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Abstract. In the automotive industry a strong effort has been undertaken to
reduce the weight of modern vehicles. In order to reduce the energy con-
sumption and to improve the environmental sustainability, the importance of
weight reduction activities is even growing faster. As lightweight designing is
becoming more and more expensive and show less potential savings, new
approaches are needed. One promising technology could be the use of shape
memory elements. In the last years a lot of potential application possibilities
were presented, demonstrating the benefit of these functional elements in
automotive design solutions: they often reduce complexity, weight and design
space of an actuation device and enable new functions. In addition they work
silently and are therefore ideally suitable for comfort applications in the pas-
senger cabin. Because of the current trend to electric vehicle the hitherto existing
drawback of a high electrical energy consumption of shape memory actuators in
some design proposals is not given any more.
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1 Introduction

The shape memory effect was discovered for the first time in the year 1949 in some
experiments upon CuZn- and CuAl-alloys [1]. In the following decades this phase
change effect was further investigated and an extensive research work was carried out
especially for the NiTi-alloy system [2–4]. Nowadays SMAs have become a wide field
of research on the one hand and also part of an industrial market with real products and
applications in different technical areas on the other hand. In the first place medical
applications have to be mentioned, for example stents and guide wires [5, 6]. But also
in the field of domestic appliance the number of household applications using shape
memory elements is rapidly growing [7].

In the automotive industry, in contrast, some growing interest in these functional
materials can be mentioned, but the activities were mostly limited upon pure research,
patent filings and the development of some first demonstrators. The reasons for this
restriction are complex and multilayered: for a long time construction algorithms and
designing tools were missing, reliable material producers and suppliers were hard to
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find, the phase change temperatures were not high enough and the effect stability was
sometimes too small. Working with shape memory elements very often was a time and
cost intensive trial-and-error process. Fortunately a lot of these drawbacks have been
overcome in the last years and therefore the automotive industry is more and more
interested in the development of new applications, especially when SMAs are used as
actuators.

Considering the automotive industry it can be asserted that in recent years a strong
effort has been carried out to reduce the weight of modern vehicles. In order to reduce
the energy consumption on the one side and to improve the environmental sustain-
ability of any car on the other side, the importance of weight reduction activities is even
growing faster. As lightweight designing is becoming more and more expensive and
show less potential savings, new approaches are needed. One promising technology
could be the use of shape memory elements. In the last years a lot of potential
application possibilities were presented, demonstrating the benefit of these functional
elements in automotive design solutions: they often reduce complexity of an actuation
device and enable new functions, thereby they reduce the weight and the required
space. In addition they work silently without any sound and are therefore ideally
suitable for comfort applications in the passenger cabin of an automotive vehicle.
Because of the current trend to electric vehicle the hitherto existing drawback of a high
electrical energy consumption of shape memory actuators in some design proposals is
not given any more.

Although the SMAs are described in a multitude of papers and books, this paper
gives a short overview of commercially available SMAs, explaining the unusual
behavior, the fundamental material mechanisms and the limitations of its use in
automotive applications. In the second part of the paper diverse examples are given to
demonstrate the benefit of shape memory driven automotive devices, some of them
developed by the authors.

2 State of Art of Shape Memory Alloys

2.1 Physical Effects and Fundamental Material Mechanisms

The most important property of SMAs is the reversible change of its shape by means of
thermal influences or interactions with external mechanical stress. During this change of
shape very high resetting forces may occur, for which reason this material is considered
to be very interesting for a lot of different applications. The shape memory effect is based
upon a reversible and diffusionless phase change between a high temperature phase
called austenite and a low temperature phase called martensite. By means of an appro-
priate change of temperature or mechanical stress this lattice structure may be provoked.
This change of shape or phase change, respectively, occurs in the solid state, far below
the melting temperature of the alloy. The phase change of SMAs is showing a hysteresis
and is generally characterized by four so-called phase change temperatures. In the case of
the austenitization these are the austenite-start-temperature, AS, and the austenite-finish-
temperature, AF. For the building of the martensite structure two temperatures are used:
the martensite-start-temperature, MS, and the martensite-finish-temperature, MF.
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Figure 1 shows schematically this hysteresis during the phase change of shape memory
materials.

The reversible change of shape provoked by the shape memory effect may occur in
different forms, which are generally named as:

• one way shape memory effect (OWSME)
• two way shape memory effect (TWSME)
• pseudo-elasticity (PE) or super-elasticity (SE)

Generally every SMA is able to conduct every mentioned shape memory effect;
which type of shape memory effect is executed depends upon the material, its pro-
duction and its thermomechanical treatment and is reliant on the temperature, defor-
mation and the mechanical stress [9].

One Way Shape Memory Effect (OWSME). The OWSME describes the ability of a
SMA that was deformed in the martensite condition to reset this deformation (shape
change) only by heating. The percentage of this reversible deformation can be repre-
sented up to 8 % [3].

Figure 2 shows as a practical example for the OWSME a wire or a clamp that
consists of shape memory material. First the clamp will be deformed by applying an
external force. Afterwards the clamp will be heated and the original shape will be
restored. A further cooling will not cause any visible change of shape.

Fig. 1. Hysteresis and phase change of a shape memory material (Source: Liu [8])

Fig. 2. Principle of the one way effect (OWSME)
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This effect of a reverse transformation into the original shape by means of the
austenitization only occurs after a previous deformation in the martensite condition and
is therefore called OWSME. Colloquially it can be said that the SMA “remembers” its
original shape in the high temperature phase (austenite). The phase change from
austenite to martensite does not change the shape.

Figure 3 shows the course of mechanical stress (σ), temperature (T) and elongation
(ε) during the OWSME. At the beginning the SMA is in the martensite condition, no
mechanical stress is applied and therefore no elongation can be observed. When the
SMA is mechanically loaded first an elastic area is run through, where the mechanical
stress rises at low elongation. This area of elastic elongation is followed by an area
where the elongation rises at nearly constant mechanical stress. This area is the
martensite plateau, where a SMA can be pseudo-plastically elongated. A further
loading after this reversible area would cause real-plastically deformation till fracture
[8]. If the SMA is unloaded within the pseudo-plastic area, a certain elongation remains
(ε1W). If a SMA in this condition is heated, the elongation returns back to zero.

Two Way Shape Memory Effect (TWSME). SMAs with a TWSME are able to
“remember” two shapes: one in the austenite at high temperature (in the same way as
the OWSME) and additionally another shape at lower temperature and martensite
structure. The percentage of reversible deformation of the TWSME is lower compared
to the OWSME and can be represented up to 4 % in the case of NiTi alloys [3].

The shape in the lower temperature condition has to be adjusted by thermome-
chanical treatments. No new mechanical stress is necessary to change between these two
shapes: the shape of the high temperature condition is formed by means of the austen-
itization and the shape of the low temperature condition bymeans of the martensitization.
The full effect is achieved when heated to the austenite-finish-temperature and when
cooled to the martensite-finish-temperature, respectively (see Fig. 4).

According to [10] the TWSME may occur extrinsically or intrinsically:

• An extrinsic TWSME effect is defined if a force that deforms the actuator element in
the cold condition is integrated into the setup

• An intrinsic TWSME effect is defined if the shape memory element is able to
change (“switch”) between the two shapes only by changing its temperature

Fig. 3. One way effect (OWSME or also ε1W) (Source: Liu [8])

Potential Capabilities of Shape Memory Driven Automotive Devices 539



Pseudo-Elasticity (PE) or Super-Elasticity (SE). PE describes a mechanical SME
where the alloy exhibits a “rubber-like” behavior. By application of an external force a
reversible shape change can be observed that overpasses the reversible shape change of
conventional spring steels up to ten times and can be practiced up to 8 % [3].

The reason for this effect is based upon a mechanically enforced phase change
within the material. For this purpose the material has to present 100 % austenite in the
beginning of the loading. Through the mechanical loading stress-induced martensite is
formed at a critical stress level. Subsequent unloading causes a reverse transformation
into the initial austenite structure (see Fig. 5).

The pseudo-elastic effect only occurs at temperatures between the austenite-
finish-temperature, AF, and the martensite-desist-temperature, Md. Md represents the
upper limit for the formation of stress-induced martensite. At higher temperatures the
austenite structure remains in a stable condition without formation of stress-induced
martensite [11].

Fig. 4. Two way effect (TWSME or also ε2 W) (Source: Liu [8])

Fig. 5. Pseudo-elasticity or super-elasticity (PE, SE or also εPE, εSE) (Source: Liu [8])

540 J. Strittmatter et al.



2.2 Available Alloys: Characteristics and Limitations

The thermal SME was observed in noble metal, Cu-, Fe- and NiTi-based alloy systems
and in non-metal shape memory materials [12]. It can be said that with the availability
of the NiTi alloys, discovered around 1960 in the Naval Ordnance Laboratory
(NOL) and therefore called “nitinol”, the commercial use of the shape memory effect
has started. Nowadays the NiTi- and Cu-based alloy systems are mainly used and
present the highest availability. Although an increasing interest and development of
Fe-based SMAs can be observed within the last years, Table 1 shows the most
important properties of NiTi-, CuZnAl- and CuAlNi-SMAs.

In most of the applications NiTi-alloys are used because of their advantageous
combination of the material properties. They exhibit the highest values of OWSME and
TWSME, the best effect stability, the smallest risk of overheating, excellent corrosion
resistance and biocompatibility and moreover a very high specific electrical resistivity
[12]. The most important disadvantage seems to be their high price level.

Table 1. Characteristic values of thermal SMAs

(Source: Janocha [12], p. 159, and own data)
Property Unit NiTi CuZnAl CuAlNi

One way effect, max. % 8 4 … 5 6
Two way effect, max. % 4 1 1,2
N = 10
N = 1000
N = 100000
Max. number of cycles

%
%
%

6
2
0,5
≥106

1
0,8
≥104

1,2
0,8
≥103

Phase change temperatures °C −100 … +120 −200 … +120 −200 … +170
Hysteresis °C 30 15 20
Overheating, max °C 400 150 … 200 300
Young’s modulus, martensite kN/mm2 28 … 60 70 80
Young’s modulus, austenite kN/mm2 83 … 100 70 … 100 80 … 100
Tensile strength, martensite kN/mm2 700 … 1100 700 … 800 900 … 1200
Tensile strength, austenite kN/mm2 800 … 1500 400 … 800 500 … 800
Strain to rupture, martensite % 40 … 60 40 … 50 8 … 10
Strain to rupture, austenite % 12 … 30 10 … 15 5 … 7
Thermal conductivity W/mK 10 … 18 120 75
Thermal expansion coefficient 10−6 1/K 6,6 … 10 17 17
Specific electric resistivity 10−6 Ωm 0,5 … 1,1 0,07 … 0,12 0,1 .. 0,14
Density 103 kg/m3 6,45 7,9 7,15
Corrosion resistance Very good Sufficient Good
Biocompatibility Very good Bad Bad
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2.3 Potential Capabilities for SMAs in Automotive Applications

Concerning the application of SMAs in automotive vehicles the use of actuator ele-
ments seems to be most promising. Practical examples are being presented in the next
chapter. Table 2 shows the general advantages and disadvantages using NiTi-SMAs as
actuators.

In addition to the design of classical shape memory actuator elements in automotive
vehicles it is also possible to use SMAs as crash elements, utilizing the energy dissi-
pating property during the phase change [13]. Based on the different electrical resis-
tivity of the austenite and stress-induced martensite structure the application of SMAs
as sensor elements is possible as well.

3 Examples for the Use of SMA in Automotive Devices

3.1 Overview of Potential Applications

Figure 6 shows an overview of potential applications of SMAs in car systems. Several
of them are still under development; some of them are even shown in certain
demonstrators [14]. One application that already passed to a standard-production
application in luxury class vehicles of some car manufacturers is presented in the next
chapter.

3.2 First Serial Automotive Application: SMA Pneumatic Valves
for Lumbar Support in Car’s Seats

The first high-volume product (>5 Mio actuators/year) is an automotive valve used to
control low pressure pneumatic bladders in a car seat that adjust the contour of the
lumbar support/bolsters. The overall benefits of SMA compared to traditionally-used

Table 2. Important properties of SMAs in actuator applications (Source: Janocha [12], p.160)

Pros Cons

High energy density (high working capacity
per volume)

Effect stability is strongly dependent on the
quality of the alloy

Almost immediate shape change High price (NiTi-alloys)
Multiple forms of shape change (elongation,
contraction, bending, rotation)

Application requires competent and skillful
consulting (manufacturers, experts)

Simple mechanisms are possible (low
complexity of the actuator design)

Minor energetic efficiency

Possible limitation of the effect for certain
element areas

Limitation of application bandwidth because
of heating/cooling restriction

Clean, noiseless and nonarcing operation
conditions

Risk of degradation and fatigue
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solenoids in this car seat application (e.g.: lower noise, electromagnetic compatibility,
lightweight, required space, power efficiency/consumption) are the crucial factors in the
decision to replace the old standard technology with SMA [15].

According to a big SMA manufacturer [16] the SMA actuators are a perfect fit for
valves because the micron thin SMA wire allows for numerous valve form factors
enabling various options for attachment. In addition, the included proportional control
(without any additional sensor) is the most suitable option for every valve supplier [16].
The silent and minimalistic design specification of the SMA air and gas valves offers
benefits for a wide use in the automotive industry. This has contributed to winning
significant production volume in the automotive sector [17]. This actuator is designed
to fit into a customized valve or valve block offering 2 × 2/2 way, replacing two single
magnets that would have to be used otherwise (see Fig. 7). Some of the impressive

Fig. 6. Overview of potential applications of SMAs in car systems (Source: Mercedes-Benz)

Fig. 7. SMA actuator with SmartFlex wires and electronic control board (left side). The SMA
wire is conducted along the plastic part and activates the valve against the bias spring when
heated (right side) (Sources: [18, 19])
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actuator characteristics [18] are listed below: Voltage: 9–16 V; Temperature: −40°C–
80°C; Stroke: 0,4 mm; Closing force: 0,8 N; Full open/close < 120 ms; Weight <
20 g; Noise < 25 dBa.

One of the leading SMA companies is producing every year 10 million of these SM
actuators that are installed in all main vehicles’ platforms of Daimler, BMW, GM,
Hyundai, Ford and Porsche/VW [19].

3.3 Further Potential Applications

The Konstanz University of Applied Sciences and the WITg are working in the field of
SMAs for more than 20 years and various automotive applications were investigated,
some of them still are under development. In these applications a strong focus was set to
quick changing actuators in order to use NiTi wires in automotive pedestrian safety
systems [20, 21]. Another field of activity is located in the energy dissipation of a crash
impulse by means of shape memory elements [22]. Recently the authors are working
upon new automotive systems with SMAs that can be used on the one side for comfort
tasks in the passenger cabin and on the other side also for crash situations, presenting
new functions in order to prepare the passengers to the particular accident situation [23].
In the Conference up-to-date information of these projects will be given; for lack of
space in this paper only one actuator type for automotive applications will be presented.

In some applications, the stroke of a SMA based on the two way effect is not
sufficient. Due to this, a structure has been developed, in which stroke as well as lifting
force are variably expandable. The function to a specific installation length to increase
the stroke of one or more SMA actuators is realized with a linear mechanical cascading
mechanism. This is based on a connection of the actuator elements with the superposed
cascade element on which in turn are mounted further SMA actuators. For the desired
contraction the number of levels of the cascade serves as summation of each stroke
path. Depending on the lifting capacity required, the number of used SMA wires can be
increased or a larger cross-section could be used. Figure 8 shows the first prototype on
the left side and its further development on the right side.

Continue setting options with respect to the movement can be achieved by the
connection of the electrical activation. With a series circuit of each layer the cascade

Fig. 8. Cascade systems for SMAs (left: first design, right: further developed design)
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performs a slow and uniform motion. In contrast to this, with a parallel circuit it results
a rapid contraction.

4 Summary and Outlook

In the automotive industry a strong effort has been undertaken to reduce the weight of
modern vehicles. In order to reduce the energy consumption and to improve the
environmental sustainability, the importance of weight reduction activities is even
growing faster. As lightweight designing is becoming more and more expensive and
show less potential savings, new approaches are needed. One promising technology
could be the use of shape memory elements. In the last years a lot of potential
application possibilities were presented, demonstrating the benefit of these functional
elements in automotive design solutions: they often reduce complexity, weight and
required space of an actuation device and enable new functions. In addition they work
silently and are therefore ideally suitable for comfort applications in the passenger
cabin. Because of the current trend to electric vehicle the hitherto existing drawback of
a high electrical energy consumption of shape memory actuators in some design
proposals is not given any more.
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