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Abstract
The incorporation of inorganic particles in a polymer matrix has been
established as a method to adjust the mechanical performance of composite materials. We
report on the influence of covalent integration of magnetic nanoparticles (MNP) on the
actuation behavior and mechanical performance of hybrid nanocomposite (H-NC)
based shape-memory polymer actuators (SMPA). The H-NC were synthesized by
reacting two types of oligo(ω-pentadecalactone) (OPDL) based precursors with
terminal hydroxy groups, a three arm OPDL (3AOPDL, Mn = 6000 g molꞏ1-1) and an
OPDL (Mn =3300 g ꞏ mol-1) coated magnetite nanoparticle (Ø = 10 ± 2 nm), with a
diisocyanate. These H-NC were compared to the homopolymer network regarding the
actuation performance, contractual stress (σcontr) as well as thermal and mechanical
properties. The melting range of the OPDL crystals (ΔTm,OPDL) was shifted in homo
polymer networks from 36 °C – 76 °C to 41°C – 81 °C for H-NC with 9 wt% of MNP
content. The actuators were explored by variation of separating temperature (Tsep), which
splits the OPDL crystalline domain into actuating and geometry determining segments.
Tsep was varied in the melting range of the nanocomposites and the
actuation capability and contractual stress (σcontr) of the nanocomposite actuators
could be adjusted. The reversible strain (εrev) was decreased from 11 ± 0.3% for homo
polymer network to 3.2±0.3% for H-NC9 with 9 wt% of MNP indicating a
restraining effect of the MNP on chain mobility. The results show that the
performance of H-NCs in terms of thermal and elastic properties can be tailored by MNP
content, however for higher reversible actuation, lower MNP contents are preferable.
Introduction
Polymeric actuators are key components for many fold technical applications
ranging from soft robots to medical devices and morphing structures [1-3]. Various
polymeric actuators based on hydrogels [4-7], liquid-crystalline elastomers [8-10] or

electroactive polymers [11-14] have been realized. Among these materials, shape-memory
polymer actuators (SMPA) offer an advantage of reprogrammable shapes with an erasable
memory and have become a valuable option for versatile applications [15-17]. Thermally
triggered SMPA base on crystallizable polymer networks with phase-segregated
morphology of actuating (AD) and geometry determining (GDs) domains. Here, a
conformational orientation of the ADs during programming resulted in reversible shape
change of the sample during crystallization and melting process [15]. Nevertheless,
polymeric actuators generally have low Young’s moduli and because if this, low values of
contractual stress (σcontr) during actuation.
The mechanical performance of polymeric materials in terms of elastic modulus
and strength can be improved by incorporation of nanoparticles (NPs) [18, 19]. A
significant challenge for this approach is the control over the dispersion of the NPs in the
polymer matrices and the particle-polymer interfacial interaction [20]. We hypothesized that
the incorporation of magnetic nanoparticles (MNP) as filler will influence the elastic
modulus and the σcontr of the SMPA. However, the physical mixing of the MNP results in
agglomeration and non-homogenous distribution because of the unfavorable entropic
interaction between the polymer matrix and the MNPs. Such mixing procedures exert
deleterious effects on the mechanical properties of the nanocomposites [20-22].
Our concept to address the sedimentation and agglomeration is the covalent
integration of the MNP into the polymer matrix resulting in hybrid nanocomposites (HNC). These H-NCs provide a uniform distribution of NPs with minimum effect on the
crystallinity of the polymer network and were capable of magnetically controlled
reversible actuation when a constant stress was applied [23]. However, the constant stress
cannot be applied conveniently for certain applications. Recently, a magnetically
controlled stress-free actuation was observed in a multiphase nanocomposite with two
phase segregated crystallizable units, along with covalently integrated magnetic
nanoparticles (MNP). Here, the crystallizable domain with higher melting point (Tm,GU)
acted a geometry stabilizing unit (GU), while the domain with lower (Tm, AU) acted as
actuation unit (AU) [24]. A magneto-mechanical deformation process (> Tm,GU) established
the desired programmed shape and the MIC and CIE of the oriented AU by AMF (on-off)
enabled reversible actuation. However, the heterogeneous morphology of these
nancomposites significantly affected the distribution of the MNP in the polymer matrix.
Our strategy to realize a homogeneous morphology in H-NC bases on
crystallizable oligomers using the same type of repeating unit. The synthesis of H-NCs
was carried out by in situ condensation of an oligo(ω-pentadecalactone) (OPDL)macrotriol (3AOPDL), and OPDL coated iron(III)oxide MNP (OPDL@MNP) with 1,6hexane diisocyanate (HDI) as reported in [23]. An 3AOPDL with Mn = 6000 gꞏmol-1and
an OPDL@MNP that has surface grafted OPDL with Mn = 3300 gꞏmol-1, were selected to
enable the same melting point (Tm) of both precursors [25]. Variation of the 3AOPDL to
OPDL@MNP ratio in the reaction mixture resulted in H-NCs with 5 to 9 wt% of MNP.
The nanocomposites were named as H-NCX, where X is the wt% of MNP, while the homo
OPDL network synthesized without the addition of OPDL@MNP was named as N-OPDL.
Along with thermal and mechanical analysis, specific thermomechanical experiments were
designed to explore the effects of different content of MNP on the actuation capability
under stress-free conditions and σcontr generated during strain-controlled experiments.
Experimental details
The synthesis of OPDL based precursors 3AOPDL and OPDL@MNP was
carried out according to the reported procedures [23, 25]. In the following the synthesis of
H-NC is exemplarily described for H-NC9: 0.7 g (0.015 mmol of hydroxyl groups) of

OPDL@MNP and 2.3 g (0.4 mmol) of 3AOPDL were reacted in 10 mL dichloroethane
(DCE) using 0.15 mL (0.9 mmol) HDI and 3 µL (0.005 mmol) dibutyltin dilaurate as
catalyst. The reaction mixture was stirred vigorously with a mechanical stirrer (Heidolph,
RZR2102, Schwabach, Germany) at 200 rpm for one hour, subsequently poured into a
Teflon dish, which was kept at 80 °C for 24 h under a constant nitrogen flow and then four
days at 100 mbar. The nanocomposite was purified three times by extraction with
chloroform and subsequent drying. The synthesis of neat polymer network N-OPDL was
carried out by crosslinking pure 3AOPDL without the addition of OPDL@MNP [23]. The
GPC measurement, DSC and tensile tests were performed as stated in reference [26].
Cyclic, thermomechanical tests were conducted with standard samples (ISO
527–2/1BB) cut from films on a tensile tester Z1.0 (Zwick, Ulm, Germany) equipped with
a thermo-chamber controlled by a Eurotherm control 2408 unit (Eurotherm Regler,
Limburg, Germany). In each experiment the strain rate of 5 mmꞏmin-1 and a heating and
cooling rate of 2 Kꞏmin-1 was used. Cyclic thermomechanical tensile tests to investigate
the actuation were carried out by deforming the samples to εprog = 50% at Thigh = 90 °C and
equilibrated for 20 min. The samples were then cooled to Tlow = 40 °C with 2 Kꞏmin-1 under
strain controlled conditions. After a waiting period of 10 min, the stress was unloaded to a
value of σ = 50 mN. The samples were heated to Tsep with a heating rate of 2 Kꞏmin-1 under
σ = 50 mN, at which the sample contracted to shape A (εA). In the reversibility module, the
samples were cooled to Tlow, and after a waiting period of 10 min, reheated to Tsep. During
cooling the samples elongated to a new shape B (εB). The reversibility module was repeated
three times with a heating and cooling rate of 2 Kꞏmin-1. The actuating temperatures
associated to cooling Tact,c and melting Tact,m were determined at the inflection point of the
actuation curve at the maximum of the absolute value of Δε/ΔT during elongation and
contraction. The fixation efficiency Qef and reversible elongation εrev were determined
according to the equations 1 and 2, respectively [27].
𝑄
𝜀

𝑥 100%
𝑥 100%

(1)
(2)

Where: lA – sample’s length in the shape A, lB – sample’s length in the shape B.
The cyclic, thermomechanical experiments for monitoring the contractual stress
(σcontr) during actuation cycles, were carried out by deforming the samples to εprog = 50 %
at Thigh = 90 °C and equilibrated for 20 min. The samples were then cooled to Tlow = 40 °C
with 2 Kꞏmin-1 under strain controlled conditions. After 10 min waiting period the sample
was unloaded to a stress value of σ = 50 mN. When heated to Tsep with a heating rate of
2 Kꞏmin-1 under σ = 50 mN, the sample contracted to shape A (εA). Shape B (εB) was
obtained by cooling the sample to Tlow during a waiting period of 10 min. Here, the strain
was kept constant and heating to Tsep (5 min) was carried out, during which σcontr was
recorded. The sample was again cooled to Tlow followed by a waiting period of 5 min. The
heating and cooling cycles were repeated three times.
Results and discussion
The H-NCs showed a homogeneous distribution of covalently integrated MNP
in the polymer matrix without any particle sedimentation [26]. When the MNP content was
increased, the melting range of the OPDL crystals (ΔTm,OPDL) and the crystallization range
(ΔTc,OPDL) were shifted to higher temperature. ΔTm,OPDL was shifted from 36°C - 76 °C for
the homopolymer network (N-OPDL) to 38°C - 80 °C for H-NC5 and to 41°C – 81 °C for
H-NC9. On the other hand side, ΔTc,OPDL was shifted from 20 °C - 57 °C for N-OPDL to

25 °C - 62 °C for H-NC5 and to 37 °C - 65 °C for H-NC9. The melting peak maxima Tm
were increased from 73 °C for N-OPDL to 77 °C for H-NC9 (Figure 1). Similarly, Tc was
increased from 50 °C for N-OPDL to 61 °C for H-NC9. However, significantly lower
values of the Tm and Tc of the H-NC as compared to the precursors (Tm, 3AOPDL = 87 °C, Tm,
OPDL@MNP = 87 °C) were attributed to the network formation, which reduced the flexibility
of the polymer chains and in this way their crystallization tendency [26]. The ΔTm,OPDL and
ΔTc,OPDL for N-OPDL and H-NC were higher as compared to the precursors, which enabled
sharp transitions with ΔTm, OPDL from 71 °C - 91 °C and ΔTc,OPDL from 63 °C - 79 °C. These
sharp transitions could be attributed to larger and uniform crystal sizes in precursors
compared to H-NC. Furthermore, a slight increase in the degree of crystallinity (DOC) in
H-NC5 (DOC = 31%) compared to N-OPDL (DOC = 28%) was observed and can be
attributed to the MNP acting as nucleating agents for crystallization. However, for H-NC9
with higher MNP content, the DOC was decreased to 26%. This decrease of DOC could
be attributed to a higher crosslinking density which disturbed the crystallization of the
nanocomposite [26].
The effect of MNP on elastic properties was investigated by uniaxial tensile
testing at 90 °C which is above the ΔTm,OPDL for all samples. An increasing trend in the
elastic modulus E by increasing OPDL@MNP content in H-NC was observed (Table 1).
The value of E was increased from 2.8 MPa for N-OPDL to 3.6 MPa for H-NC9 and can
be attributed to the increase in crosslink density (υc) [26].
Table 1: Crosslinking density and mechanical properties of the H-NCs and N-OPDL
Sample ID*

υc (molꞏcm-3)[a]

Mc (gꞏmol-1)[b]

E90°C (MPa)[c]

ETsep (MPa)[d]

εb (%)[e]

N-OPDL

4.3 × 10-4

3710 ± 80

2.8 ± 0.2

1.7 ± 0.3

300 ± 11

H-NC5

4.5 × 10-4

3650 ± 70

3.5 ± 0.2

2.9 ± 0.2

155 ± 10

H-NC9

4.8 × 10-4

3620 ± 70

3.6 ± 0.2

4.7 ± 0.2

105 ± 5

*
N-OPDL is the neat polymer network, H-NC(x) stands for hybrid nanocomposites, here x is the weight% of the MNP content
determined by thermogravimetry. a)crosslinking density b)molecular weight between two crosslinks determined by Mooney-Rivlin
equation, c)Elastic modulus at Thigh = 90±1 °C d)Elastic modulus and e)elongation at break determined at Tsep enabling maximum
actuation capability (Tsep = 70±1 °C for N-OPDL, Tsep = 71±1 °C for H-NC5, Tsep = 75±1 °C for H-NC9)

By applying the Mooney-Rivlin equation, an increase of υc from 4.3 × 10-4
mol∙cm for N-OPDL to 4.8 × 10-4 mol∙cm-3 for H-NC9 was quantified. At 90 °C,
elongation at break (εb) values were in the range between 60% and 80%. Also at 90 °C, a
slight increase in maximum stress (σmax) was observed when the MNP content was
increased. The mechanical analysis particularly at 90 °C indicated that OPDL@MNP
provides chemical crosslinks and acts as reinforcing filler with homogenous distribution
of MNP [26].
The actuation of the H-NCs and N-OPDL was investigated by cyclic,
thermomechanical experiments. All the samples provided an elongation at break εb > 50%
at Thigh = 90 °C, which is above the melting range of all samples. The test consisted of an
initial programming step with a deformation to ɛprog = 50 % at Thigh, followed by three
reversible cycles. The values of ɛprog, Thigh and Tlow were kept constant for all samples, while
Tsep was varied within the melting range ΔTm,OPDL of the samples. During initial
programming at Thigh (Figure 1a), the polymer chains were oriented.
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Figure 1 Thermal transitions and mechanism of H-NC actuators: a) DSC thermogram of H-NC indicating the selected
values of Tlow, Tsep, Thigh, N-OPDL (solid line), H-NC5 (dashed line), H-NC9 (dotted line). b) actuation of H-NC5 by heating
and cooling. c) Symbolic representation of the molecular mechanism of actuation of the composite.

Cooling the samples to ambient temperature (Tlow = 25 °C) resulted in the
crystallization of the oriented chains and formation of the skeleton. The reversible effect
was studied by heating the nanocomposites to Tsep to partially melt the crystalline OPDL
domains. Heating to Tsep caused the partial recovery under stress free conditions and shape
A (ɛA) was obtained. Subsequent cooling to Tlow resulted in directed crystallization of the
oriented actuating domains and shape B (ɛB) was obtained. Reheating to Thigh, melted the
actuating domains and the sample shifted to the sample reversibly to shape A because of
the melting-induced contraction (MIC) (Figure 1b). The molecular mechanism of the
thermal actuation of H-NCs is shown in Figure 1c.
In the ﬁrst experiment, the actuation capability of the H-NC5 with 5 wt% of MNP
content was explored. To optimize the actuation capability, Tsep was varied between 69 °C
to 72 °C and the values of εrev and Qef were determined as function of Tsep (Figure 2b). Qef
decreased from 82 ± 3% at Tsep = 69 °C to 10 ± 2% at Tsep = 72 °C. εrev increased from 2 ±
0.1% to 8 ± 0.2% when Tsep was raised from 69 °C to 71 °C. Referring to the working
principle of the actuation under stress free conditions, an increased quantity of AD between
Tlow and Tsep of the composite resulted in an increase of εrev. However, by further increasing
Tsep = 72 °C, the value of εrev was decreased to 4 ± 0.3%. When the the sample was heated
to Tsep = 72 °C (which is near Tm,max), most of the crystals of the actuating domains were
molten and the fraction GD decreased resulting in a lower stabilization of the AD and by
this in a lower orientation of the AD and lower value of εrev [15].

Figure 2 Actuation capability and elastic properties of H-NCs: a) Actuation cycles for H-NC5 at different Tsep (solid
line 69 °C, dotted line 70 °C, dash dotted line 71 °C and dash dot dotted line 72 °C), b) Actuation parameters of the HNC5 at different values of Tsep. c) Stress-strain behavior of H-NC5 at different Tsep (solid line 69 °C, dotted line 70 °C,
dash dotted line 71 °C and dash dot dotted line 72 °C)

Table 2: Values of fixation efficiency (Qef), reversible elongation (ɛrev) and contractual stress (σcont) of H-NCs
and N-OPDL
Sample ID
N-OPDL
H-NC5
H-NC9

Qef (%)
70 ± 1
44 ± 1
35 ± 1

ɛrev (%)
11.1 ± 0.3
8.2 ± 0.2
3.1 ± 0.3

σcont (MPa)
0.30 ± 0.11
0.26 ± 0.01
0.20 ± 0.03

In addition, actuation temperature during cooling Tact,c, was increased from 63.2
± 0.2 °C at Tsep = 69 °C to 70.1 ± 0.2 °C at Tsep = 72 °C. A similar increase in Tact,m during
heating, from 67.8 ± 0.2 °C at Tsep = 69 °C to 73.1 ± 0.4 °C at Tsep = 72 °C was observed.
Furthermore, the elastic properties of the H-NC5 at different values of Tsep
ranging from 69 °C to 72 °C were investigated. The resulting stress-strain graph is shown
in Fig. 2c. By increasing Tsep, a decrease in E from 2.9 ± 0.2 MPa at 69 °C to 2.49 ± 0.2
MPa at 72 °C was observed, attributed to the decrease of the crystalline OPDL phase. A
similar trend in the values of εb was also observed. The εb was decreased from 255 ± 5%
at 69 °C to 125 ± 8% at 72 °C.
To see the actuation capability of H-NC9 with higher MNP content, the sample
was programmed at Thigh = 90 °C and the actuation capability was examined by using
different Tsep in the melting range 74-77 °C of the OPDL crystalline domain. The sample
showed the maximum value of ɛrev = 3.1 ± 0.3% at Tsep = 75 °C and the Qef = 35% (Figure
3a). The tensile testing of H-NC9 at optimized Tsep = 75 °C, resulted in an ETsep = 4.7 MPa
and εb of 105 ± 5% (Table 1). Here, a higher value of E for H-NC9 compared to H-NC5
was observed, but a significant decrease in the actuation capability compared to the HNC5 (5 wt% MNP) was evident. The lower value of ɛrev when the MNP content was
increased can be attributed to the MNP crosslinks, which impose a constraint against the
deformation of the nanocomposite, resulting in a decrease of aligned polymer chain
segments contributing to the actuation domains during actuation cycles [18]. However, no
significant change in the value of ɛrev by increasing number of cycles was observed for
both composites.
Furthermore, the actuation capability of the reference network N-OPDL at varied
Tsep in the melting range from 68 °C to 71°C was investigated. An optimized actuation of
ɛrev = 11% was observed at Tsep = 70 °C (Table 2, Fig. 3a), which was 38% higher compared
to H-NC5 and 220% higher compared to H-NC9. This significant increase of actuation
capability of N-OPDL could be attributed to the higher orientation of the actuating domain
resulting an increased crystal-induced elongation (CIE) compared to the nanocomposites.
Nevertheless, a lower ETsep of 1.7 ± 0.3 MPa and a higher εb of 300 ± 20% at Tsep = 70 °C
compared to H-NC were observed (Table 1).

Figure 3 Cyclic thermo-mechanical tensile tests: for H-NC9 at Tsep = 75 °C (blue) and pure network N-OPDL at Tsep =
70 °C (black)

To see the effect of MNP on σcontr of the actuators, thermo-mechanical
experiments by application of a constant εprog and an optimized Tsep were carried out.
During cyclic heating and cooling of the programmed samples under constant strain
conditions, a lowering of σcontr, when the MNP content was increased could be observed.
When the samples were heated to Tsep, σcontr was increased and reached a maximum value,
whereas during cooling, σcontr was decreased again to the original level owing to the
formation of crystallites. For the N-OPDL without MNP addition, a maximum value of
σcontr = 0.3 ± 0.1 MPa was observed. For the nanocomposite sample H-NC5, the σcontr was
decreased to 0.26 ± 0.02 MPa, while for H-NC9, a minimum value of σcontr = 0.2 ± 0.03
MPa was observed (Table 1). The lowering of the σcontr could be attributed to the increasing
MNP content, which hindered the crystallization and decreased the elasticity of the H-NC.
Nevertheless, a slight lowering of σcont for H-NC9 by increasing the number of
heating/cooling cycles was observed. The σcontr of the N-OPDL and the H-NCs are shown
in Figure 4.
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Figure 4 Stress generation during actuation experiments by cyclic heating and cooling: exemplarily provided for NOPDL with an optimized Tsep = 70 °C and Tlow = 40 °C, black line (N-OPDL), blue line (H-NC5) and green line (H-NC9).

Summary
Synthesis of hybrid SMPA by covalent integration of MNP was carried out and
the actuation performance, contractual stress (σcontr) and the relevant material properties
were compared to the PPDL-based homopolymer network. By increasing the MNP content
in H-NC, an increase in the crosslinking density was observed, while the degree of
crystallinity was decreased. The melting and crystallization range of the OPDL crystals
were shifted to higher temperatures by increasing MNP content. At Thigh and at Tsep an
increase in the elastic moduli was observed when the MNP content was increased, while
the value of elongation at break εb was decreased. The extent of actuation could be
controlled by changing Tsep or MNP content in these H-NC. The increase in the actuation
performance by increasing Tsep was attributed to the increasing volume fraction of the
actuating domain. However, the actuation performance was lowered by increasing MNP
content and was attributed to the restraining effect of the MNP on the reversible
movements. Furthermore, application of a constant strain to the programmed samples
enabled the determination of σcontr during actuation experiments. Here, again a decrease in
σcontr by increasing MNP content was observed.
In conclusion, a synergism between the nanoparticles and the polymer could be
exploited to enhance the Young’s moduli of the actuating nanocomposite but for the sake

of a simultaneous reduction in the actuation capability. Nevertheless, the demonstrated
feasibility of covalent integration of MNP in H-NCs might stimulate future work in the
development of soft actuators by using other types of nanoparticles like anisotropic
nanoparticles to provide a directed reinforcement and by this a directed enhancement of
the actuation performance.
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