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Abstract 12 
In this study, the inverse magnetostrictive properties of twisted Fe–Co alloy wires and the 13 
twisted Fe–Co alloy wire integrated epoxy resin matrix composites were evaluated using 14 
free and forced vibration and compressive tests. The inverse magnetostrictive properties 15 
of the twisted Fe–Co alloy wires were higher than those of the untwisted wires, with the 16 
highest values obtained for the 8-times-twisted Fe–Co alloy wires. However, no clear 17 
relationship was observed between the output voltage values and the number of twists. 18 
These findings suggested that twisting the Fe–Co alloy wire resulted in residual stress, 19 
which may have improved the inverse magnetostrictive properties.  20 
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 24 
1. Introduction 25 

The Internet of Things (IoT), in which every object connects to the internet to 26 
collect big data and improve our quality of life, has recently gained popularity. To realize 27 
the IoT society, many devices, including sensors, must be prepared. However, fabricating 28 
numerous batteries for IoT devices is unrealistic. Therefore, battery-free devices should 29 
be developed using energy harvesting materials to power the devices. The conversion of 30 
unused energy, such as human movement, vibration, heat, and light, into electrical energy 31 
is known as energy harvesting. However, the low power generation performance of 32 
energy harvesting materials prevents its application. 33 

One type of energy harvesting material is a magnetostrictive material. Because of 34 
the inverse magnetostrictive effect (Viralli effect), magnetostrictive materials generate 35 
electricity. The super magnetostrictive materials such as Terfenol-D and Galfenol have 36 
higher magnetostrictive properties than Fe–Co alloy (~150 ppm). However, they are 37 
oxidizable and expensive; hence, they cannot be used on industrial scale. The Fe–Co alloy 38 
is a promising magnetostrictive alloy with excellent mechanical properties, high 39 
saturation magnetization, high Curie temperature, and low cost. Previously, we have 40 
proposed the fabrication of Fe–Co alloy and Nickel clad plate [1,2], the notching [2,3], 41 
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the nitriding [4], additive manufacturing of Fe–Co alloy [5,6], and Fe–Co alloy wire 42 
integrated or particle distributed polymer matrix composites [7,8]. 43 

We hypothesized that twisting promotes easy movement of the magnetic wall 44 
during the magnetization process and improves the magnetostrictive properties of Fe–Co 45 
alloy wire [9]. Therefore, the inverse magnetostrictive properties of twisted Fe–Co alloy 46 
wires under free and forced vibrations and that of twisted Fe–Co alloy wires integrated 47 
with epoxy resin composites under compressive stress, were investigated in this study. 48 
 49 
2. Experimental procedure 50 
2.1. Inverse magnetostrictive properties of twisted Fe–Co alloy wires under free and 51 
forced vibrations 52 

Twisted Fe–Co wires, length = 50 mm, were obtained by bending Fe–Co alloy wire 53 
(diameter of 0.5 mm, TOHOKU STEEL, Co., Ltd) at the center and rotating it with a 54 
constant speed drill (see Fig.1). The twist rate varied between 3 and 9 times/cm. Further, 55 
untwisted Fe–Co alloy wire (diameter of 1.0 mm, TOHOKU STEEL, Co., Ltd) was 56 
obtained for comparison. 57 

The free vibration test setup is shown in Fig. 2. A string was used to suspend an 58 
8/16 g weight from the twisted Fe–Co alloy wire, which was fixed inside the coil. The 59 
data loggers (NR-500 and NR-ST04, Keyence Corporation), with an internal resistance 60 
of 4.5 kW, measured the output voltage by dropping of the weight. 61 

The schematic illustration of the forced vibration test setup is shown in Fig. 3. A 62 
shaker (ET-132, Labworks Inc.) and function generator (FG-281, Kenwood Corporation), 63 
which was fixed inside the coil, are used to vibrate the twisted Fe–Co alloy wire. The 64 
output voltage was measured using the same data loggers (NR-500 and NR-ST04, 65 
Keyence Corporation), which had an internal resistance of 4.5 kW. The acceleration was 66 
calculated by 67 

 68 

𝑎 = (2𝜋𝑓)( ×
𝐷
2  (1) 

 69 
where 𝑓 is the frequency and 𝐷 is the total amplitude, respectively. 70 
 71 
2.2. Inverse magnetostrictive properties of twisted Fe–Co alloy wires integrated 72 
epoxy resin composites under compressive stress 73 

To test the inverse magnetostrictive properties of twisted Fe–Co alloy wires under 74 
compressive stress, the wires were embedded in epoxy resin. A bisphenol-F and curing 75 
agent (ST-12, Mitsubishi Chemical Corporation) were mixed in a 100:55 ratio, stirred for 76 
10 min, and degassed for 15 min. The mixed solution was poured into a cylindrical mold 77 
with twisted Fe–Co alloy wires oriented longitudinally. The twisted Fe–Co alloy wire 78 
integrated epoxy resin composites (f = 10 × 20 mm3) were obtained after curing at 20 °C  79 
for 24 hours and at 80 °C for 180 min. 80 
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The inverse magnetic flux density measurement test is shown in Fig. 4. Using a 81 
universal testing machine (AG-5 kN XD, Shimadzu Corporation), with a testing speed of 82 
0.08 MPa/s and the bias magnetic field of 0, 215, or 485 mT by sandwiching two 83 
permanent magnets, compressive stress was applied along the longitudinal direction of 84 
twisted Fe–Co alloy wire integrated epoxy resin composite until 50 MPa. The magnetic 85 
flux density vibration at the center of twisted Fe–Co alloy wire integrated epoxy resin 86 
composites was measured using a Tesla meter (TM-801, Kanetec Co. Ltd.). 87 

The output voltage measurement test is depicted in Fig. 5. Using a universal testing 88 
machine (AG-5 kN XD, Shimadzu Corporation) at a testing speed of 2.0 mm/s, cyclic 89 
compressive loads of 200 and 1200 N were applied 6 times along the longitudinal 90 
direction of twisted Fe–Co alloy wire integrated epoxy resin composite sandwiched by 91 
an aluminum plate and covered with a coil. The magnetic flux density due to vibrations 92 
at the center of twisted Fe–Co alloy wire integrated epoxy resin composites was measured 93 
using a Tesla meter (TM-801, Kanetec Co. Ltd.). 94 
 95 
3. Results and discussion 96 
3.1. Inverse magnetostrictive properties of twisted Fe–Co alloy wires under free and 97 
forced vibrations 98 

The output voltage density of twisted Fe–Co alloy wires increased proportionally 99 
to the number of twists (Fig. 6). However, no clear relationship could be found between 100 
the output voltage values and the number of twists. The stress applied to Fe–Co alloy wire 101 
oriented the magnetic domain and increased its magnetostrictive properties. The output 102 
voltage density of twisted Fe–Co alloy wires under forced vibrations was nearly identical 103 
regardless of the number of twists; however, it was low for untwisted wires (Fig.7). 104 
 105 
3.2 Inverse magnetostrictive properties of twisted Fe–Co alloy wires integrated 106 
epoxy resin composites under compressive stress 107 

Figure 8 depicts the variation in the magnetic flux density of an 8-times-twisted Fe–108 
Co alloy wire integrated epoxy resin composite under compressive stress with different 109 
bias magnetic fields. The variations were greater with the 215-mT bias magnetic field 110 
than that with the 0-mT bias magnetic field. However, the magnetic flux density decreased 111 
with a bias magnetic field of 485 mT due to the complete orientation of magnetic domains, 112 
and a high bias magnetic field (485 mT) decreased the free rotational degrees of a 113 
magnetic moment. 114 

The difference in magnetic flux density change between 5-and 8-times-twisted Fe–115 
Co alloy wire integrated epoxy resin composites under compressive stress is shown in 116 
Fig. 9. The magnetic flux density of the 5-times-twisted Fe–Co alloy wire integrated 117 
epoxy resin composite remained the same, whereas that of the 8-times-twisted one 118 
increased proportionally. The magnetic flux density change between untwisted, 5-times-119 
twisted, and 8-times-twisted Fe–Co alloy wire integrated epoxy resin composites under 120 
compressive stress is depicted in Fig. 10. The magnetic flux density of an 8-times-twisted 121 
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Fe–Co alloy wire integrated epoxy resin composite was ~28 times compared to that of 122 
the untwisted Fe–Co alloy wire integrated epoxy resin composite.  123 
 124 
4. Conclusion 125 

The inverse magnetostrictive properties of twisted Fe–Co alloy wires under free 126 
and forced vibrations and that of twisted Fe–Co alloy wires integrated with epoxy resin 127 
composites under compressive stress were investigated in this study. Twisted Fe–Co alloy 128 
wires had higher inverse magnetostrictive properties than untwisted wires, with the 129 
inverse magnetostrictive properties of 8-times-twisted Fe–Co alloy wire having the 130 
highest values. However, no clear relationship could be found between the output voltage 131 
values and the twisting number. The residual stress in Fe–Co alloy wire due to twisting 132 
appears to have increased its inverse magnetostrictive properties. However, more research 133 
is needed to determine the mechanism of enhancement of Fe–Co alloy wire by twisting. 134 
 135 
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 180 
Figure 1 Twisting Fe–Co wires using a drill.   181 
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 182 
Figure 2 Setup for free vibration test.  183 
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 184 
Figure 3 Schematic of the forced vibration test setup.  185 
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 186 
Figure 4 Inverse magnetic flux density measurement test setup.   187 
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 188 
Figure 5 Output voltage measurement test setup.   189 
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 190 
Figure 6 Output voltage density of twisted Fe–Co alloy wires under free vibration.  191 
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 192 
Figure7 Output voltage density of twisted Fe–Co alloy wires under forced vibration.   193 
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 194 
Figure 8 Magnetic flux density change of an 8-times-twisted Fe–Co alloy wire integrated 195 
epoxy resin composite under compressive stress with different bias magnetic fields.  196 
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 197 
Figure 9 Difference in magnetic flux density change between 5-times- and 8-times-198 
twisted Fe–Co alloy wire integrated epoxy resin composites under compressive stress.  199 
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 200 
Figure 10 Magnetic flux density changes in untwisted, 5-times-twisted, and 8-times-201 
twisted Fe–Co alloy wire integrated epoxy resin composites under compressive stress. 202 
 203 


