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Abstract

The integration of shape memory alloys (SMA) with additive manufacturing enables novel
approaches for robotic gripper applications. This study introduces a method for embed-
ding SMA wires into 3D-printed structures using fused filament fabrication (FFF). The result-
ing bending behavior is analytically described, numerically simulated, and experimentally
validated. The results demonstrate a strong correlation with theoretical predictions, with
deviations primarily attributed to manufacturing tolerances and material interactions.
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Abstract. The integration of shape memory alloys (SMA) with additive manufacturing en-
ables novel approaches for robotic gripper applications. This study introduces a method for
embedding SMA wires into 3D-printed structures using fused filament fabrication (FFF). The
resulting bending behavior is analytically described, numerically simulated, and experimen-
tally validated. The results demonstrate a strong correlation with theoretical predictions, with
deviations primarily attributed to manufacturing tolerances and material interactions.
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1 INTRODUCTION

Shape memory alloys (SMAs) are increasingly applied in robotics and automation [1]. Their
thermo-mechanical properties, particularly the reversible, diffusionless martensite-austenite
phase transformation, enable controlled actuator movements and offer an alternative to electric
motors and pneumatic systems [1].

Market analyses predict an annual growth rate of 13.4% by 2031 [2], with increasing rel-
evance in biomedical applications, robotics, and microelectromechanical systems (MEMS). A
2024 patent landscape analysis indicates a significant increase in patent applications for shape
memory materials over the past two decades, with a 71.5% rise between 2010 and 2020, high-
lighting growing interest and continuous innovation in this field [3]. A key driver in robotics is
the compact and lightweight design of SMAs [1]. Their high energy density enables integrated
drives for gripping systems, particularly in miniaturized and micro-robotic applications [1].

The fabrication of structurally integrated SMA actuators is constrained by conventional
methods. Shape memory actuators, such as those developed by Compactive [4] or described
in dissertations by Hiibler and Nissle [5, 6], require shaping elements such as casting molds.
As a result, generative designs remain limited. While additive manufacturing approaches exist
(see [7]), challenges include high material costs, variability in material properties, and limited
long-term stability and fatigue resistance.
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In this paper, the combination of additive manufacturing with conventionally produced SMAs
is explored for the development of a novel SMA actuator. The methodology is described, and
the actuator’s motion behavior is analyzed analytically, numerically, and experimentally.

2 STATE OF THE ART

In this chapter, the state of the art in the field of shape memory alloys and additive manufac-
turing is presented.

2.1 Shape Memory Alloys

SMAs are ”smart” materials that function not only as actuators but also as sensors [1]. Their
shape memory effect is based on a crystallographically reversible, diffusionless martensite-
austenite phase transformation [1]. Depending on temperature or mechanical stress, the alloy
exists in the martensitic phase, the austenitic phase, or as a phase mixture, leading to changes
in stiffness and shape [1, 8]. A reversible shape change during heating and cooling is referred
to as the two-way effect, where the material “remembers” both its high- and low-temperature
shapes [1]. The cycle of this transformation is illustrated in Fig. 1.
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Figure 1: Sketch of the Two-Way Effect (Adapted from [9])

Initially, the SMA is in a fully martensitic structure (see Fig. 1, 1.) [1]. Upon heating be-
yond a specific temperature (Austenite-Start Temperature), the phase transformation to austenite
begins [1]. Once the Austenite-Finish Temperature is reached, the microstructure and the asso-
ciated shape transformation to the high-temperature position are complete (see Fig. 1, 2.) [1].
Enabling a shape change during the reverse transformation to the martensitic state requires train-
ing [1]. This involves thermomechanical treatments that generate microstresses in the austenite
phase and promote a preferred orientation for twin martensite formation [1]. When the alloy
cools down, the transformation back to martensite starts after the temperature falls below the
martensite start temperature and is complete when the martensite finish temperature is reached.
(see Fig. 1, 1.) [1]. A challenge of this process is that the reverse transformation from austenite
to martensite, and the associated intrinsic deformation, does not perform significant mechanical
work [1].
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If the reverse transformation is assisted by an external deforming force, an extrinsic two-way
effect is present [1]. This force is typically applied using a bias spring [1]. The spring force
must not be too large to avoid unnecessarily reducing the actuator’s performance [1]. Both
the intrinsic and extrinsic effects are suitable for actuator applications [1]. Since mechanical
work is often required during the reverse transformation, the intrinsic effect plays a minor role
[1]. The extrinsic two-way effect offers higher cyclic stability and a greater contribution to the
overall effect [1].

The shape memory effect occurs in several alloy types, but from a technical perspective,
nickel-titanium and certain copper-based alloys are the most significant [1, 8]. Nickel-titanium
alloys dominate the market with a share of approximately 95% [1]. Their advantages are their
mechanical properties. They offer the largest actuation strain among SMAs and exhibit re-
sistance to high temperatures and mechanical stress [8]. Additionally, their biocompatibility
makes them particularly suitable for medical applications [8].

2.2 Additive Manufacturing

Additive manufacturing encompasses various processes in which components are produced
by pointwise or layerwise material deposition without the need for product-specific tools [10].
Depending on the physical principle, such as extrusion or selective melting, different materials,
including polymers, can be processed [10]. One of the most widely used technologies is the
extrusion-based Fused Filament Fabrication (FFF) process, which has held the largest market
share in 3D printing since 2011 due to its high flexibility and cost efficiency [10]. In the FFF
process, filament is fed into an extrusion nozzle, where it is melted and deposited layer by layer
through the movement of either the print bed or the nozzle [10]. An innovative application
is four-dimensional printing (4DP), where an additional functional dimension is introduced
through smart materials [11]. This enables prints with active patterns that respond to external
stimuli such as electrical activation or heating [11]. Shape memory alloys are an example of
such materials, with over 60% of these structures being fabricated using the FFF process [10].

3 SMA INTEGRATION IN 3D-PRINTED STRUCTURES

The integration of shape memory alloys (SMA) into 3D-printed structures presents several
challenges. One key aspect is the positioning of the SMA wire to ensure that its contraction
induces a targeted deformation of the structure. In this case, a two-way SMA wire is used,
which contracts by approximately 3% (see Table 2, ™), The wire form was chosen due
to its ease of handling and good integrability into structures. The wire is fixed at both ends of
the actuator and additionally secured with metal/plastic adhesive, ensuring stable positioning
above the neutral axis of the structure. Upon activation, its contraction forces the structure to
bend (see Fig. 2), resembling the behavior like a bimetal strip. Due to the restoring force of
the structure, this represents an extrinsic two-way effect. This principle was chosen because the
actuator potential is most efficiently utilized under tensile load [6].

The activation temperature of the SMA wire was set to 57 °C as an optimal compromise be-
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Figure 2: Sketch of the 3D-printed actuator

tween preventing unintended activation due to ambient temperatures and ensuring compatibility
with the 3D-printed structure. There are areas of application in the pharmaceuticals, electrical
engineering, or the food industry due to the capability of SMA actuators for clean rooms and the
possibility of sensitive gripping [12]. Cleanroom conditions, such as those in pharmaceutical
and microelectronics manufacturing, maintain a stable temperature of 22 °C £ 0.5 °C, allowing
precise prediction of the temperature-dependent closing and opening behavior of the gripper
[13]. Possible applications include handling pharmaceuticals, where room temperatures must
not exceed 25 °C to ensure drug efficacy [14].

The embedding material is the Ultrafuse TPU (Shore hardness 85A) from BASF, which is
thermally stable up to 114 °C [15]. Compared to PLA (Shore 84D) and PETG (Shore 76D)
[16, 17], TPU offers higher thermal resistance and lower stiffness. This increases the effective
usable gripper force and the deflection of the actuator.

The actuator is manufactured using the FFF process. The 3D model is converted into print-
able G-code via a slicer. The key parameters are listed in Table 1.

Table 1: 3D printing hardware, software, and parameters of the 3D-printed matrix

Printing parameters Value
3D-Printer, Slicer Prusa MINI+, PrusaSlicer 2.9.1
Nozzle temperature (First-layer, Subsequent-layer) 225 °C, 220 °C
Bed temperature, cooling fan 40 °C, 20%
Infill, pattern 100%, linear
Printing speed (First-layer, Infill) 140 mm/s, 20 mm/s
Nozzle diameter, Layer height 0.4 mm, 0.2 mm

The printing is paused after completing the first segment to integrate the wire into the ma-
trix (see Fig. 2, groove for the wire). Once the wire is secured within the first segment, the
second segment is printed. No activation of the wire occurs during printing, as the nozzle and
filament temperatures are insufficient to induce the phase transformation. This is attributed to
the rapid cooling of the filament immediately after extrusion. Studies with PLA indicate a 50%
temperature drop upon exiting the nozzle [18]. In the event of the bed temperature significantly
exceeding the Austenite-Start Temperature of the SMA wire, the wire will be activated.
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4 ANALYTICAL DESCRIPTION

The bending of the actuator is analytically described based on a combined beam-column el-
ement using shear-rigid Euler—Bernoulli beam theory, e.g. [19]. Fig. 3 illustrates the composite
cross-section of the beam consisting of the TPU matrix and the SMA wire, showing the relevant
variables.

) S
Ssnma | SMA wire (Agp4)
YSMA = 0.75 mm
h=4.5 mm <
x I Y M\ Neutral axis
x| (R
2
N oY
: b :
, s L s
Length (z-direction) = 40 mm ) >

b=5 mm

Figure 3: Sketch of the cross-section with the relevant variables

For the calculation of the deflection of the composite beam-column element, the following
section properties are required and determined using standard results for composite areas with
simple geometries (i.e., a circle for the wire and a rectangle for the total cross-section):

e the area of the SMA wire Agy 4 = 7d?/4 and the matrix Ay; = bh — Agpra,

 the moment of area of the SMA wire S,,,,, = —YsmaAsma and the matrix S,,, =
ym Ay = ysmaAsara with respect to the x-axis,

* the moment of inertia of the SMA wire I,,,,, = 7d*/64 + y%,;4Asm 4 and the matrix
I, = bh3/12 — I, , with respect to the x-axis.

T M SMA

An ideal, rigid connection between the matrix and the SMA wire is assumed. Consequently,
both the matrix and the SMA wires experience the same displacement w, and the same cross-
sectional rotation angle dv/0z (Fig. 4). Hence, the total displacement w(y, z) in z-direction is
calculated as follows:

w(y, z) = wo(z) + w1 (y, 2) . (D
——
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Yy wy'  Deflection curve W1

Figure 4: Sketch of the kinematics of the composite beam-column element: homogeneous deformation due to
tension/compression (left) and inhomogeneous deformation due to bending (right)

The total strain €(y, z) is calculated using the partial derivative of the displacement:

ow 0%
€(y,z) = a_zo R4 )
=<z <~

e0(2)  Ko(2)

€p is the strain due to a homogeneous tensile compressive deformation (column) and xy is the
curvature due to bending (beam).

The total strain consists of elastic (¢¢/), thermal (¢"*), and transformation induced (¢'") strain.
Solving for the elastic strain gives the following expression:

66l($7 Y, Z) = E(ya Z) - ath('xa y)AT(ya Z) _Etr(xa Y, Z)' (3)

" (x,y, 2)

a' is the coefficient of thermal expansion and corresponds, depending on the spatial location
in the section, to the value of the SMA wire (o'}, ,) or the matrix (alt). AT is the temperature
change referred to an initial temperature.

The normal force in a cross-section is obtained by integrating the normal stress o over the
entire cross-sectional area A:

N™¢(2) —/J(x,y,z) dA = Ene(z,y, 2) dA+/ Esyac(z,y,2)dA. (4
A

Am Asma

E)y and Egyr4 are Young’s modulus of the matrix and the SMA wire, respectively. Insertion of
equations (2) and (3) and integration yields

N™¢ = (EyjAy + EspaAsia) €0 — (EarSzyy + EsnvaSzgya) Ko

v J

Dll —D12

— EMOJIE\Z / AT(y) dA — ES]V[Aagh]V[AASMAATSMA — ESMAAS]\/[AGtT .
Anr N
N'T

(&)

~
Nth
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Therein, constant temperature change AT, 4 and constant transformation strain €' in the sec-
tion of the SMA wire is assumed.
The bending moment is calculated using the same principle, yielding

Mme = (E]VISIIM + ESMASxSJWA) €0 — (EMIJ:]W + ES]\/[AICESA{A) Ro
D21 —D22
— Eyaly; / AT (y)y dA — Esnacens aSesna DTsna — EsniaSegy 1€ -
Mtr

(6)

NG
From these results, the stiffness matrix can be determined, describing the relationship between

normal force N"*¢, bending moment M ™€, strain ¢, and curvature xg. Solving for ¢, and kg
yields:

€| _ |Din Dio [ Nme 4 Nth o Nt o
ko| |Da Do Mm™e + MM 4 M|

By double integration of the curvature, the deflection of the actuator is obtained:

v(z) = // kodz + Ciz + Cs. )

Given the boundary conditions on the clamped side, v(0) = 0 and dv/0z(0) = 0, the inte-
gration constants C; and Cs are zero. In this work, thermal expansion is neglected as thermal
expansion of the TPU matrix is considered negligibly small, especially compared to the SMA-
induced transformation, where the wire contracts by approximately 3% (see Table 2, €/™™a%),
Furthermore, since no external loads are applied, N™° and M™¢ are zero. Therefore, bending
results solely from the transformation of the SMA and x is constant, resulting in the deflection
curve

v(z) = %KOZQ. 9)

S SIMULATION

The simulation is conducted in COMSOL Multiphysics using the SMA material model. For
phase transformation, the Lagoudas model and the Souza-Auricchio model are available [20].
While the Souza-Auricchio model is phenomenological, the Lagoudas model accounts for the
microstructure of the SMA [21]. The Lagoudas model provides a more accurate description of
mechanical processes but requires more parameters and computation time [22, 21]. Because
the focus here is primarily on precise modeling, the Lagoudas model is used. A detailed model
description can be found in the COMSOL documentation [20]. As the two-way effect is not
directly implemented in COMSOL, it is represented via thermal expansion. The wire length
contracts maximally when the martensite fraction (§) reaches 0%:

Etr(g) — (1 o g)etnmax' (10)
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The Electromagnetic Heating module in COMSOL Multiphysics is used for the simulation
of heating. The temperature distribution in the wire and the resulting phase transformation are
computed given the applied electrical current. The simulation is performed as a time-dependent
study with a fully coupled solver. Once the complete transformation from martensite to austen-
ite is achieved, the simulation is terminated. A physics-controlled mesh with normal detail level
is used, and its quality is verified based on skewness. The simulation at the moment of complete
transformation is shown in Fig. 5.

Martensite fraction of the SMA wire

0%

. L — -
Z i
l1<: 20 40

y mm
Figure 5: COMSOL simulation of the martensite fraction of the SMA wire at complete transformation to austenite

Since the thermal expansion of the wire diameter is significantly smaller than the wire con-
traction, it is neglected. Heat transfer from the wire to the structure, as well as the temperature
behavior of the contacts and contact resistances, are also not considered. The TPU structure is
assumed to be an ideal insulator. These simplifications are made because only the maximum
strain of the wire is relevant, while the temporal evolution of the bending and the temperature
distribution in the structure are not.

6 RESULTS

The calculated, simulated, and experimentally determined bending curves are shown in
Fig. 6. The key parameters to calculate the curves are listed in Table 2. The experimentally
determined points represent the average value from five measurements from five different actu-
ators, conducted at 5 mm intervals along the actuator at an ambient temperature of 22 °C. The
difference between the top surface of the actuator in its resting and activated states was mea-
sured. The measurements were conducted at 60-second intervals to allow the wire to fully cool
down. The standard deviation of the measurements was 0.04 mm, indicating a reproducible
measurement. The wire was supplied with 3 A for 2.5 s, as it had reached a steady state at this
point, with no further measurable contraction or bending. Only the region where the wire can
contract was analyzed. Because the wire is crimped at the anchor points, no contraction occurs
in these areas, restricting the analyzed length to the 40 mm wire segment.

1289



Integration of Shape Memory Alloy Wires into Additive Fabricated Structures for Robotic Grippers

Table 2: Material parameter Nitinol/ TPU 85A

Material parameter Nitinol TPU 85A | Reference
Reference temperature 22 °C 22 °C meas.

Poisson’s ratio (v) 0.33 0.45 [23], [24]

Density (p) 6450 kg/m? 1114 kg/m® | [23], [15]

Young’s modulus (E) hﬁi‘:teer;?:: 7288 C(}}lf:l 20MPa | [23], [15]
Maximum transformation strain (¢>™4%) | -0.0325 (-3.25%) - meas.
Martensite start/ finish temp. (M,/ My) | 66.42 °C/45.67 °C - [23]
Austenite start/ finish temp. (As/ Ay) 56.99 °C/ 74.48 °C - [23]
Thermal conductivity (k) 18 W/(m - K) - [25]
Electrical conductivity (v.;) 1-10°S/m - [25]

In the COMSOL simulation, the actuator’s top surface is also used to represent the bending
curve, ensuring comparability with the experimental results. As before, only the wire segment
between the anchor points is analyzed. The bending curve of the analytical solution is inde-
pendent of the observation point in the y-direction under the given assumptions. Therefore, no
further adjustments are required for comparability.

In the plot of the deflection curve in Fig. 6, the y-axis represents the deflection in mm,
while the x-axis corresponds to the position along the actuator length (z-axis). The origin is set
immediately after the wire exits the crimping, and the 40-mm mark is just before it enters the
crimping (see Fig 2). For both the simulation and the measurement, the actuator is shown at its
maximum displacement after the complete phase transformation to austenite. In the analytical
solution, the maximum transformation strain is used.

The root mean squared error (RMSE) is calculated to quantify the model deviations. The
mean squared deviation between the analytical model and the experiment is 0.09 mm, corre-
sponding to a relative difference of 3.69%. The RMSE between the simulation and the exper-
iment is 0.20 mm or 8.21%. The deviation between the analytical solution and the simulation
is 0.17 mm, corresponding to 6.79%. The standard deviation between the five actuators is
+0.27 mm across all measurement points, increasing from zero to a maximum of +0.50 mm at
a z-value of 35 mm.

7 DISCUSSION

The deviations between the analytical and simulated solutions from the experimental results
and the variation among the five tested actuators can be attributed to the manufacturing pro-
cess. Due to the FFF 3D printing tolerance of approximately £0.2 mm — resulting from material
properties, calibration, and printing settings — constructive tolerances must be considered. The
wire is also manually placed into the structure, and the slicing process of the small structure
contributes to inaccuracies. A reproducible and secure embedding of the wire requires account-
ing for the 0.7 mm gap shown in Fig. 2. Ignoring this gap could lead to wire displacement due
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X Meas. Mean + Standard Deviation
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Figure 6: Analytically (absolute value), numerically, and experimentally determined bending curve in the z-
direction, referenced to the top surface of the actuator

to its slight deformability in the martensitic state and the movement of the print bed.

The bond between TPU and Nitinol wire is weak, meaning the wire does not adhere or
remain positioned ideally as assumed in the models. Since the wire remains movable within the
structure and is only fixed at the anchor points, the standard deviation between the five actuators
in the bending curve increases with rising z-values. The reason for this is the dependence of the
bending behavior on the wire placement.

The discrepancy between the analytical and simulated calculations can be explained by
boundary conditions. While the simulation considers the entire actuator, the analytical solu-
tion focuses only on the active section, resulting in different constraints. Additionally, in the
simulation, the strain is not directly prescribed but rather determined through Joule heating of
the wire. The temperature distribution is not homogeneous, which also influences the bending
behavior.

8 CONCLUSION AND FUTURE WORK

Using the FFF printing process, an SMA wire can be embedded into a structure. While
activation by the hot extrusion nozzle does not take place, the print bed temperature is a criti-
cal factor. If the bed temperature exceeds the activation temperature of the wire significantly,
unintended activation may set in during the printing process.

The analytical solution, based on a combined beam-column element, predicts the bending
curve with an RMSE of 0.09 mm. The COMSOL simulation deviates due to differing boundary
conditions, such as Joule heating, resulting in an RMSE of 0.20 mm. Since the wire is not
perfectly bonded to the filament as assumed in the models and there is some clearance between
the wire and the 3D-printed structure, deviations from the measured values arise.

Future work will focus on improving the bond between the wire and the structure to eliminate
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movement within the structure. Additionally, the findings will be extended to multiple wires and
different 3D printing materials to further validate the results.
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