flux pathway along top of Galfenol rod array. No rods are 
under stress. 
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The following Figure 5 shows the flux density change when the central rod is 

stressed!Y 15 MPa. 

Figure 5. Central rod stressed at 15 MPa 

Though it is not obvious by the figures, values shown in the following chart are 
taken from the models and compared. From these values, it is shown that the 
largest change in flux is indeed at the two side paths which intersect at the rod 
that is stressed. In this case, when 15MPa of stress is applied to Side Steel 
Paths #2 and #5 change by 5 Gauss whereas the other side paths change by no 
more than 3 Gauss. 
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Table 1. Flux Density Values For Central Rod and Side Steel Paths 
I I I I I I tJm I 

DATA ACQUISITION 

Six GMR sensors are placed along the outer perimeter of the circuit, one for each 
row or column of the steel pathways (See Figures 6 & 7). GMR type NVE AA- 
005-02 is used and has a linear range of 10 to 70 Oersteds. The sensor is 
excited using a voltage of 3.33V, and the signal is amplified by setting the gain to 
I O .  This excitation and amplification is provided using the Natiinal Instruments 
SCXI-I I21 module, -1 321 terminal block and PCI-MIO-16XE data acquisition 
card. Labview is then used to record and view the change in flux detected during 
testing. One hundred samples are taken and averaged to produce one flux level 
reading. The samples are filtered with a 4 Hz filter. 

*’ 

Figure 6. Test Configuration 

, 

6 



GMR Sensors 

Figure 7a. Top View Photo of Circuit. Figure 7b. Representation of Rod and 
GMR Sensor Numbering in Magnetic Circuit 

A force gage is used to apply and measure the force applied to the rods. 3.5 Ib 
and 7.5 Ib of force are applied to each rod and the GMR readings are recorded 
for each. 

RESULTS 

Tables 2 and 3 below, list the change in flux for each rod for the static 3.5 Ib and 
7 Ib force applications, respectively. The raw data collected can be found in 
Appendix A. Since the GMR sensors are slightly raised above the steel 
pathways on the boards they are mounted to, the flux reading in Oersted is equal 
to the flux density in Gauss. Tables 2 and 3 also list the rod that the value 
changes indicate, and whether or not the indication is correct. 

Table 2. Flux Change Recorded By GMR Sensors Under 3.5 Ib Load 

, 
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As shown in the results above, only 2 rods were correctly identified as having the 
force applied to them for both levels of load. 

Figures 8 and 9 below depict the dynamic loading results for rods 4 and 7 in a 2 x 
2 grid array. The figures show that rod 4 is correctly identified by the sensors 
that show the greatest frequency and amplitude of change during the loading. 
The sensor information for rod 7, however is not as obvious which may be due to 

- 
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the fact that GMR 2 is located closer to the rods than GMR I. The sensors were 
staggered to allow space for soldering. 

Figure 8. Dynamic Loading on Rod 4 
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Figure 9. Dynamic Loading on Rod 7 

Figure 10 below shows results for dynamic loading on rod 1 in a 3 x 3 rod array. 
GMRs 3 and 6 should give the greatest signal response, however, it is not 
completely apparent from the data collected that this is the case. 
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CONCLUSIONS 

The initial set of static data is not very conclusive. Only 2 rods are correctly 
identified in each loading data set. One possible cause of error is that the noise 
levels may be too high and may require more samples to be averaged together 
to produce a more accurate result. Due to the fact that the flux change is so 
small,,error is also possible in that the GMR sensor’s sensitivity ranges from kO.1 
mV/Oe. This small difference could alter which rod has the greatest flux change. 
A possible solution is to increase the magnetic flux so that the change in flux for 
each level of force is greater, thereby making the noise level a smaller 
percentage of the value. However, the Amperes 3-D models show that the steel 
pathways are almost at saturation just before the flux reaches the sensors. 
Saturation for 1010 steel is about 2.25 Tesla. Therefore, if the magnetic flux is 
increased, the thickness of the steel should.be increased to allow more flux flow 
to the sensors. 

Dynamic loading had more accurate results. The 2x2 grid array correctly 
identified 3 out of 4 of the rods. The 3x3 grid array was more complex, however, 
and more sensitive to small differences in GMR location and flux path congruity. 
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AREAS FOR IMPROVEMENT 

Size and proximity of GMR sensors 
A definite difference was noted in the signal reaction for the dynamic loading due 
to how close the GMR sensor was to the rods, relative to the others. GMR 2 in 
this experiment consistently had a greater signal reaction due to it being 
positioned closer to the rods than GMRs 1 and 3. This will be changed or 
accounted for in future testing. 

The GMR sensors used in the magnetic circuit have widths close to that of the 
steel pathways around the outer edges of the system. Due to the fact that the 
sensors and pathways were located about 1/16” from one another, questions 
arise as to whether or not the magnetic field one sensor is detecting is affected 
by the path next to it. A possible improvement would be to insert the GMR 
sensor into the steel path so that the flux flow goes directly through it, rather than 
the sensor being located over the flux flow. This may decrease the amount of 
proximity effect between the sensors. 

The size of the sensor also raises issues when considering the future intent to 
create a nano-sized system. A GMR “violin” sensor exists that might be able to 
be incorporated to allow measurement to occur from a certain distance away 
from the magnetic field pathway. This would allow magnetic field pathways to be 
located closer together and would allow space for more of the pathways. 

Congruity of flux paths 
The steel paths on the tops of the rods are fabricated as separate pieces to allow 
force to be applied to one rod without applying force to another. However, during 
the experiment, gaps were created between the flux paths during loading. A 
magnetic grease (grease with iron filings) will be inserted between the flux path 
tops to allow flow to continue between them during loading. 

Proximity of force gage tip 
It is noted that the proximity of the force gage tip to a GMR sensor affects the flux 
reading. This flux offset, however, does not affect the data recorded due to the 
fact that an initial flux reading was recorded with the tip just above the rod 
(applying no force) and then this value was subtracted from the flux value when 
the force was applied. 

FUTURE WORK 

Strain gages will be placed on every rod. The strain gages collect strain 
information that contributes to the characterization of the Galfenol material. 

The GMR sensors shall be used to not only to locate the where the force is 
applied, but also to determine the amount of force applied. Mathematical 
analysis shall be perfomed and sense coils will be placed around each rod to‘ - 
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record the flux change in the Galfenol rod that is being stressed. This will verify 
the force value determined by the GMR sensors. 

SUMMARY 

According to the modeling performed, the concept of using Galfenol in a grid 
array to determine force location is possible. This first run-through of tests has 
produced some success and has identified areas that need modification. By 
reducing noise and the effects of sensor resolution sensitivity and proximity the 
flux data collected will be more accurate. With the data collected here, and the 
future work planned , nano-sized Galfenol sensor arrays are feasible. 
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