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Abstract: 
This paper presents a study of Magnetic Shape Memory Alloy (MSMA) performances oriented to the design of 
a hydraulic pump. Its main properties, high strain and force under small response time requirement, have been 
recently improved via acoustic assistance by means of piezoelectric actuation. This research encloses a novel 
study in MSMA actuation technology regarding force and power mechanical exchanges and power 
consumption. The aim of this paper is to discuss the convenience of using MSMA technology in driving 
autonomous hydraulic robot power units. 
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Introduction 
 
This paper presents a study of Magnetic Shape 
Memory Alloy (MSM or MSMA) performances 
oriented to the design of a MSMA actuated 
hydraulic pump. Autonomous walking robots have 
to carry all their actuation system and also the power 
source supplying it. Current actuator technology 
needs to be optimized in terms of the power-to-
weight ratio of the robot's motor system [1]. The 
objective of this research is to discuss the 
convenience of using MSMA technology in driving 
autonomous hydraulic robot power units. The 
conducted tests are oriented to the systematic 
determination of the behavior of the 5-layered single 
crystal NiMnGa alloy. 
 

 
Fig. 1 Testbench with MSMA actuator 

 
MSMA material can be the engine of a positive-
displacement hydraulic pump, also called 
reciprocating pump. The material undertakes a 
periodic stretch-contraction motion, so that the 
delivered mechanical power can be calculated as 
shown in eq.1: 
 

maxmax fEP cyclemech      (1) 

 
where Emech-cycle is the mechanical energy delivered 
per  stretch-contraction cycle, fmax is the maximum 

attainable periodic motion frequency, and Pmax is the 
maximum mechanical power. 
The main contributions of this paper regarding the 
actual experimental knowledge of the MSMA 
technology are: 
 The implementation of a modular test bench to 

measure deformation and stress in the MSMA 
sample during the martensitic transformation 

 An experimental characterization of a MSM 
Actuator from Adaptamat Ltd. Its operation 
would be similar when working in a 
reciprocating hydraulic pump 

Test conditions are oriented to the case of a 
hydraulic pump, experimental data is focused on 
periodic actuation under constant temperature. 
 

 
Fig. 2 Testbench assembled with all three modules 

 
State of the art 

 
The main properties of MSMA, which are high 
strain and force under small response time 
requirements, are rather promising for our purposes. 
All the actuators developed using this technology up 
to now are position controlled [2, 3, 4], and do not 
take force and power requirements directly into 
account. Therefore, the available data regarding 

Module 1 
 

Module 2 Module 3 Module 1 MSM Actuator 



MSMA is not enough to develop a functional design 
of MSMA actuation. This research encloses novel 
work aiming to fulfill this gap. 
The main features that have to be taken into account 
when using MSMA technology are: 
 The need to work under high unipolar magnetic 

flux density levels: this requirement has been 
recently reduced via acoustic-assistance [5, 6] 

 Variable reachable stroke: magnetic flux density 
frequency and applied waveform change the 
available stroke [7, 3]. It is also affected by 
operation temperature [8] 

 Strong non-linear and temperature dependant 
behavior 

 Large hysteresis mechanical behavior 
 Possible loss of MSM effect as a consequence 

of mechanical fatigue [9] 
 
Experimental testbench 
 
The singular features of MSMA technology 
complicate its mechanical characterization. The 
acquired variables are force, position, magnetic flux 
density and temperature. Other measurements are 
performed in order to determine the MSMA 
actuation power consumption. 
Table 1 shows the signal range and bandwidth of the 
sensors used to perform the measurements. The 
testbench allows the characterization of: 
 Adaptamat’s MSMA Test Actuator: it is a linear 

actuator, with two NiMnGa MSMA 20x2,5x1-
mm samples which are precompressed by an 
internal spring. 

 Adaptamat’s 5-layered single crystal NiMnGa 
MSMA  20x2,5x1-mm  samples 

 
Table 1. Sensor specifications 

Model & 
vendor 

Range Bandwidt
h 

T-H3B- E3A 
Flux density 

SENIS Gmbh 

0-2T (linear) 
Resolution: 

0.02 T 

 
2500 Hz 

ECL202-U12B- 
10kHz-SAM 
Displacement 
IBS Precision 
Engineering 

 
0,6 - 

3,50mm 
Resolution: 

0,24 µm 

 
 

10 kHz 

Model 13 
Load cell 

Honeywell 

0-22,2 N 
Resolution: 

0,1 N 

 
5 kHz 

 
The conceived modular test bench consists of three 
linearly-arranged modules shown in Figs. 1 and 2: 
 Module 1 contains the mechanical load of the 

MSM and the position and force measurement 
system 

 Module 2 supports the magnetic core enclosing 
an MSM sample in its air-gap 
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Fig. 3 MSMA Stress-strain curve obtained from 
tests on the MSM Actuator using the test bench 
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Fig. 4 Force and displacement response of the MSM 

actuator to a square pulse current, with a high 
stiffness spring load. The shown curve is an average 

of 10 identical tests 
 
 Module 3 configures the acoustic-assistance to 

improve the mobility of martensite twin 
boundaries by means of piezo-actuation. There 
are not enough tests regarding this feature. All 
experimental data presented in this paper has 
been obtained without acoustic-assistance. 

Modules 2 and 3 can be replaced by a small-sized 
mechanical actuator to be characterized, being its 
strain and force ranges compatible with the sensors 
used in the testbench, see Table 1.  
The magnetic core is electrically supplied by a high 
capacity H-bridge circuit, Mesa Electronics-7i29. 
The current that circulates through the coils is 
acquired and controlled through a conventional 



feedback loop using an industrial automation and 
acquisition system based on the PXI architecture by 
National Instruments, running on NI LabVIEW 
Real-Time.  
Fig. 3 and 4, both, show the same experimental data, 
acquired using the testbench at 50 kHz sampling 
frequency. The MSM actuator is working in open-
loop responding to a square-wave current. Fig 4 
represents the MSM actuator displacement and 
exerted force over time. The curve shown in Fig. 3 
represents force vs. elongation, and presents the 
usual MSM stress-strain behaviour with hysteresis. 
This curve has been divided into three parts, 
represented by the colors blue, green and red; and 
which are the elongation, steady-state and MSM 
compression respectively. The authors consider that 
this curve validates the testbench performance. 
 
Adaptamat’s MSMA actuator characterization 
 
A certain number of tests have been carried out to 
find out the maximum mechanical power that the 
MSM Actuator can deliver. All experimental data 
shown in Figs. 5 and 7 has been obtained from an 
average of 5 measurements from 5 different tests. In 
these tests the mechanical load has been exerted by a 
low stiffness spring, so that the load force has been 
almost constant. The main results are shown in Figs. 
5 and 7. 
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Fig. 5 MSM actuator characteristic open-loop 

response times 
 
The magnetizing delay is the time required to attain 
the required minimum flux density to generate 
MSMA elongation. The settling time is high for low 
force tests because the response of the MSM 
actuator is rather oscillatory. These response times 
are calculated as explained in Fig. 6. This actuator 
exhibits a highly non-linear behavior, and therefore 
these times are difficult to improve, and it is 
acceptable to take them as the best attainable 
response times in closed-loop response. 

The maximum Emech-cycle, mechanical energy 
delivered per stretch-contraction cycle, is obtained 
for load forces of approximately 4 N, as shown in 
Fig. 7. Therefore the minimum stretch-contraction 
cycle period is approximately ms 3 + 4.25 = Tmin

, so 

that the maximum attainable periodic motion 
frequency is Hz 150  fmax  . The maximum 

mechanical power that the actuator can deliver can 
be estimated to be 

 W0,45 150103f E = P -3
maxcycle-mechmax  . 
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Fig. 6 The measured response time characteristicas 
are, T1: magnetizing delay, T2: actuator rise-time,  

T3: actuator open-loop settling-time 
sampling frequency  50 kHz 

 

1 2 3 4 5 6 7 8 9
0

0.2

0.4

0.6

0.8

1

Load force [N]

St
ea

dy
-s

ta
te

 e
lo

ng
at

io
n 

[m
m

]

MSM Mechanical characteristics curve

 

 

1 2 3 4 5 6 7 8 9
0

0.5

1

1.5

2

2.5

3

D
el

iv
er

ed
 m

ec
ha

ni
ca

l e
ne

rg
y 

pe
r c

yc
le

 [m
J]StSt Elong

Ecycle

 
Fig. 7 Characteristic mechanical curve of the MSM 

actuator, ststcyclecyclemech lFE    

 
The MSM mechanical characteristic curve, shown in 
Fig. 7, shows two important facts about the 
actuator. The first is that its maximum working force 
is about 7.5 to 8 N. It also shows that this actuator 
does not work properly with very low forces, since 
the compression force, exerted by the load and the 
precompression spring, is insufficient to return the 
actuator to its initial position. 
The current curve drawn by the MSM power unit, 
which is fed with 30 Vdc, is shown in Fig. 6. The 



authors estimate that the power consumption of the 
amplifier is about 34 W for the maximum 
mechanical power working conditions. The value of 
this experimental current is high in order to obtain 
the complete mechanical characteristic curve. An 
optimistic minimum current estimate, which would 
still generate actuator movement, reduces this value 
to 17 W, which is still too high compared with Pmech-

max = 0.45 W. As a result of this work we can state 
that the efficiency of the current state-of-the-art 
MSM technology is low to be used for mechanical 
actuation. 
 
Conclusion & future work 
 
The authors have designed and implemented a 
testbench, which is already operational, that allows 
the characterization of low stroke actuators. The 
testbench has been used to characterize a MSM test 
actuator form Adaptamat Ltd, which contains two 5-
layered single crystal NiMnGa MSMA. The main 
contribution of this work is the measurement of 
force and power exchanges during the MSMA 
martensitic transformation. 
The experience acquired during the realization of 
the presented work is going to be exploited to 
continue the characterization of MSMA technology: 
 Quantifying the influence of acoustic-assistance 

related mainly to power exchanges and response 
speed during MSMA transformation 

 Gathering useful experimental data aiming at 
the development of a control law allowing to 
block a constant compression force, with a 
MSMA sample in stretched position. From a 
mechanical fatigue point of view, position 
control usually leads to damaging oscillations 
[3]. Therefore, a force-oriented control which 
would decrease the number of oscillations may 
partially solve this problem. Thus a relation 
between constraint force and its blocking 
magnetic flux density level is expected 

 The realization of fatigue test on the MSMA 
material, which loses its capabilities above a 
certain number of working cycles [9] 

 Exploiting the characterization data to 
implement force and position control with 
MSMA technology 

The low efficiency of this technology makes it 
inappropriate to be used in driving autonomous 
hydraulic robot power units. The authors believe 
that the high unipolar magnetic flux density levels 
required to activate de MSM transformation are 
prohibitive, since they are the main factor causing 
their extremely low working efficiency of this 
technology. The reason is that a lot of power is lost 
due to Joule effect in the magnetic core windings. 
The authors believe that future improvements of this 
technology will increase its power efficiency. 

Thanks mainly to the obtention of new alloys with 
lower magnetic flux density level requirements. 
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