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Abstract: This paper presents the concept development of a standardized test rig as well as the 

corresponding test plans which takes into the consideration as many as possible parameter of influence 

on smart materials. For this purpose, the design of the test rig itself, as well as the design of experiments 

and the analysis of the achieved results based on various statistical methods is discussed in detail. The 

main challenge of this concept is the development of a system which will lead to a significant reduction 

of the development time during the product development process of shape memory actuators.  

The realization of the concept (design of experiments, analysis of the results as well as the prognosis of 

the lifetime) is shown exemplary on selected life span variables. For the sake of completeness, the design 

of the corresponding test rig as well as its functionality are discussed in detail. Finally, the achieved 

results are described regarding the applicability and show the possibilities of further development of the 

actuators. 
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1.  INTRODUCTION 
 

There is a wide range of application concepts which have been provided in the previous years for smart 

materials. Based on these concepts, enormous potential of the shape memory actuators has been proved 

for many times. According to this fact, shape memory actuators transformed from a niche to a series 

product which in the meantime became at least of equal value compared to the conventional (electrical) 

actuators. However, this kind of technology is still categorized as novel and unconventional. A large-

scale implementation of shape memory actuators failed because of missing, standardized and 

homogeneous testing equipment and testing plans based on the application of appropriate load spectra 

which would provide reproducible results. Especially a replicable determination of fatigue behavior, 

service life, degradation and reliability of shape memory actuators is not possible and has to be analyzed.  

 

A further issue during the development of products based on the mentioned technology, is the 

development time with regard to the expected lifetime, which in many cases is much too high, especially 

for small and medium enterprises. For example an actuator, which shall resist at least 250.000 cycles 

may take several months of testing in case of smart materials and only several days for an equivalent 

electromagnet. 

 

2.  FUNDAMENTALS OF SHAPE MEMORY ALLOY ACTUATORS  
 

Shape memory alloys (SMA) are smart multifunctional materials which exhibit the remarkable property 

to recover a previously imprinted shape after a mechanical deformation. The transformation effect, relies 

on the martensitic phase transformation [1]. During heating the material transforms from the low 

temperature phase (called martensite) into the high temperature phase (called austenite) by exceeding 

the austenite start temperature (As). This is linked to a shape change ending at the austenite finish 

temperature (Af). The heating can be achieved by thermal fields or by electric heating utilizing the 

Joule’s effect. 
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During subsequent cooling, the reconversion of the material is provoked by the retransformation from 

martensite start temperature (Ms) to martensite finish temperature (Mf). The effect can be used in order 

to generate mechanical forces and displacements, known in the field of mechatronics as actuations. Most 

commonly used shape memory materials are binary nickel titanium alloys (NiTi), consisting nearly of a 

50 % ratio of both elements. The ratio is the crucial factor for setting up transformation temperatures. 

Figure 1 shows the transformation characteristic with a simple SMA actuator pulling a mass during 

heating. These intelligent materials have certain characteristics which are unique in comparison to other 

actuating principles. A striking advantage of SMA is the significant higher working capacity in 

comparison to conventional actuators. A shape memory alloy wire actuator with a diameter of 2 mm is 

able to lift a weight of 120 kg by a self-weight of just 25 g. Furthermore, shape memory actuators make 

noiseless actuation possible, which is desired especially in automotive comfort-applications.  

 

Figure 1: (left) schematic characteristic of SMA two way effect, (right) example of SMA material 

with imprinted shape and placed in 80°C hot water 

 
 

Today’s SMA actuators can be found e.g. in small valves in automobiles [2], auto-focus systems in 

mobilephone-cameras [3] and thermal regulators for building automation [4]. Earlier publications [5] 

presented valve drives like the quench-valve. In this application the SMA wire quenches a flexible tube 

affecting the flow control of the fluid. 
 

Figure 2: SMA actuator quench-valve: if the SMA wire is cold, the mechanical pressure spring 

quenches the tube blocking the fluid in it (upper left). If the SMA wire is activated by electrical 

current it is stronger than the mechanical spring and the tube terminal is opened (lower left). 

Photo of the quench valve demonstrator (right) 

 
While there are striking advantages of SMA actuators concerning miniaturization and simplification, 

the development-time of SMA actuators is one of the major obstacles in this field. Due to the thermal 

characteristic, the resetting time of an SMA actuator corresponds the cooling time from the Af to Mf 
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temperatures. Hence, the cooling time depends on the thermal balances of the SMA actuator itself, the 

ambient thermal field and the thermal characteristics of the actuator mechanical parts (for example: 

housing). An exemplary experiment result is shown in figure 3 as a stroke over time diagram at different 

boundary conditions. The used SMA element is a NiTi49.8 alloy in wire form (diameter 0.2 mm, length 

150 mm). At ambient temperature of 20°C the actuator is triggered within 1 second, and cools down 

within 10s if it is reseted by a tensile stress of 200 N/mm2. If the temperature rises to 60°C, the difference 

between the retransformation temperatures and ambient temperatures are significantly lower which 

causes a slower resetting time of 17 seconds. If a fatigue test of such actuator has to be done, a cycling 

of the actuator of more than 250.000 cycles has to be planned. By a cycle time of 11-18 second per 

cycle, such an experiment can take even 31 to 52 days. If an SMA wire has a bigger diameter, the 

resetting time rises with a quadratic characteristic. All in all, SMA fatigue tests are vital for product 

development due to nearly unpredictable behaviour [6] and lack of standardized modules [7]. 
 

Figure 3: stroke over time behaviour of a SMA element as a function of temperature 

 
 

The fatigue of shape memory alloys itself can be seen as a multiclausal phenomenon parting into: 

• Effect-fatigue, which is caused by the cycle-dependant extinction of dislocations within the 

material [8] 

• Mechanical fatigue, resulting from inhomogeneous thermal profiles over time. If the SMA 

actuator is only partly transformed during heating and cooling phase, the cooler actuator’s 

parts are elongated. This elongation leads to necking and finally to mechanical failure. 

• Thermal caused overheating. The overheated parts of the actuator can become more ductile, 

also leading to necking, and mechanical failure. 

All these fatigue-parts depend on engineering parameters of SMA actuators like used stress-strain level 

of the SMA element, the control strategy, the mechanical load characteristic and material parameters 

like Ti-ratio and thermomechanical heat-treatment [9]. 

 

In order to analyse the fatigue behaviour, the recording of stroke performance over time during cycling 

is a common method which is focused in this publication. Earlier studies proved also the possibility to 

measure the resistance of the material in order to calculate the condition of the SMA actuator and it’s 

fatigue [F10-SMASIS15]. While the first cycle reaches a displacement of 4% of the SMA wire’s length, 

the same wire only reached 2.9% after 2.000 cycles. With this it is possible to get a function between 

stroke performance and fatigue and the lifetime of the SMA wire can be forecast.  

 

3.  EXPERIMENTAL SETUP FOR TESTING OF SMART MATERIALS  

 
In order to analyze the performance of SMA wire actuators, a test rig as presented in figure 4 (left) is 

used. It is configured to test three SMA specimen at the same time. The specimen (for example 2) are 

mounted to fixed bearings (1) on one side and to a moveable bearing (5), which can slide along a defined 

track (3). The connection of the SMA wired with the test rig is done by clamps (4) which are normed 

by VDI2248 guideline [VDI2248]. A stopper (6) ensures that the specimen will not be elongated 
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additionally to the first deformation of the SMA elements which has to be done every time during 

preparation of the experiment. The mechanical loads (7) are of major importance to the fatigue behavior. 

In this experimental setup the tensile loads of 100 MPa, 200 MPa and 300 MPa have been adapted to 

the channels A, B and C of the test rig. The test rig is mounted on an aluminum frame (8). The stroke of 

the SMA wires is measured by potentiometric sensors (13) and recorded by a measurement-amplifier 

(11). The amplifier also measures the voltage levels of the specimen during heating phase at constant 

current levels supported by the current source (10). A linear switching unit (9), which is steered by the 

computer terminal (12) sets current levels on the SMA specimens on the rig.  

 

On the right sight of figure 4 an experimental result is given for an SMA wire class of 0.4 mm diameter 

and an initial length of 120 mm. The specimen have been elongated at 2.5% strain. The test has been 

performed at 20°C with three specimen at 100 MPa, 200 MPa and 300 MPa tensile loads. Due to the 

material characteristic of SMA, the phase transition temperatures increase with higher mechanical load 

levels. If the thermal difference between the ambient temperature and the transition temperatures is high, 

the SMA cools down faster. This explains the variation of the resetting curves. The mechanical load has 

also influence on the activation, which has been automatically compensated by the test rigs logic in 

order to ensure comparable data with SMA triggering time of one second.  
 

Figure 4: (left) schematic of the lifetime performance test rig, (right) one cycle of three specimen 

at different mechanical load levels. 

 
 

Figure 5 shows the real test rig in action. The time, electrical voltage and the stroke was recorded with 

10Hz. The total measure involve 21.000 cycles. An influencing variable is the environmental 

temperature, which was eliminated by temperature control.  
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Figure 5: real test rig cycling several SMA wires at the same time with different loads (left) 

online process control and analysis (right) 

 
 

4.  DESIGN OF EXPERIMENTS  

 

New products have to be developed with limited costs, in a short time and with high quality. Therefore, 

an optimal planning of the experiments that have to be performed is of great importance. The Design of 

Experiments (DoE) is a proven method in engineering as well as in the operational environment. It is, 

for example, used in process optimization, production and product development. [11] 

The problems faced in those fields are usually in the form of comparisons among a set of influence 

factors in respect to some of their effects which are produced when they are applied to the experimental 

units. [12] 

According to [13], DoE methods can be separated into classical methods and modern methods. While 

the classical methods require high mathematical and temporal expenditure due to necessary testing of 

all influence factors, modern methods (as developed by Shainin and Taguchi) allow faster and more 

efficient testing of products or processes. 

 

DoE means detailed planning of experiments, with systematically assigned influence factors. Those 

influence factors are then specifically adjusted in order to reach pre-defined quality features or to 

optimize the product/process. [13] 

 

The classical methods often have a straightforward approach to determine the influence of the different 

factors as well as the correlation between them. Here, one can take the full factorial design as an 

example, where every possible combination of the influence factors in different settings is tested.  

If a linear influence of a factor is given, it is sufficient to allow only two settings of that factor in the 

tests. In the other case, at least 3 different settings of the factor have to be tested. 

 

In example shown in table 1, three influence factors with linear influence are tested with full factorial 

manner. The numbers on the left side denote the number of the test runs. A, B and C denote an influence 

factor. The minus sign denotes that the factor is on the lowest setting in that test, a plus sign denotes the 

highest setting. For example, in the third test the factors A and C are set to the lowest setting, while B 

is on the highest setting. [Table cf. [13]] 
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Table 1: Fullfactorial Design of Experiments cf. [13] 

 

 

 

 

 

 

 

 

 

 

 

 

It is obvious that in the full factorial design the number of tests 𝑛𝑡 grows exponentially with the number 

of tested influence factors 𝑛𝑓. We have 

𝑛𝑡 = 2𝑛𝑓       (1) 

 

If all influence factors have a linear influence, and 

 

𝑛𝑡 = ∏ 𝑖𝑛𝑖∞
𝑖=2       (2) 

 

If there are influence factors that have to be tested in more than one setting, where 𝑛𝑖  is the number of 

factors that have to be tested in i different settings.  

For example, if there are two factors which have to be tested in five different settings and four factors 

which have to be tested in three different settings we get a total number of: 

 

𝑛𝑡 = 52 ∗ 34 = 2025     (3) 
 

Necessary tests. Note that the numbers are fully artificial and serve only the understanding of the 

example.  

 

The full factorial design enables the engineer to determine the influences of the different factors as well 

as their correlation. However, since the number of needed tests grows exponentially, it is not 

recommended to use this design with a large number of factors and/or a large number of factor settings 

that have to be tested for a single factor.  

 

In modern methods, the number of necessary tests can be reduced significantly by using pretests or by 

the usage of the experience and knowledge of experts that are familiar with the tested products or 

processes. By that, the number of influence factors is reduced to a smaller amount of important factors.  

For further information on the classical methods as well as the modern methods refer to [13]. 

In general, DoE enables its users to understand the influences of different factors as well as their 

correlation to each other. It is, however, necessary to meet certain conditions and to provide the required 

foundation. For further information on the required conditions as well as a detailed presentation of what 

can happen if those conditions are not met refer to [11]. 

 

4.  ANALYSIS OF TESTING RESULTS 

 

According to [14], “Accelerated tests” (ATs) is a term used for two completely different kinds of tests 

with different purposes, “qualitative ATs” and “quantitative ATs”. The key differences are presented 

briefly in figure 6 (for further information regarding accelerated testing refer to [15]). 

 

 

 

 

  A  B C 

1 -  - - 

2 -  - + 

3 -  + - 

4 -  + + 

5 +  - - 

6 +  - + 

7 +  + - 

8 +  + + 
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Figure 6: Accelerated testing methods 

Qualitative ATs Quantitative ATs

Accelerated Testing

Objectives:

- Detection of flaws in manufacturing process

  and product design, root cause analysis

- Improvement of product reliability

Testing requirements:

- Detailed knowledge about testing object

- Engineering experience, root cause analysis

  skills

Mathematical models:

- no mathematics / statistics involved

Objectives:

- Determination of failure-time distribution

- Obtain information about degradation processes

- Identification of dominant failure mechanisms

Testing requirements:

- Detailed testing plan: test length, number of

  samples, confidence intervals, acceleration

  factors, test environment

Mathematical models:

- Stress-life relationships: Arrhenius, Coffin-

  Manson, Norris-Lanzberg

- Lifetime distributions: Weibull, log-normal,

  exponential

 
Qualitative ATs are used to identify product weaknesses caused by flaws in the product´s design or 

manufacturing process. It is done by increase of the stresses until the product fails. The aim is to improve 

the product reliability in a very short period of time, usually hours or days. These tests are performed on 

entire systems but can be performed on individual assemblies as well. Common names for this type of 

tests are HALT (Highly Accelerated Life Test), STRIFE (Stress-Life) and EST (Environmental Stress 

Testing) [16]. Tests of this type do not involve any statistical or mathematical methods. They are only 

used to make the product more robust, not to gain any knowledge about the product lifetime or the 

degradation process over time. 

 

Quantitative ATs are used to obtain information about the failure-time distribution and degradation in 

a relatively short period of time (usually weeks or months) by accelerating the use environment. In most 

cases, a model to describe the relationship between failure mechanism and accelerating variables already 

exists. They are also well-suited for finding dominant failure mechanisms and are usually performed on 

individual assemblies rather than full systems. In order to set up a quantitative AT, several different 

parameters must be known, for example test duration, number of samples, desired confidence intervals, 

field and test environment, stress-life relationship and distribution model. It is of note that this kind of 

test is of interest for the purpose of the present study. The main focus of the testing phase is the 

calculation of the degradation as well as early prognosis of passing the test. 

 

4.1 Acceleration models 

 

One key factor is to determine the acceleration factor. It can be obtained by two different methods, either 

by using existing physical / chemical acceleration models or by determining empirical acceleration 

models by experimentation.  

 

Physical / chemical acceleration models 

Various physical / chemical models for well-understood failure mechanisms are already available. They 

describe the failure-causing process and allow extrapolation to use conditions for specific environment 

variables. The relationship between accelerating variables and the actual failure mechanism is usually 

extremely complicated. However simple models which adequately describe the process already exist. 

Examples for some acceleration models can be found in [14]. 

 



 

Probabilistic Safety Assessment and Management PSAM 14, September 2018, Los Angeles, CA 

Empirical acceleration models 

 

If there are no chemical / physical models to describe the failure-causing processes adequately it may 

be necessary to develop an own empirical model by experimentation. An empirical model usually 

provides an excellent fit to the available data. Extensive empirical research regarding possible failure 

mechanisms and different stress variable combinations is needed to justify the needed extrapolation. For 

the reason that there are no existing acceleration models for smart materials, a further purpose of the 

study is to develop an empirical model based on the testing results.  

 

4.2. Acceleration methods 

 

Increasing the usage rate: Products that are not in continuous use, can be accelerated by increasing the 

usage rate. This means that the time between the load phases is reduced. It has to be considered whether 

the increased use rate changes the cycles to failure distribution. This kind of acceleration is already 

performed within this study. The times between the load phases, which may take minutes to hours in 

the automotive industry are reduced to zero during the testing. An example of the data record performed 

on the existing test rig is presented in figure 7.  

 

Figure 7: Increased usage rate based on stroke plot 

 
 

Obviously, the presented example shows only several cycles within 1200 seconds out of an entire test 

which is considered for 300.000 cycles. Nonetheless, the entire test is recorded in the exactly same 

manner.  

 

The complete record of the trial test is shown in figure 8. It is established based on the plot of a maximum 

stroke belonging to each cycle. Here, all in all 89 cycles are shown which is obviously much less than 

the record of an entire test and therefore shall be treated artificially. Based on the propagation of the 

maxima, some statistical test may be applied for the analysis of the test. For example, in the red sectors 

a trend analysis (e.g. regression analysis or linear trend estimation [17]) can be performed in order to 

examine the degradation in these areas. Furthermore, the examination of the change of a certain levels 

(highlighted by the green areas) of maxima can be performed based on significance tests. For the 

comparison of samples, different significance tests are available. In this case, nonparametric tests can 

be applied since it is not verified if the samples are normally distributed.  

 

The null (and alternative) hypothesis of Mann-Whitney U test [17] 

-0,5

0

0,5

1

1,5

2

2,5

3

3,5

1

3
5

6
9

1
0

3

1
3

7

1
7

1

2
0

5

2
3

9

2
7

3

3
0

7

3
4

1

3
7

5

4
0

9

4
4

3

4
7

7

5
1

1

5
4

5

5
7

9

6
1

3

6
4

7

6
8

1

7
1

5

7
4

9

7
8

3

8
1

7

8
5

1

8
8

5

9
1

9

9
5

3

9
8

7

1
0

2
1

1
0

5
5

1
0

8
9

1
1

2
3

1
1

5
7

St
ro

ke
 [

m
m

]

Time [s]



 

Probabilistic Safety Assessment and Management PSAM 14, September 2018, Los Angeles, CA 

 

𝐻0 ∶ 𝐹(𝑧) = 𝐺(𝑧) (𝑎𝑛𝑑 𝐻1 ∶ 𝐹(𝑧) ≠ 𝐺(𝑧 − 𝜃) )    (4) 

 

that the samples have the same focus and the null (and alternative) hypothesis of Levene’s test [17] 

 

𝐻0 ∶ 𝐹(𝑧) = 𝐺(𝑧) (𝑎𝑛𝑑 𝐻1 ∶ 𝐹(𝑧) ≠ 𝐺(𝜃𝑧) )    (5) 

 

that the variances of the samples are equal are described based on formulas 4 and 5 respectively.  
 

There is a wide range of further analysis possibilities. Though, all of them will be considered in the 

future work depending on the results gathered out of long term tests.  

 

Figure 8: Complete record of the trial test 

 

Increasing the aging-rate: By increasing experimental variables like temperature, humidity or 

radiation, chemical processes that lead to certain failure modes can be accelerated. Here, the application 

of various ambient temperatures is planned in the future. For this purpose, a new test rig similar to the 

one presented in figure 5 put in a climate chamber is designed and will be build up and used in the 

further studies. Based on the results, the influence of the temperature will be considered as a further 

variable for the acceleration of the tests.  

 

Increasing the level of stress: If the environmental stress exceeds the strength of the testing object, the 

unit (prototype) will fail. This means that a unit operating at higher stress levels will generally fail after 

a shorter space of time than a unit at lower stress levels (e.g., amplitude in temperature cycling, voltage, 

or pressure). 

 

4.  SUMMARY AND OUTLOOK  

 

This paper presents a concept for a test rig as well as the statistical set up of experiments for the 

purpose of testing of shape memory alloys. For this purpose, fundamentals of shape memory alloy 

actuators are discussed briefly for the overall understanding of the purpose of the study. Furthermore, a 

concept for the experimental setup for testing of smart materials including some considerations of further 

development are discussed in detail. For the setup of the experiments, some method out of the design of 

experiments field are presented and discussed regarding their advantages and disadvantages. Finally, 

some statistical methods for the analysis of the results of accelerated testing are proposed regarding the 

proper applicability. Here, also the accelerated testing in discussed based on the purpose of this study.  
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In the future work, real data gathered from the long time experiments will be analyzed. Based on this 

analysis, acceleration factors shall be calculated depending on various parameters. Finally, a prognosis 

method shall be established in order to define already during the test if the tested actuator is going to 

pass the test or not.  

 

The final result of this study shall be a guideline consisting of the description of the test rig, design and 

setup of the test, analysis method as well as the prognosis algorithm for smart memory alloy actuators 

being under development. Based on the proposed guideline, testing of SMA actuators shall be 

harmonized. 

 

References 

 

[1] K.Worden, W.A. Bullough, J. Haywood, Smart Technologies, World Scientific, London, GB p. 109, 

and p. 126 (2003) 

[2] M. Koepfer, SMA-Akturatorik, Newsletter of Alfmeier Präzision AG, found on www.alfmeier.de 

(last 02.14.18) 

[3] A. B. Brown, “Fast and Accurate SMA Actuators at High Ambient Temperatures”, Proceedings of 

Actuator Conference 2012, 2012, Bremen. 

[4] A. Czechowicz, S. Langbein, “Shape Memory Alloy Valves”, Springer, 2015, New York 

[5] H. Meier, A. Czechowicz: “Computer-Aided Development and Simulation Tools for Shape-Memory 

Actuators”, Metallurgical and Materials Transactions, Springer ISSN: 1073-5623 (2011) 

[6] A. Czechowicz, S. Langbein, J. Pollmann, „Benefits of Standardization Illustrated by Shape Memory 

Actuators in Machining Applications”, VDE Kleinantriebe Conference 2013, 2013, Nürnberg.  

[7] A. Czechowicz, „Adaptive und adaptronische Optimierungen von Formgedächtnisaktorsystemen 

für Anwendungen im Automobil,“ Ph. D. Publication, Ruhr-University Bochum, Shaker, 2012, Bochum. 

[8] A. Tuissi et. al., “Electrical Pulse Shape Setting of Very Thin Ni49Ti51 Wires for Shape Memory 

Actuators”, conference proceedings of SMST2013, Prague, Czech Republic, pp. 241-242 (2013) 

[9] VDI “2248 Guideline: Shape Memory Alloy Actuator Development – Part 3: Testing of Shape 

Memory Alloy Systems”, Beuth Verlag, 2018, Düsseldorf.  

[11] P. Weikel, “Das DOE Desaster - Oder warum statistische Methoden häufig nicht die gewünschten 

Ergebnisse erzielen” in: S. Bracke, M. Mamrot, P. Winzer, “Qualitätsmethoden im Diskurs zwischen 

Wissenschaft und Praxis”, Shaker Verlag, 2015, Aachen. 

[12] M.N. Das, N.C. Giri, “Design and Analysis of Experiments”, John Wiley & Sons Inc., 1986, New 

Delhi.  

[13] E. Hering, J. Triemel, H.-P. Blank. “Qualitätsmanagement für Ingenieure”, Springer-Verlag, 2003, 

Berlin. 

[14] L. Escobar and W. Meeker. “A Review of Accelerated Test Models”, Statistical Science 21, No. 4, 

pp. 552–577, (2006). 

[15] M. Hinz, P. Temminghoff and S. Bracke: APTA approach: Analysis of accelerated prototype test 

data based on small data volumes within a car door system case study. Proceedings: The 12th 

Probabilistic Safety Assessment and Management, PSAM 12, Honolulu, Hawaii, USA, June 22nd -27th, 

2014 (2014). 

[16] H. Chan and P. Englert. “Accelerated stress testing handbook: Guide for achieving quality 

products”, IEEE Press, 2001, New York. 

[17] L. Sachs and J. Hedderich. “Angewandte Statistik Methodensammlung mit R.“, 13. Edition, 

Springer, 2009, Berlin. 

 

http://www.alfmeier.de/

