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This paper concerns the sensing of dynamic force/stress by means of a measuring system based on the use of an Fe-Ga sample 

(Galfenol) coupled to a magnetic circuit. The study is focused on the measurement of the effective magnetic field, detected at the rod 

specimen surface, and its variation Heff under time-dependent applied sinusoidal stress  oscillating at frequencies between 5 Hz 

and 20 Hz at different values of applied bias field bias (2.5 kA/m  bias  27 kA/m). For the considered frequency and bias range, the 

measured Heff tends to linearly depend on  in contrast with the corresponding induction variation behavior (B, where 

hysteresis effects appear. With in the range ± 15 MPa we obtain 0.06 MPa resolution in the determination of the alternating stress 

a result pointing to the effectiveness and sensitivity of this Galfenol-based method for detection and measurement of time-

dependent stresses.  

 

Index Terms— Magnetostrictive devices, Force sensors, Fe-Ga alloy, Stress.  

 

I. INTRODUCTION 

IANT magnetostrictive materials are characterized by high 

compressive strength and high Curie temperatures, while 

being capable of operating in harsh environment [1], [2]. 

These properties make them suitable for various applications, 

such as energy harvesting, force sensors, and transducers [3]- 

[5], where one can take advantage of their bidirectional 

magnetomechanical response [6]. Fe81Ga19 (Galfenol) shows a 

high magnetic saturation value (Js  1.7 T), high 

magnetomechanical coupling, and low remanence with a 

narrow hysteresis loop [7]. These properties make it a good 

candidate for sensing forces compared with other giant 

magnetostrictive materials, such as Terfenol-D [8].  

 The fact that a variation of a magnetic quantity can 

be assessed as a function of a mechanical variation, has been 

exploited for sensing and control of static forces [8]-[10]. 

Only recently, however, extended experiments on dynamic 

sensing using Galfenol cores have been performed [11], [12]. 

In these works, the magnetic flux variation detected by a 

pickup coil on the core was related to the variation of the 

applied stress.  

Two main limitations appear, however, when 

choosing the magnetic flux as a stress gauge quantity: 1) the 

method works better at relatively high frequencies, usually 

above 100 Hz; 2) the detected flux is generally affected by 

hysteresis, that is, non-linear response and a substantial 

frequency-dependent phase shift between measured induction 

and force. 

 In this paper, we discuss magnetic sensing of 

dynamic forces using a Galfenol sample. In particular, 

effective field and magnetic induction have been measured 

between 5 Hz and 20 Hz on a Galfenol rod subjected to a 

stress cyclically varying around a defined compressive pre-

stress. A dynamic test machine is employed, in connection 

with a soft magnetic structure, which holds the sample in a 

flux-closing configuration and imparts a DC field of variable 

strength. A quasi-linear dependence of the effective magnetic 

field, measured at the sample surface, on the dynamic stress is 

observed upon a defined range of bias field values. Besides 

good linear response and negligible hysteresis, a sensitivity of 

0.02 MPa/(A/m) is obtained, resulting in high resolution (0.06 

MPa in the range ±15 MPa) at the lowest frequency.  

II. EXPERIMENTAL SETUP AND MATERIAL CHARACTERIZATION 

The polycrystalline Galfenol rod (Fe81Ga19) sample under test 

(diameter 12 mm, length 60 mm) was inserted as the central 

limb of a three-legged magnetizer with two identical windings, 

a scheme similar to the one recently proposed in [12]. The 

laminated yoke is realized with 0.20 mm thick non-oriented 

Fe-Si sheets. With a current of 6A flowing in the two series-

connected 550-turn coils, the material can reach saturation 

even under high applied compressive stress (- 80 MPa), as 

demonstrated by the Finite Element Method (FEM) simulation 

shown in Fig. 1. The rod ends are affixed to the compression 

plates of a 10 kN dynamic test machine (Instron, model 

E10000, Instron Corp., Norwood, MA, USA), which can work 

up to 100 Hz. The whole excitation and measuring setup (Fig. 

G 

 
Fig. 1.  FEM analysis of the magnetic flux in the employed magnetizer and 

the Galfenol rod sample with a current of 6 A circulating in the electrical 

series-connected 550-turn windings. 
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2) includes: i) a Lake-Shore magnetometer with Hall field-

sensing plate (transverse probe) placed in contact with the 

Galfenol rod surface at midplane (Gaussmeter model 460, 

Lake Shore Cryotronics, Inc., Westerville, OH, USA); ii) a 40-

turn secondary pickup coil localized at the Hall probe position; 

iii) a load cell for the measurement of the dynamic force; iv) a 

computer-controlled data acquisition system using a four-

channel oscilloscope as a digitizer (model TDS 420, Tektronix 

Inc., Beaverton, Oregon, USA) operating in high-resolution 

mode. The measurement system is schematically shown in 

Fig. 2. The measured evolution of the quasi-static major 

hysteresis loops of the Galfenol sample under constant 

compressive stress (-80 MPa  0  0) is shown in Fig. 3. It is 

observed how the slope of the magnetization curve around the 

demagnetized state is progressively depressed upon the 

increase of the stress.   

III. THE SPECIMEN AS A FORCE SENSOR 

 An effective bias field up to Hbias(max) = 30 kA/m was 

axially imposed to the Galfenol rod. At the same time, a 

constant compressive stress bias = - 45 MPa (mechanical bias) 

with sinusoidal modulation of peak amplitude max =  15 

MPa and frequency ranging between 5 Hz and 20 Hz was 

applied by the dynamic test machine.  

 The mechanical bias stress bias is first imposed by the test 

machine to the Galfenol specimen. Then, the bias field Hbias is 

set, by tuning the electric current that feeds the coils. Then, a 

sinusoidal variation  of the mechanical stress is applied. 

The associated variation of the effective magnetic field, 

measured on the sample surface versus the applied bias field, 

is called Heff in the following. B is the corresponding 

variation of the magnetic induction. An example of the 

obtained results is given in Fig. 4. It shows the dependence of 

the effective field variation Heff on the sinusoidal stress  

as a function of the magnetic field bias Hbias in the range 2.5 

kA/m  Hbias  27 kA/m. Remarkably, Heff appears to 

linearly depend on , while exhibiting maximum swing with 

negligible hysteresis, in the range of bias field values 6.5 

kA/m  Hbias  8.5 kA/m. 

A. Discussion 

We can qualitatively understand the evolution of the Heff 

versus  curves in the polycrystalline Galfenol sample (cubic 

grains with <100> easy axes) looking, on the one hand, at the 

magnetization process engendered by a changing stress and, 

on the other hand, at the way the stress-dependent sample 

permeability affects the behavior of the magnetic circuit. With 

an applied compressive stress and in the absence of an applied 

field, the magnetization in the single domains tends to lie 

along the easy axes farther apart from the direction of the 

stress (the rod axis). If the compressive bias is sufficiently 

  
Fig. 3. Quasi-static hysteresis cycles of Galfenol measured under constant 

compressive stress in the range - 80 MPa     0 in 5MPa steps.  
     

Fig. 2.  Scheme of the experimental setup.  

 

 
Fig. 4. Measured effective field variation Heff versus dynamic stress  at 20 

Hz for different values of the applied field bias Hbias. Compressive pre-stress bias 

= -45 MPa, dynamic stress peak amplitude max =  15 MPa. The inset shows 

examples of major (B, H) hysteresis loops measured with constant pre-stress  

0 = 0, 0 = -45 MPa; 0 = -80 MPa.  
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high, the stress-induced anisotropy can even overcome the 

magnetocrystalline anisotropy and the magnetization tends to 

lie in the plane normal to the rod axis. Consequently, the 

magnetization process increasingly occurs by moment rotation 

under increasing value of bias in the lower induction range 

(e.g. up to about 0.5 T for bias = -80 MPa, see Fig. 3).  

Further increase of H promotes the magnetization switching 

by 90° domain wall processes towards easy crystallographic 

axes closer to the field direction, as signaled by the 

corresponding dramatic increase of the permeability. The 

whole magnetoelastic energy content, estimated by integration 

of the anhysteretic curve, turns out to be of the order of 17 

kJ/m3. It is then realized in Fig. 4 that, for a defined Hbias 

value, we can, exploiting the near-anhysteretic behavior of the 

magnetization curves, identify a point corresponding to bias = 

-45 MPa around which a large permeability swing can be 

obtained under an alternating dynamic stress max =  15 

MPa. The oscillating permeability reflects a change of 

reluctance of the central limb of the magnetizer, which is 

supplied under a constant current regime, and, consequently, 

in a field variation Heff. Looking then at the family of 

magnetization curves surrounding the intermediate curve 

associated with bias = -45 MPa curve (Fig. 3 and inset of Fig. 

4), it is understood that the quasi-linear Heff vs  behavior 

observed for intermediate Hbias values (e.g.  Hbias  7.5 kA/m) 

descends from the corresponding quasi-symmetrical variation 

of the permeability  = B(Hbias)/Hbias of the curves spanning an 

appropriate  interval (for example    15 MPa).  

Fig. 4 is obtained with  pulsating at 20 Hz. Similar 

families of (Heff- curves are obtained at different 

frequencies. Fig. 5 shows that, whatever the frequency, the 

system provides quasi-linear hysteresis-free (Heff-) 

response for Hbias = 7.3 kA/m. The hysteretic frequency 

dependent behavior of the (Heff-) curves obtained with the 

higher Hbias = 12 kA/m is shown in the same figure.  

B. induced trajectories in the (B, Heff) plane 

The Heff curves shown in Fig. 4 as a function of the 

modulating sinusoidal stress  for a sequence of bias field 

values Hbias can find a representation in the B-Heff plane. For a 

generic j-th (Heff  curve (see Figs 4 and 5) the 

mechanical bias bias(j) and the frequency fj are constant and n 

sampling points are taken.  Each point i is associated with the 

quantities (Heff(i); i The total stress and field values are 

thus given by   

( j)(i) (i)eff bias effH H H    i=1,....,n  (1) 

     
i bias(j) iσ σ σ    i=1,....,n  (2) 

and the j-th (Heff - curve is described in the (Heff   

plane by the curve   

 
j(i) bias(j)

eff i σ ,
( )

f
H   i=1,....,n . (3) 

obtained at constant bias and constant frequency. This family 

of curves, represented by (3), have been handled with 

hysteresis. They define trajectories on the (B, Heff) plane. 

These trajectories can be reconstructed taking advantage from 

the sequence of thirty B-H magnetization cycles measured 

under constant bias values, one part of them shown in Fig. 3. 

To avoid managing a double hysteresis, and considering their 

extremely narrow shape, the B-H cycles have been replaced by 

the related anhysteretic curves. They are described as   

)(
bias(k)bias(k) eff,k  HB    k=1,....,30 , (4) 

where k  is a non-linear function of 
bias(k)eff,H .  

For each pair (
eff,α α,H  ) given by (3) one can compute B


by 

entering the corresponding α  (4) with Heff, at the same 

stress 
α . With this process, it is possible to transpose the 

Heff-curves, like those shown in Fig. 4, into B(Heff) curves 

traversing the family of anhysteretic curves under the action of 

the modulating stress (Fig. 6). A few analyses of force sensors 

 
Fig. 6. The Heff - curves obtained for compressive bias bias = -45 MPa 

modulated at f = 5 Hz according to max =  15 MPa (Fig. 4) are represented 

as B(Heff) curves traversing the family of anhysteretic magnetization curves 

taken in the range -60 MPa  0  -30 MPa. 

 
Fig. 5. Cycles Heff- at four different frequencies and two different field 

bias values: a) Hbias = 12 kA/m, b) Hbias = 7.3 kA/m. 
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based on the B- response of Galfenol have been discussed 

in the literature [12-15]. However, the B-curves exhibit 

substantial hysteresis, as shown in Fig. 7. Forcing their 

linearization for sensing purposes would result in significant 

modulus and phase errors in the measurement of force [15].  

IV. FORCE SENSING 

Once the quasi-linear characteristics have been obtained, a 

significant bias field must be identified for evaluating the 

stress sensitivity of the Galfenol rod. To this end, an 

optimization function, to be minimized, is defined in the 

following. At constant preload, for each magnetic bias value , 

the Heff- curve has been interpolated linearly and the 

following parameters have been evaluated: i) the variance of 

the data s2, ii) the area of the hysteresis loop Ah and iii) the 

inverse of the variation of H (1/H). For all the considered 

frequencies (from 5 Hz to 20 Hz), a sum of these parameters, 

taken with equal weight, has been minimized  

* 21 1 1 1
3 3 3hMin s A

H 


      


  (5) 

and optimal Hbias values have been obtained, according to the 

ranking reported in Table I. Here the values recurrent at all 

frequencies are highlighted in bold. They are in the range 7.2 

kA/m ≤ Hbias ≤ 7.5 kA/m. For Hbias = 7.3 kA/m the sensitivity 

of the specimen defined as |max /Hmax| was computed 

and found to be negligibly affected by the frequency ( = 2.19 

N/(A/m) at 5 Hz and  = 2.18 N/(A/m) at 20 Hz, which is 0.02 

MPa/(A/m)). The measured H  1.5 kA/m (Fig. 5b) is 

measured on the 23.9 kA/m range of the Hall gaussmeter, 

which provides an analog span of ± 3V. The corresponding 

resolution is 0.366 mV, that is, 2.92 A/m. Consequently, the 

force/stress resolutions are 6.4 N and 0.06 MPa, respectively.  

V. CONCLUSION 

Low-level dynamic stresses have been measured using a 

Galfenol rod sample under compressive bias stress. The 

instantaneous dynamic stress, imposed as a modulation of the 

bias, shows a linear dependence on the effective magnetic 

field variation measured at the sample surface with Hbias in the 

range between 7.2 kA/m and 7.5 kA/m, at all the investigated 

frequencies (5 Hz – 20 Hz). With dynamic stress amplitude 

max =  15 MPa, force and stress resolutions of 6.4 N and 

0.06 MPa, respectively are obtained.  

This paper is a successful preliminary study for the realization 

of a small force/stress sensor, with larger frequency 

bandwidth. Modeling approaches must be tuned to perform a 

suitable design and optimization of the device. 
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Fig. 7.  Measured magnetic flux density variation  versus dynamic stress 

 at 20 Hz for different values of the applied field bias Hbias. Pre-stress 

0 = -45 MPa, dynamic stress amplitude max =  15 MPa. 

TABLE I 

OPTIMIZED MAGNETIC FIELD BIAS VALUES  

 
N 

5 Hz 
(kA/m) 

10 Hz 
(kA/m) 

15 Hz 
(kA/m) 

20 Hz 
(kA/m) 

1 
2 

3 

4 
5 

6 

7 
8 

7.9 
7.6 

7.3 

7.2 

7.8 

7.5 

8.1 
8.2 

7.2 

7.0 

7.9 

6.8 
7.6 

7.5 

7.3 
8.2 

7.5 

7.2 

7.8 

7.3 

8.1 

6.8 

6.7 
6.5 

8.1 
8.2 

7.9 

8.4 

7.5 

7.3 

6.8 

7.2 

Ranking of the best Hbias values according to (5).  


