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Abstract
Development and experimental testing of a peristaltic device actuated by a single shape-memory
NiTi wire are described. The actuator is designed to radially shrink a compliant silicone pipe, and
must work on a sustained basis at an actuation frequency that is higher than those typical of NiTi
actuators. Four rigid, aluminum-made circular sectors are sitting along the pipe circumference
and provide the required NiTi wire housing. The aluminum assembly acts as geometrical
amplifier of the wire contraction and as heat sink required to dissipate the thermal energy of the
wire during the cooling phase. We present and discuss the full experimental investigation of the
actuator performance, measured in terms of its ability to reduce the pipe diameter, at a sustained
frequency of 1.5 Hz. Moreover, we investigate how the diameter contraction is affected by
various design parameters as well as actuation frequencies up to 4 Hz. We manage to make the
NiTi wire work at 3% in strain, cyclically providing the designed pipe wall displacement. The
actuator performance is found to decay approximately linearly with actuation frequencies up to
4 Hz. Also, the interface between the wire and the aluminum parts is found to be essential in
defining the functional performance of the actuator.
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1. Introduction

The energy expenditure related to transportation (of people
and goods, via ground, air or water) is a subject area that is
rightfully attracting much attention from the world-wide
research community. Whenever a solid body has a relative
motion with a fluid (be it air or water), a frictional drag due to
the fluid viscosity arises, and this implies an energetic cost.
When the flow motion takes place in the turbulent regime as
opposed to the laminar one, this energetic cost is much
higher: the additional energy is not used for useful work but
simply wasted to increase the internal energy of the fluid, i.e.
to increase its temperature. In many applications, the flow
motion is turbulent, hence a large research effort is currently

devoted to developing techniques to decrease skin-friction
drag down to the laminar level [1].

A wide range of strategies and actuators are under active
development; from simple modifications of the wall geometry
[2] to medium-complexity open-loop forcing strategies [3] to
more sophisticated controls where sensors and actuators are
placed on the wall of the body and used to implement a
feedback control law [4]; from miniaturized MEMS-based
sensors and actuators [5] to brand-new actuation concepts,
like DBD-plasma [6], synthetic jets [7], etc.

Very recently, an innovative technique has been pro-
posed by Fukagata’s group in Tokyo [8] that applies to duct
flows. It consists in varying in time the geometry of the duct,
by creating sinusoidal waves of wall-normal deformation
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traveling in the streamwise direction. We name this technique
the peristaltic traveling waves. A sketch of the flow geometry
and of the forcing is given in figure 1.

Numerical simulations in an idealized setup suggested [8]
that a turbulent wall flow could be transformed into fully
laminar by this type of forcing. In our lab a facility is already
available where an entirely different technique for the
reduction of turbulent drag [9] has been recently tested [10].
This facility is a convenient rig where the concept of peri-
staltic wave can be experimentally demonstrated. In our
actuators, the peristaltic deformation will be obtained by
placing several shape memory alloy (SMA) devices along the
external surface of a compliant pipe.

Several studies of SMA actuators in applications invol-
ving a peristaltic deformation, for instance miniaturized fluid
pumps, can be found in the literature. Solutions to generate a
flow rate exist in which a SMA element is placed directly on
the pipe surface. For example, a Ni–Ti wire wounded as a coil
around a 5 mm diameter silicone pipe has been used as an
actuator to reduce the area of the duct thus generating a dis-
placement of fluid [11, 12]. Sassa et al [13] used two serial
SMA sheets to build a micro pump capable of moving fluid in
a 1.3 mm diameter PDMS pipe. They imposed the peristaltic
deformation by inserting the tube through openings in the
SMA sheet. In these works, the deformation is achieved by
the Ni–Ti element directly shrinking the pipe. In other devi-
ces, peristaltic pumping is obtained by deforming a flexible
tube with a structure actuated by a SMA component. A single
Ni–Ti wire has been used to provide the force necessary to a
plunger arm which longitudinally compresses a pipe and
generates flow [14]. Guo et al [15] designed and tested a
three-staged, four latex tubes pump. Peristalsis is obtained by
alternatively compressing at the same time a couple of pipes,
with extrusion poles actuated by two couples of antagonistic
SMA springs. Another application of peristaltic deformation
is generation of locomotion in worm-like robot devices
[16, 17], where a mesh-tubed structure is equipped by SMA
springs wrapped over its surface in a spiral pattern. The

locomotion is realized by controlling the wire deformation
with peristaltic waves.

In the cited works, peristaltic deformation of a tube-like
structure is used to generate a fluid motion or a worm-like
motion. This contrasts with our aim of using SMA-based
actuators to generate a traveling wave along the compliant
wall of a pipe and to obtain a reduction of the turbulent skin-
friction drag. As locomotion or fluid pumping are not our
goals, a new type of actuator must be designed, which is
intended to centripetally shrink the diameter of the pipe by a
limited and well controlled extension, and to act at a pre-
scribed frequency. Such actuators will be placed along the
duct, and their synchronized action should generate the
desired peristaltic waves. As a first step towards the design of
the whole actuation system, the present paper describes the
design, optimization and experimental characterization of a
single actuator. Particular care is devoted to optimize the
functional properties of SMA wire, as the physics of near-wall
turbulent flows dictates severe requirements for the actuators,
that must cyclically achieve large deformations at large
actuation frequency on a sustained basis.

2. Actuating SMAs at high frequency

The near equiatomic NiTi system is the most recognized
SMA, owing to its excellent mechanical properties related to
the high strain recovery (shape memory effect), as well as the
high pseudoelastic and damping behavior. In particular, the
shape recovery is typically exploited in the actuator field,
where the material performs against an external load inducing
mechanical work [18–20]. At the base of these mechanical
attitudes, there is a thermoelastic martensitic transformation
between two solid phases, austenite (BCC lattice) and mar-
tensite (monoclinic lattice), that are stable in two critical
temperature ranges. These intervals are delimited by con-
ventional values that indicate the onset and offset of the direct
transition from austenite to martensite during cooling (mar-
tensite start Ms and finish Mf), and of the reverse transfor-
mation during which austenite is created from martensite
(austenite start As and finish Af). The forward and reverse
transformations between the two phases shows a thermal
hysteresis usually ranging from 20 to 40 °C [21].

The macroscopic shape recovery under load of a single
NiTi element during a thermal cycle is largely studied and it is
well employed in the actuation field. In this application, a
long fatigue life is achieved when the NiTi material works
under a typical stress varying from 150 to 200MPa. In this
working condition, the NiTi material is able to recover up to
4% of deformation [22] during each heating/cooling cycle in
tensile configuration. The Joule effect usually allows for a
relatively fast heating of the NiTi component [23]; the cooling
process, however, is more critical for high-frequency appli-
cations, and requires more time, owing to the material dif-
fusivity properties as well as heat exchange phenomena which
may interfere with the dynamic response of the actuator.
Normally, cooling is achieved by natural convection and,

Figure 1. Sketch illustrating the geometry of a pipe flow with
peristaltic waves. The fluid flow is toward the positive x direction.
The deformation (peristaltic) wave travels along the x axis in a plane
or circular duct delimited by deformable walls, and is characterized
by maximum peak-to-peak displacement η2 max, wavelength λ and
phase speed c. Each wall point experiences a displacement
Δη η π λ= −x t x ct( , ) sin (2 ( ))max .
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therefore, the actuator dimensions play an important part in
the duration of one single thermo-mechanical loop.

In the past, several studies have attempted to improve the
dynamic response of NiTi actuators, although many target
one-shot actuation only. A large portion of these works
employs forced cooling. The most obvious strategy is fluid
cooling, achievable with different heat transfer medium (air,
water, oil) and velocity (low or high speed, jet). Other ways to
remove heat from the SMA element can be the contact with a
heat sink, Peltier modules or silicone grease.

According to Tadesse et al [24], who compared various
active cooling techniques with natural convective cooling in
ambient air, low-speed forced air cooling has a small effect on
the response time, reducing it by 35%, whereas heat sinking
and high-speed forced air reach a 75% reduction, while fluid
quenching a 87% one. The use of thermal gel is ineffective
because the dissipation overcomes the Joule heating of the
wire and the viscosity blocks its contraction. Bergamasco
et al [25] used a water system to improve the cooling
response of a SMA robotic actuator. Their device consisted of
two antagonist SMA springs made of a 0.5 mm NiTi wire,
working in a box under a continuous flow of distilled water.
The resulting frequency cut-off of such actuator equipment is
between 1 and 2 Hz. Howe et al [26] improved the actuation
response of a 0.075 mm NiTi wire by using a feed-forward
analytical compensation during heating and a pneumatic
system during cooling, reaching a final frequency response
between 6 and 7 Hz. This good result is probably due to the
small dimension of the NiTi sample. Hashimoto et al [27]
showed that the best cooling performances are achieved with
an aluminum heat sink. More precisely, they demonstrated
that a wire encapsulated in a circular shaped aluminum heat
sink (thus providing the maximum contact surface) has a
cooling rate faster than fluid quenching methods. In their
work they also used Si rubber sheet and Si grease to isolate
electrically the heat sink when the NiTi wire is heated with
current.

If active also during the heating phase, these cooling
methods have the drawback of increasing the power con-
sumption needed to activate the element. If the SMA actuator
is dissipating while being heated, the transformation will not
occur until enough energy is generated to overcome the dis-
sipation. Because the common heating system is the Joule
effect, this implies a remarkable increase in the electrical
power required. A possible solution is the use of a mobile heat
sink that comes off the SMA during heating, reducing the
power amount compared to an equivalent fixed heat sink [28].
Luchetti et al [29] reduced the thermal hysteresis by using a
silicone cover to uniform the conductivity coefficient on the
heat exchanging surface. In the case of jet fluid cooling, very
rapid heat transfer occurs between the jet fluid and the SMA
actuator. Zhang et al proposed to both cool and heat the SMA
element with a liquid jet, obtaining quite good shape defor-
mation performance of the actuator [30]. Finally, because the
martensitic transformation has a thermoelastic behavior, the
cooling evaluation is complicated by the need to consider not
only the parameters of the thermal exchange (heat transfer
parameter, dimensions of the SMA element, etc), but also the

mechanical parameters such as load and strain. It should be
considered, for example, that cooling time decreases with
increasing load, as the transformation temperatures rise with
increasing load and activation is consequently reached at
higher temperature. The cooling gap remains the same, but
the exchange occurs at a higher temperature and so is more
efficient [24]. Similarly the transformation temperature
increases also with a larger value of operational strain
obtaining the same effect [25].

Other approaches are based on control methods that
improve the time response of SMA by directly acting on the
heating rate. Teh and Featherstone [31] presented a control
scheme of antagonist SMA wires, achieving a frequency
operation of 2 Hz with 0.1 mm diameter SMA wires. In their
work, they used the electrical resistance signal as an indicator
of temperature to avoid overheating and let the SMA wires
work at a temperature always lower than Af. An analogous
study was reported by Nakshatharan et al [32], where strain is
used as temperature controller of 0.15 mm antagonistic NiTi
wires. In this work, temperature is indirectly maintained
between Ms and Af temperature limits by partial transforma-
tion strain; in this way, a working frequency of 1 Hz is
achieved.

Finally, we have examples of works in which the
operation frequency is improved thanks to the very small
dimension of the NiTi wires [27]. However, this strategy
poses a strict limit on the maximum reachable wire actuation
force.

3. Design of the actuator

Our goal is to design and experimentally characterize a SMA-
actuated device to carry out cyclic radial deformation of a
compliant pipe. The design has both geometrical and tem-
poral requirements: the device must shrink the pipe radius
while preserving the circular shape of its section; must
achieve a minimum amount of linear deformation (8%); must
work continuously at a given actuation frequency.

3.1. Performance requirements

The basic principle behind the actuation device is to convert
the linear contraction of a heated SMA wire into a radial
displacement, as sketched in figure 2(s).

As previously stated, a NiTi element which works
cyclically in tensile configuration under a typical stress can
recover up to 4% of deformation, providing a constant, stable
and reliable contraction regardless of the number of cycles.
Our application has never been experimentally investigated,
but on the basis of the two available numerical studies [8, 33]
it can be estimated that the best-performing peristaltic waves
are achieved with a pipe contraction of 8%, which is our
design target. In order to reach that contraction by using a
NiTi wire working at a percentage lower than 4%, we need to
design a rigid device that is able to geometrically amplify the
wire linear contraction, as illustrated in figure 2(b). For a
device height h and a desired shrinking ratio
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α = −D D D( )1 0 0 the contraction of the wire β is

β α= − =
+

L L

L 1
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1 0

0
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0

and can be tuned between β = α for h = 0 and β → 0 for
→ ∞h .
A rigid frame is also useful to guide the wire around the

pipe, to hold it in position, to properly link it to the electrical
contacts and to ensure that the pipe section remains almost
circular during the actuation. As shown in figure 2(b), the
actuator is made by four circular sectors, with an internal
diameter that fits the external pipe diameter, that can slide
over the pipe wall. Each of the four actuator parts has a
groove running along the external surface that keeps the wire
in position during the actuation, so that the contraction occurs
always in the same cylinder directrix. Besides, a wire-
clamping system is located in one of the four parts of the
actuator.

The displacement resulting from the contraction of the
SMA wire has to be transferred through the solid aluminum
parts and pipe wall to the fluid inside the pipe. To this end, it
is necessary to select a flexible pipe made by a material which
is compliant enough to deform without distorting the circular
shape and without requiring significant stress. We choose a
silicone pipe (50 shore A) with internal diameter Di = 40 mm
and thickness t = 3 mm. Once the pipe dimensions are known,
we set the wire contraction factor β = 3% to ensure durability,
and the shrinking ratio α = 8%. Then formula (1) can be used
to obtain a height of the device h = 30 mm.

During every actuation cycle, a contraction of the wire
takes place during heating, while during the cooling phase,
the SMA wire is reset to its initial length. The recovery force
required for re-arming is often obtained via calibrated weights
or an antagonistic wire. In the present case, because of the
specific application, we exploit both the fluid pressure inside
the pipe, that greatly contributes to the re-arm force, and (to a
lesser degree) the elastic reaction of the elastomer.

Once the device geometry has been figured out, the
thinnest wire which provides the necessary actuation force is
selected, as it should be best at meeting the fast cooling
requirements. To estimate the stress σ acting in the wire we
assume a simplified model in which the silicone stiffness is
negligible. This assumption leads to the formula

σ
π

=
pD z

D 2
, (2)i

w
2

where Dw is the wire diameter, p is the internal pressure and z
is the width of the device out of its plane. The following set of
parameters

= = =z p D8 mm, 0.4 bar, 0.2 mmw

results in σ ≈ 200 MPa, which is the optimal working stress
for the considered wire, as discussed in the introduction.

Among the cooling methods presented in the introduc-
tion, the most performing strategies are forced convection in
liquid environment, e.g. water and oil, and heat sinking.
Experimental evidence [27] suggests that the latter can per-
form as well as the former, if a good interface between the
wire and the heat sink is provided. Therefore, to avoid an
unpractical immersion of a long pressurized pipe in a liquid
bath, we decided to pursue a heat sink method associated to a
forced airflow. The actuator itself is used to soak and dissipate
thermal energy, hence the device must be made of a highly
conductive material, and the interface between the wire and
the heat sink surface must be as large as possible. To this end,
the actuator is made by aluminum (thermal conductivity
k = 200Wm−1 K−1) and the wire is seated within a semi-
circular shaped groove that fits the wire diameter. To ensure
electrical insulation a thin adhesive Kapton layer (60 μm,
k = 0.12Wm−1 K−1) is put between the aluminum surface and
the wire, see figure 2(c).

3.2. SMA choice and characterization

Applications involving SMA as actuators must take into
account a material with stabilized properties over a typical

Figure 2. (a) A variation ΔL of the length of the circumference L0 results in a variation Δ πL of the diameter D0. (b) Section of pipe and
actuator, showing the device supporting the SMA wire. The pipe has internal diameter Di and thickness t. The wire support has height h, so
that the NiTi wire length is π + +D t h( 2 2 )i . (c) Cross-section of the grooved interface between the SMA wire and the actuator. A thin
Kapton layer (60 μm) is placed between aluminum and wire to provide electrical insulation. Groove diameter is chosen to maximize the
contact surface between Kapton and the wire.
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lifetime. In our application, the SMA should ensure repeat-
ability in terms of stress and strain for approximately 105

cycles. Recently, manufacturers of NiTi material have been
developing different types of NiTi products suitable for
actuator applications. We work with a Smartflex wire of
0.2 mm in diameter developed by SAES Getters; according to
the manufacturer, the wire has a maximum stroke of 5.5% and
it is stabilized to work at 150MPa at 3.5% stroke for a
number of cycles larger than ×2 105.

To characterize the thermo-mechanical properties of the
chosen Smartflex wire we experimentally evaluate the phase
transformation temperatures through DSC, stress–strain (at
constant temperature) and strain–temperature (at constant
stress) curves.

Figure 3 shows the DSC curve of the as received SMA
wire. In the cooling ramp, the two main peaks are associated
to two distinct martensitic transformations: the first is related
to B2–R and the second to R–B19 transitions, where B2, R,
and B19 stand for the cubic (austenite), the rhombohedral,
and the monoclinic structures (martensite), respectively. The
single peak visible in the heating ramp is related to the direct
B19–B2 transition. According to DSC results, we find that Af

temperature is 75 °C and the wire is in martensite phase at
room temperature.

The plot in figure 4(a) shows curves in the strain–tem-
perature plane at constant stress. We note that the curve for
300MPa is not closed, implying a residual deformation
(0.2%) due to wire yielding. Moreover, we use these curves to
evaluate the Clausius–Clapeyron constant for our wire, which
results 8.72 MPa/°C. Finally, figure 4(b) shows how stress
and strain are related to each other at various temperatures.

4. Tests and results

4.1. Setup

The setup for the actuator characterization is sketched in
figure 5(a); a photograph of the experimental apparatus is
depicted in figure 5(b). A short segment (200 mm) of silicone
pipe is sustained by a metal fixture and inflated by a pressure-

controlled external line. The pipe is sealed at its extremities
by two stop valves, granting access for an endoscopic probe.
The actuator system, composed by the NiTi wire and the Al
support and heat sink, is clamped directly on the pipe and it is
controlled by a power MOSFET switch driven by a signal
generator and a dc power supply. This allows us to cyclically
heat the wire according to a desired wave form. In this study,
to tune the heating and cooling time of the NiTi wire we
always use a square wave. Figure 6(a) defines the tension
waveform applied to the MOSFET gate. Since we are inter-
ested in evaluating the performance of our device for a con-
tinuous and cyclic actuation, we set up an experiment to
deduce peak-to-peak displacement from the temporal trace of
peristaltic displacement. Both the radial external displacement
of the device and the internal wall deformation due to the
peristaltic movement are independently measured. An exter-
nal laser measuring system is employed to obtain the time
history of the wall deformation at a sampling rate of 500 Hz,
as sketched in figure 6(b). Simultaneously, we use an endo-
scopic camera synchronized with the actuation signal by
means of an external triggering device. The camera shoots
two pictures, respectively at the end of heating and cooling
phases. The displacement is evaluated by counting the num-
ber of pixels between reference points identified by markers
of known size previously placed on the internal wall, see
figure 6(c). The endoscopic measurements, although available
at two time instants only, allow us to validate the data
acquired by the laser system.

Jointly with the motion history of the actuation, the
current flowing through the wire is also measured by means
of a current clamp, in order to relate the current signal to the
measured displacement. A K-type thermocouple additionally
acquires the temperature of the aluminum device, to monitor
over time its effectiveness as heat sink. Finally, the tem-
perature drift of the aluminum is mitigated by forced air
convection realized with a fan.

Data acquisition is managed by a personal computer. In
particular, a specific camera software controls shooting tim-
ing, triggering, settings and archives photos to hard disk. The
PC also runs a LabVIEW DAQ software which acquires
displacement time histories, together with the NiTi wire
current measured by the current clamp.

Tests have been carried out following a fixed procedure
to ensure repeatability. For each run, actuation is started with
the aluminum device at room temperature (approximately
22.5 °C). Every acquisition is then carried on for a time
interval of 210 s, which is twice the expected duration of the
experimental run.

4.2. Results

Figure 7(a) shows a sample of the displacement history over a
few cycles, in the reference configuration at a frequency of
1.5 Hz for a square wave of current 4 A, with a pipe pressure
of 0.4 bar and a Kapton thickness of 60 μm. We use
theating = 0.06 s, which corresponds to 9% duty cycle, in order
to maximize the cooling time and reduce the dissipation
through the heat sink during heating, since our cooling

Figure 3. DSC curve of the 0.2 mm wire.
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method is operating also in this phase. In this configuration,
which corresponds to nearly the best performance we could
achieve, a cyclic displacement Δx = 1.1 mm is obtained, with
a peak value xmax = 1.6 mm, confirming the target design of

the actuator. Figure 7(b) shows another sample of displace-
ment history, with the frequency increased to 3 Hz and the
other parameters unchanged. The displacement waveform
nearly retains an identical shape as the one of figure 7(a), and

Figure 4. (a) Strain versus temperature curves and (b) stress versus strain curves for the 0.2 mm wire.

Figure 5. (a) Block diagram schematic and (b) photograph of the control and data acquisition setup, with a detailed view of the actuator
(inset).
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also, the maximum value xmax remains unchanged, while the
cycle amplitude Δx reduces to 0.7 mm. This effect is due to a
shorter cooling time that results in lower percentage of phase
transformation, thus reducing the wire recovery.

Figure 8(a) exemplifies the trend of the performance
parameter Δx on varying frequency, at fixed configuration
(geometry, current and theating). We observe that when the
forcing frequency is below 0.5 Hz, a full recovery of the SMA
wire is attained, i.e. peak and cyclic displacement coincide.
When the actuation frequency is increased above this
threshold, a progressive reduction of performance is
observed, exhibiting in the decrease of Δx, while xmax remains
constant and equal to 1.6 mm.

We also investigate the influence of the remaining
parameters on the reference configuration: current duty cycle,
aluminum heat sink temperature drift, electrical insulator
thickness, groove radius. A test with conductive paste
between the SMA wire and the groove is also described.

At the reference frequency of 1.5 Hz we test the influence
of the duty cycle, i.e. theating, on the cycle amplitude while the
energy input is kept constant, i.e. power × period = constant.

Note that, to work at constant energy, power must be inver-
sely proportional to the duty cycle. Figure 8(b) illustrates both
cyclic displacement Δx and power consumption as the duty
cycle changes. An increase in the duration of theating is asso-
ciated to reduced performance of the actuator, as the cooling
phase reduces. However, short activation times, while pro-
viding better results in terms of Δx, require the same amount
of energy to be pumped in the wire in a very short time,
leading to large peak power consumption.

During a typical test of 210 s, the aluminum temperature
exhibit a nearly linear drift, from the ambient temperature of
22.5 to 33.5 °C. During the same time, the cyclic displace-
ment remains unchanged, as clearly shown in 8(c). Hence the
aluminum frame works well as heat sink as far as its tem-
perature is well below the temperature Mf of the wire.

If the thickness of the kapton tape is reduced from 60 to
25 μm, we notice that the cyclic displacement drops from 1.1
to 0.9 mm as shown in figure 8(d). This happens because the
thinner tape implies less thermal insulation and consequently
leads to a faster heat dissipation through the aluminum during
the current-on phase. Higher power is consequently needed to

Figure 6. (a) Description of the control signal. A square wave tension v is used to pilot the gate of a MOSFET switch allowing the current i to
flow through the NiTi wire. (b) Sketch of the external laser system. Sensing range is from 20 to 22 mm. Voltage output measures actual radial
displacement of the actuator. (c) Example of endoscopic pictures: left and right frames depict a marker immediately before heating and
cooling phase, respectively. Wall displacement is evaluated by measuring the pixel distance Δ and then converting into mm.

Figure 7. Displacement history for a square wave of current 4 A and theating = 0.06 s. (a) Actuation frequency is 1.5 Hz. (b) Actuation
frequency is 3 Hz.
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obtain the same displacement with less kapton. Although we
could increase current only from 4 to 4.5 A owing to limita-
tion of the bench power supply, the curve at 4.5 A in
figure 8(d) clearly indicates an improved displacement.

Modifications to the cross-sectional shape of the groove
leads to a different mechanical and thermal coupling between
the NiTi wire and the aluminum heat sink. As discussed in the
Introduction, the design of the groove is the parameter that
has the largest influence on the SMA performance.

Figure 8(e) shows a comparison between the reference con-
figuration with the semi-circular shaped groove that fits the
wire diameter and a groove with same nominal shape but
twice the diameter, hence reducing the effective contact area
between wire and heat sink. While both tests show identical
peak displacements, the measured displacement history is
very different in cyclic values and curve slope. The deepest
groove shows a slower cooling phase, due to the smaller
surface area between wire and heat sink. It is also possible

Figure 8. (a) Plot of displacement cyclic amplitude versus frequency. (b) Plot of displacement and temperature history over time for our
reference configuration at a frequency of 1.5 Hz. (c) The effect of varying duty cycle while keeping constant the energy consumption for
heating the wire. (d) A comparison between different Kapton tape thicknesses. (e) The influence of the groove design. (f) Effects of
combining heat sink with a conductive paste.
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that positioning the wire within a deeper groove could lead to
a less efficient cooling by convection with hot air surrounding
the NiTi.

Lastly, figure 8(f) investigates the benefits of combining
heat sink with a conductive paste that improves the thermal
coupling between wire and aluminum. The presence of the
paste affects the power consumption: to achieve comparable
results to the reference configuration we need to increase the
current up to 5 A. The larger (negative) slope of the curve
suggests a more efficient cooling phase, but the small
improvement of the cyclic displacement of only 0.1 mm has
to be considered in view of the increased current
requirements.

5. Conclusions

In this work we have designed and characterized the key
component of a peristaltic device, that employs a 0.20 mm
diameter NiTi wire. The actuator must deform a compliant,
40 × 46 mm silicone pipe with a frequency and displacement
typical of flow control applications, hence with peculiar
requirements with respect to the classic peristaltic pumping.
In our design, the wire is supported by a four-sectors, alu-
minum-made circular frame. The frame geometrically
amplifies the wire contraction while naturally providing a heat
sink during the cooling phase. The aluminum is electrically
insulated from the wire by a 60 μm thick Kapton tape, whose
thickness is crucial in determining the overall response of the
system as it also acts as thermal insulation.

We tested the actuator at various frequencies, current
inputs and design parameters. Statically, the actuator was
capable to reduce the pipe diameter by 3.2 mm, while at the
reference frequency of 1.5 Hz we were able to achieve a
continuous cyclic diameter contraction of 2.2 mm. The static
behavior was found to be recovered at 0.5 Hz, while we
measured 0.8 mm of diameter shrinking at the highest con-
sidered frequency of 4.5 Hz. We found that the performance
decay with frequency is approximately linear in the range
examined. Among the design parameters considered, we
discovered that the interface between the wire and the heat
sink plays a fundamental role in determining the amplitude of
the cyclic response of the device. Optimal performance was
reached with a wire bed which maximizes the contact surface
with the heat sink. Also, we found that both a thinner Kapton
layer, and the use of conductive paste to amplify thermal
dissipation, lead to a further improvement in the cycle
amplitude Δx, at the cost of a larger power expense.

Much work remains to be done. In this study, we have
focused on a reference configuration, by varying several
design parameters one at the time to evaluate their impact on
performance. Hence, mixed parameters configurations (Kap-
ton thickness, signal waveform, conductive paste…) remain
to be addressed to possibly further improve the power effi-
ciency of the device. Moreover, hundredths of actuators will
have to be put together, working concurrently to reproduce a
full traveling wave of peristaltic deformation of the pipe wall;

this will certainly pose additional interesting problems that
will be addressed in future work.
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