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(a) Able Engineering’s CoilABLETM boom   (b) Astro Aerospace’s six-longeron collapsible/rollable 
boom 

Figure 1: Examples of furlable truss booms. 

   Elastic Memory Composite (EMC) materials exhibit many favorable qualities for furlable space structures and 
have piqued a broad interest within America’s deployable space structures industry.3  EMC materials are similar to 
traditional fiber-reinforced composites except for the use of a thermoset shape memory resin that allows for much 
higher packaging strains than traditional composites without damage to the fiber or resin.  This high-strain capacity 
can lead to EMC component design that can be packaged more compactly than designs made with other materials.  
EMC materials also enable the use of carbon fiber thus providing high strength and modulus, and low density, which 
leads to more mass efficient component designs.  Lastly, EMC materials provide the added advantage of much lower 
stored strain energy than traditional high-strain, high-stiffness materials thus reducing the parasitic mass associated 
with launch-containment canisters.  These attributes together demonstrate significant potential for substantially 
improving the performance of a variety of furlable structures including furlable truss booms. 
 Advancing the state-of-the-art of EMC material for furlable space structures can be grouped into three broad 
development categories: 1) new EMC materials (e.g., novel forms, reinforcements, etc), 2) improved component-
level designs and/or architectures, and 3) improved EMC analysis techniques.  The present paper presents the results 
of recent programs focused on making advancements in the latter two categories.  First, several novel concepts for 
EMC longerons that can be manufactured using pultrusion processing were conceptualized, fabricated, and 
evaluated.  The EMC longerons were tested for flexural properties and packageability (i.e., maximum strain), and 
the results were compiled in a material performance index previously developed for evaluating a material’s mass 
efficiency for furlable booms.4  Second, the use of a Multicontinuum Theory (MCT) analysis tool5 was investigated 
and shown to have great potential benefit for studying constituent-level (i.e., fiber and matrix) material failure 
behavior in EMC laminates.  This study was based on damage observed in EMC carpenter tape laminates being 
developed for the FalconSAT 3 mission.6 Preliminary results are presented that illustrate the significant potential for 
these advancements to further improve the performance and capability of furlable EMC space structures. 

II. EMC Longeron Development 
A recent joint program between CTD and Able Engineering was performed that focused on developing and 

demonstrating the functionality of a CoilABLETM boom that incorporated carbon-fiber reinforced EMC as the 
longeron material.7  This program resulted in the development of a novel reinforcement concept for pultruded 
longerons that enabled an order-of-magnitude increase in packaging strain over an unreinforced longeron (see 
Figure 2).  This concept consisted of a 0.25-in diameter, unidirectional, pultruded longeron reinforced with a pre-
form, “sock” material that was braided in a +/-45-degree orientation.  Overall, this program demonstrated that 
carbon-fiber-reinforced EMC longerons could significantly reduce the total mass of the CoilABLE™ boom system, 
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provided that the EMC longerons could be designed to 
accept relatively high packaging strains (e.g., >2%) 
while exhibiting high longitudinal stiffness (e.g., > 10 
Msi) in the deployed state. 

Subsequent to this initial program, efforts were 
made to further advance the strain-to-failure and 
deployed stiffness performance of EMC longerons.  
Several additional concepts for carbon-fiber-reinforced 
EMC longerons were conceptualized, fabricated, and 
evaluated.  Four key longeron performance parameters 
were considered in this study including: 1) deployed 
state mechanical properties, 2) packageability, 3) 
deployment force, and 4) deployment precision and 

repeatability.  Emphasis was placed on longerons that could ultimately be produced using pultrusion processes.  
EMC longeron test articles were fabricated using laboratory-scale processing procedures, and evaluated based on 
flexural stiffness and packageability in the soft-resin state.  For this study, an “un-reinforced” longeron (i.e., all 
fibers were uni-directional, with no outer sleeve included to resist kinking) served as the baseline design to which 
other concept’s performances were compared.  The performance results were converted to a performance index for 
evaluating each concept’s mass efficiency for furlable truss booms.   Following is a description of the longeron 
concepts, tests, and data comparison. 

A. Concept Descriptions 
 In addition to the “sock” reinforced longeron developed in the original study, three additional longeron concepts 
were considered in this study.  The first consisted of a 0.25-in. diameter pultruded longeron reinforced with a 
unidirectional tape double-wrapped at an approximate angle of +/-15-degrees from the transverse axis (i.e., 
orthogonal to the longitudinal axis).  The relatively shallow angle of the outer reinforcement was expected to 
decrease the inter-ply shear stress between the two unidirectional tapes during longeron packaging. A second 
concept was considered that consisted of all reinforcement fibers braided together in a simple four-square pattern.  
This concept was expected to provide improved packageability over the baseline design, although the mechanical 
properties were expected to be substantially lower.  The final longeron concept featured a four-square braid around a 
unidirectional core.  Cores consisting of both EMC and non-EMC matrices were considered in this study, the latter 
of which was included to improve the longeron’s deployment force.  This concept was expected to be a compromise 

between an un-reinforced longeron and a fully-braided 
longeron with respect to both mechanical properties 
and packageability.  

B. Testing and Evaluation 
 Four-point bend tests were performed at both room 
and elevated temperature to quantify the longeron’s 
flexural response in the cold and hot-states. Following 
the flexure test a packageability test was performed 
wherein each longeron was bent around a series of 
mandrels to determine its maximum achievable 
curvature without damage.  The typical material 
failure mode observed in the packageability test was 
fiber kinking accompanied by local resin and fiber 
breakage.8 

Flexural-Response Testing.   Each longeron was 
tested under four-point bending at both room 
temperature and 90oC.  The test fixture, shown in 
Figure 3(a), suspends the longeron from steel cables 
thus enabling high-induced curvatures to be achieved.  
Loading is applied through dead weights equally 
spaced from the cable supports resulting in a uniform 
moment applied to the unsupported span length that is 
a product of the dead weight and its distance from the 
support. Tubular steel extensions are bonded onto both 

Dead-Weight Loading
 

(a) Test fixture 

∆
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s

(b) Test schematic 
Figure 3:  Four-point bend fixture. 

 
Figure 2:  EMC longeron subjected to 3% bending 
strain.  
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testing, this is largely attributed to part defects that were consistently evident in these architectures as these concepts 
were anticipated to produce the highest levels of packagability. 

 Performance Index Results.  Table 1 also presents two additional performance metrics (extensional modulus, E, 
and a “strain-limited truss index”) defined to assist in evaluating and comparing the performances of these longeron 
concepts.  Each longeron’s cold-state extensional modulus, ERT, is calculated from the ratio of flexural stiffness to 
section moment-of-inertia (EI/I) assuming the neutral strain surface coincides with the section’s centroid, which is 
appropriate for small strains.  The so-called “strain limited truss index” is a material performance index recently 
proposed by Murphey4 as a basis for comparing the relative efficiency of materials in strain-energy deployable 
structures.  This performance index considers the deployed stiffness, E, density, ρ, and packaging strain, ερ, of the 
material, and is defined as: 
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ρ
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2
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Higher values for the strain limited truss index indicate a more mass-efficient material for furlable truss booms.  
Note, the material’s density is assumed to be 1492 kg/m3 for all longeron designs tested in the present program, to 
be consistent with Murphey’s assumptions.  Furthermore, the index is presented in SI units to be consistent with 
Murphey’s index values.  
 The index values listed in Table 1 are lower than Murphey’s results wherein an index value of 1339 is calculated 
for a material consisting of unidirectional IM7 carbon fiber and a “rigidizable” matrix (i.e., EMC).  Recall that the 
maximum strain values were concluded to be exceptionally conservative due to the method applied in bending the 
test samples.  For example, the known maximum bending strain of the “sock”-reinforced longeron is in excess of 
3% based on a more elaborate bending method (see Figure 2), as opposed to 1% presented here.  This would 
improve the longeron’s index value from 549 to 1142, which is only 15% less than Murphey’s approximated value.  
Presumably this extra care in bending would substantially improve the index values for all of the longerons concepts 
listed in Table 1.  Furthermore, it is anticipated that substantially higher performance in packageability can be 
achieved in the braided longeron concepts by performing process iterations for producing defect-free samples. 

Moreover, the conservative value listed in Table 1 for the unidirectional tape-wrapped longerons are 
significantly higher than the value for the S-2 glass heritage material currently used in the CoilABLETM boom or, 
611.  Clearly, this difference will only increase through improvements to EMC longeron processing, packaging 
methodology, and use of different constituent materials (e.g., high or ultra-high modulus fibers).  Overall, these 
results indicate that EMC longerons hold promise for substantially improving the performance of furlable truss 
booms.      

III. Multicontinuum Theory for EMC Material 
 To take full advantage of EMC’s capabilities as well as to improve the design efficiency of EMC components it 
is of significant importance that analysis tools be developed that accurately predict all aspects of the response of 
EMC materials.  These analyses must cover linear, nonlinear, and failure response of the material in both cold and 
hot states (i.e., with the resin in its glassy and elastomeric states).  Typical finite element analysis (FEA) tools 
represent a composite material as an equivalent homogenous material with the properties of the fibers and resin 
“smeared” together.  This classical-laminate-theory approach is inadequate for accurately predicting key, and non-
classical, aspects of the behavior of EMC material.  For example, fiber microbuckling and kinking within the 
softened resin dominates the bending response of EMC materials at elevated temperatures and involves several 
nonlinear micromechanical effects.8,9  

Table 1:  Four-point bend and packageability test results. 

EIRT (lb-in2) EIET (lb-in2)
Unreinforced 0.25 3210 2822 0.06 0.1 1.67E+07 115.4 159
"Sock" Reinforced 0.28 3450 2580 0.05 1.0 1.23E+07 84.7 600
Tape Reinforced 0.30 3687 3340 0.09 2.5 9.27E+06 63.9 916
Braid Around Non EMC Core 0.25 1193 357 0.19 1.6 6.22E+06 42.9 522
Four-Square Braid 0.25 2024 549 0.19 1.1 1.06E+07 72.8 578
Braid Around EMC Core 0.25 1524 390 0.19 1.1 7.95E+06 54.8 478

Longeron Type

Strain Limited 
Truss Index 
(N2/3m5/3/kg)ERT (psi) ERT (GPa)

Longeron 
Diameter 

(in.)

Max 
Strain 

(%)

Measured Results Critical 
Strain 

(%)

 

 
American Institute of Aeronautics and Astronautics 

 

5 

testing, this is largely attributed to part defects that were consistently evident in these architectures as these concepts 
were anticipated to produce the highest levels of packagability. 

 Performance Index Results.  Table 1 also presents two additional performance metrics (extensional modulus, E, 
and a “strain-limited truss index”) defined to assist in evaluating and comparing the performances of these longeron 
concepts.  Each longeron’s cold-state extensional modulus, ERT, is calculated from the ratio of flexural stiffness to 
section moment-of-inertia (EI/I) assuming the neutral strain surface coincides with the section’s centroid, which is 
appropriate for small strains.  The so-called “strain limited truss index” is a material performance index recently 
proposed by Murphey4 as a basis for comparing the relative efficiency of materials in strain-energy deployable 
structures.  This performance index considers the deployed stiffness, E, density, ρ, and packaging strain, ερ, of the 
material, and is defined as: 

 
( )

ρ
ε 3

2
Ep

. (2) 

Higher values for the strain limited truss index indicate a more mass-efficient material for furlable truss booms.  
Note, the material’s density is assumed to be 1492 kg/m3 for all longeron designs tested in the present program, to 
be consistent with Murphey’s assumptions.  Furthermore, the index is presented in SI units to be consistent with 
Murphey’s index values.  
 The index values listed in Table 1 are lower than Murphey’s results wherein an index value of 1339 is calculated 
for a material consisting of unidirectional IM7 carbon fiber and a “rigidizable” matrix (i.e., EMC).  Recall that the 
maximum strain values were concluded to be exceptionally conservative due to the method applied in bending the 
test samples.  For example, the known maximum bending strain of the “sock”-reinforced longeron is in excess of 
3% based on a more elaborate bending method (see Figure 2), as opposed to 1% presented here.  This would 
improve the longeron’s index value from 549 to 1142, which is only 15% less than Murphey’s approximated value.  
Presumably this extra care in bending would substantially improve the index values for all of the longerons concepts 
listed in Table 1.  Furthermore, it is anticipated that substantially higher performance in packageability can be 
achieved in the braided longeron concepts by performing process iterations for producing defect-free samples. 

Moreover, the conservative value listed in Table 1 for the unidirectional tape-wrapped longerons are 
significantly higher than the value for the S-2 glass heritage material currently used in the CoilABLETM boom or, 
611.  Clearly, this difference will only increase through improvements to EMC longeron processing, packaging 
methodology, and use of different constituent materials (e.g., high or ultra-high modulus fibers).  Overall, these 
results indicate that EMC longerons hold promise for substantially improving the performance of furlable truss 
booms.      

III. Multicontinuum Theory for EMC Material 
 To take full advantage of EMC’s capabilities as well as to improve the design efficiency of EMC components it 
is of significant importance that analysis tools be developed that accurately predict all aspects of the response of 
EMC materials.  These analyses must cover linear, nonlinear, and failure response of the material in both cold and 
hot states (i.e., with the resin in its glassy and elastomeric states).  Typical finite element analysis (FEA) tools 
represent a composite material as an equivalent homogenous material with the properties of the fibers and resin 
“smeared” together.  This classical-laminate-theory approach is inadequate for accurately predicting key, and non-
classical, aspects of the behavior of EMC material.  For example, fiber microbuckling and kinking within the 
softened resin dominates the bending response of EMC materials at elevated temperatures and involves several 
nonlinear micromechanical effects.8,9  

Table 1:  Four-point bend and packageability test results. 

EIRT (lb-in2) EIET (lb-in2)
Unreinforced 0.25 3210 2822 0.06 0.1 1.67E+07 115.4 159
"Sock" Reinforced 0.28 3450 2580 0.05 1.0 1.23E+07 84.7 600
Tape Reinforced 0.30 3687 3340 0.09 2.5 9.27E+06 63.9 916
Braid Around Non EMC Core 0.25 1193 357 0.19 1.6 6.22E+06 42.9 522
Four-Square Braid 0.25 2024 549 0.19 1.1 1.06E+07 72.8 578
Braid Around EMC Core 0.25 1524 390 0.19 1.1 7.95E+06 54.8 478

Longeron Type

Strain Limited 
Truss Index 
(N2/3m5/3/kg)ERT (psi) ERT (GPa)

Longeron 
Diameter 

(in.)

Max 
Strain 

(%)

Measured Results Critical 
Strain 

(%)

 



La struttura portante del FalconSAT 3

 
American Institute of Aeronautics and Astronautics 

 

6 

 To address this shortcoming in traditional analysis tools a program 
was recently begun wherein the feasibility of using a Multicontinuum 
Theory (MCT) analysis tool to predict EMC soft-resin behavior is 
being investigated.  MCT is a layer of micromechanics analyses that 
can run as pre- and post-processing elements in a standard FEA 
analysis. The MCT analysis models represent a composite material as 
separate, but linked continua comprised of the individual constituents 
(i.e. fiber and matrix), thus allowing the extraction of stress and strain 
fields for the constituents (i.e. matrix and reinforcement) of a 
composite in the course of a routine structural FEA.5  The 
multicontinuum approach to modeling EMC material is attractive as it 
provides insight into constituent-level behavior including failure, 
which is of critical importance to EMC as the margin between 
operating and failure strain is minimized.  

A. Overview of Multicontinuum Theory 
 MCT is an analysis tool that works in conjunction with 
commercial FEA software (e.g., ABAQUS, ANSYS, etc) and 
provides constituent-level (fiber and matrix) stress and strain 
information of a composite structure within the course of a routine 
FEA.  Whereas a typical FEA model produces average stresses and strains for the laminate, MCT decomposes 
average laminate stresses and strains into average fiber and resin stresses and strains.  It is important to realize that 
MCT does not produce stresses and strains for individual fibers, but rather average values of stress and strain over a 
small “representative volume element” (RVE).  The size and shape of the RVE can be changed in order to provide 
the necessary detail to accurately capture the local mechanics of interest.  An RVE for a plain-weave ply of 
composite material is shown in Figure 6 where the fill/warp tows are shown in blue and red and the pure matrix 
pockets are shown in grey.  
 The constituent-level information produced by an MCT analysis can be utilized in a progressive failure 
algorithm, allowing the analyst to simulate the progression of failure from initial failure through final structural 
failure.  The nonlinear characteristic of the MCT progressive failure analysis requires the loading to be 
incrementally applied.  Within the MCT analysis, each Gauss point within the FEA model is assigned a material 
damage state that corresponds to the type of constituent damage that has occurred at the Gauss point.  Initially, each 
Gauss point is assigned an undamaged value.  During the analysis, each Gauss point within the structure is checked 
for constituent-level damage based on constituent-level failure criteria that are a function of constituent-level stress 
fields.  In a woven fabric model, warp and fill bundles are checked for matrix and fiber failure.  If a constituent-level 
failure is detected, the corresponding fiber bundle material stiffness properties are set to degraded values.  A 
standard modified Newton-Raphson nonlinear iterative procedure is used to determine a solution for equilibrium 
between the externally applied loads and the internal load vector. 

 It is important to highlight that the undamaged and damaged 
constituent and composite properties are input to the MCT structural 
analysis from separate micromechanics analyses or test data.  This is a 
major advantage of an MCT analysis because increased computational 
efficiency is gained over traditional micromechanical approaches 
where the micromechanical modeling is not decoupled from the 
structural analysis. 

B. Analysis of EMC Carpenter Tapes 
 MCT was utilized to predict failure observed in EMC longerons 
developed for the FalconSAT 3 mission.  The longerons are 
essentially EMC carpenter tapes, each with a 0.3125” radius and 180o 
included angle within its cross section.  To stow the boom, the 
longerons are z-folded, thus being flattened and bent in both the equal- 
and opposite-sense (see Figure 7)10.  In order to maximize deployed 
stiffness of the boom and torque output of the longerons during 
deployment, laminate thickness is maximized which leads to high 
(e.g., 3%-4%) induced packaging strains.  To satisfy the design 
requirements, a three-ply fabric laminate was developed for the 

 

 
Figure 7:  The stowed FalconSAT 3 
boom. 
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Figure 6:  RVE for EMC plain-weave 
ply. 
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than the highest bundle stress predicted in the [+/-
45,0/90,+/-45] laminate where little or no damage 
occurred during flattening.  It is important to 
explain that this progressive-failure analysis is 
performed iteratively, with small increments of 
the loading condition being applied to the global 
finite element model, followed by MCT analyses 
to identify failure regions and adjust local 
material properties accordingly.  Within this MCT 
simulation, failure is assumed to occur within the 
fiber bundle once the critical stress value has been 
exceeded.  Once failure has occurred, the material 
stiffness properties are automatically reduced and 
the global load is incremented until the final 
loading condition is achieved.  
 Figure 10 presents a series of plots indicating 
the progression of failure as the laminate is 
flattened.  In this figure, blue elements are 
undamaged elements whereas red elements 
indicate regions of surface-tow buckling.  Figure 

11 presents a photograph of a flattened EMC laminate 
exhibiting the failure pattern typically seen in these laminates.  
One can see similarities between the two failure patterns, which 
demonstrate significant potential for using MCT for predicting 
surface-tow buckling. 

C. Discussion 
 This relatively simple analysis effort illustrates the 
significant promise that exists for utilizing a multicontinuum 
analysis approach for modeling failure behavior in EMC 
materials.  Clearly, accurate modeling of EMC material 
behavior requires constituent-level models, as relatively modest 
levels of induced effective strain can produce significantly 
different constituent-level responses. 
 Traditional FEA methods that produce “smeared” composite 
stress values are unable to predict constituent-level response 

and ultimately failure.  Therefore, a non-traditional analysis approach such as MCT must be explored to fully 
capitalize on EMC’s capabilities as an enabling material for future deployable structures.   However, for the MCT 
analysis tool to become fully mature for EMC it is necessary that new RVE’s be developed that are capable of 
capturing all aspects of EMC behavior including fiber microbuckling, post fiber-microbuckled response, energy 
output, and EMC viscoelastic behavior (e.g., damping).  Furthermore, failure criteria for the MCT analysis tool 
specific to EMC materials including kinking and delamination must also be developed.  Future efforts will focus on 
developing and fully qualifying an MCT-based analysis tool that incorporates these parameters.   
 The attraction of EMC material for strain-critical devices like furlable truss booms is the efficient method with 
which strain is distributed between brittle fibers and the elastomeric matrix when packaged in the soft-resin state.  
Truly efficient EMC component designs account for and take advantage of this effect, achieving packaging strain 
levels much higher than the strain limits of the fibers.  Maximizing the strain-to-failure performance of EMC 
laminates requires not only resins that have high strain capability, but also engineering the laminate architecture and 
packaging design to take into account the highly localized fiber-resin interactions and non-uniform strain response.  
Future developments in micromechanics modeling, including MCT-based modeling, are expected to provide key 
new insights into EMC failure behavior that will ultimately enable the development of much higher-performance 
materials.  
 

 
Figure 10:  MCT progressive failure analysis of surface 
tow buckling. 
 

 
Figure 11:  Surface tow buckling damage 
pattern in a flattened EMC tape. 
 



Morphing applications (compositi)

• Poter cambiare completamente la forma degli oggetti 
(non solo un’ala intelligente in SMA)



Altre applicazioni

• Schiume espandibili in loco



Produzione

• I metodi di produzione sono quelli dei copolimeri e 
poliuretani. Quindi si differenziano principalmente se 
termoplastici o termoindurenti

• La forma permanente viene impressa dallo stampo con la 
reticolazione durante la fabbricazione

• Si possono fabbricare come:

• pezzi interi (bulk) tramite injection molding (screw) o in genere 
in stampi

• compositi per impregnazione, layout e reticolazione in 
autoclave

• tessuti con i sistemi di filatura

• compositi per braiding e successivi trattamenti in autoclave



Tipi di polimeri

• Poliuretani da poliolii e isocianati (Tg tra -40 e 120 ˚C, 
controllando la struttura molecolare, il peso molecolare e 
la composizione)

• metilene bis(4-fenilisocianato) (MDI) per la parte hard

• 1,4-butandiolo per la parte soft o switch

• Copolimeri a blocchi:

• polietilentereftalato + polietilenossidi

• Composti con polimeri SMP e particelle inorganiche:

• SiC, nerofumo, nanotubi

• Particolato magnetico in SMP termoplastici (es. magnetite 
in polieteruretano, TFX oppure biodegradabile copolimero 
PDC, poli-p-dioxanone e poli-!-caprolattone)



Esempi SMP

a. TFX, polieteruretane sintetizzato da metilene bis-p-
cicloesilisocianato (H12MDI), 1,4 butandiolo (BD) e 
politetrametilene glicole (PTMG)

b. Copolimero multiblocco PDC: PPDO, poli-p-dioxanone; 
TMDI, 2,2(4),4-trimetilesanodiisocianato; PCL, poli-!-
caprolattone

tion at 74°C. In addition, the multiblock copolymer PDC was
selected, which is prepared from hard segment forming poly(p-
dioxanone)diol (PPDO), switching segment forming poly(!-
caprolactone)diol (PCL) and 2,2(4),4-trimethylhexanediisocya-
nate (TMDI) as junction unit (12) (Fig. 1b). PDC has been
developed for medical applications and is biodegradable. Ttrans
of PDC is a melting temperature, which is only slightly higher
than body temperature to avoid any damage of surrounding
tissue when heated to induce the shape-memory effect.

Iron oxide particles with average diameters at the nanoscale
were chosen to support a preferably homogeneous distribution
within the polymer matrix. If the composite is designed as a
biodegradable biomaterial system, particle diameters in the
range of 6–15 nm will have the additional advantage to be
small enough for removal through extravasations or renal
clearance (25).

Magnetite particles (! ! 20–30 nm) (30) were incorporated
in TFX by an extrusion process. X-ray computer-tomographic
investigations of the resulting composites indicated the forma-
tion of particle agglomerates in the range of micrometers (Fig.
6, which is published as supporting information on the PNAS
web site). A homogeneous distribution of nanoparticles within
the TFX polymer matrix could be achieved with particles having
an iron(III)oxide core embedded in a matrix of silica (31) (Fig.
2). The silica apparently improves the compatibility between the
two composite components. The black points in Fig. 2b are the
iron oxide domains embedded into silica matrix (dark gray
wrapping). The few agglomerates, which are occasionally ob-
served in the composite structure, could be formed by compres-
sion of the mixed component, which has not yet melted in the
feed zone of the extruder. To minimize influences from irreg-
ularities in the particle distribution within the polymer matrix,

investigations on thermal and mechanical properties as well as
on the shape-memory functionalization are focused on compos-
ites with the iron(III)oxide!silica particles.

Thermal and (Thermo)Mechanical Properties of Nanocomposites. The
influence of the particle content on the thermal and (thermo)-
mechanical properties was investigated by DSC, tensile tests, and
dynamic mechanical analysis at varied temperature (DMTA).

In the DMTA measurements of all TFX materials, a broad
peak was observed in the tan "-curve with a maximum at 74°C,
which is attributed to the glass transition of the switching phase.
In the temperature range of 120–140°C a second thermal
transition was found, which is related to the hard segment (Fig.
7b, which is published as supporting information on the PNAS
web site). Both thermal transitions are not affected by the
incorporation of particles.

The tensile tests were performed for TFX samples at 25°C and
at Thigh ! 80°C (Table 1). At 25°C the mechanical properties of
TFX and the different TFX composites are similar. Only a slight
decrease in elastic modulus was observed for the highest particle
content.

At Thigh ! 80°C, TFX materials are significantly softer.
Elongation at break !b increases with growing particle content.
The material properties at Thigh are predominantly determined
by the hard segment. Therefore, it is speculated that particles
reduce the interaction between polyurethane segments.

PDC consist of two crystallizable segments: poly(p-
dioxanone) and poly(!-caprolactone). In the thermograms ob-
tained from DSC, four thermal transitions are observed (Table
4, which is published as supporting information on the PNAS
web site). The glass transition Tg,1 at "60°C is attributed to
amorphous PCL-chains, and Tg,2 at "12°C is related to amor-
phous poly(p-dioxanone)diol. Tm,1 at 39°C corresponds to crys-
tallites of the PCL phase, and Tm,2 at 93°C is attributed to the
hard segment phase. Peak maxima of tan " at "62°C and "12°C
observed in DMTA are in good agreement with DSC results
(Fig. 7a). Glass transition temperatures as well as melting points
are not affected by incorporation of nanoparticles.

Tensile tests were performed at 25°C and at Thigh ! 55°C
(Table 2). The mechanical properties at 25°C are identical for
PDC and the PDC composites. The values for the elastic
modulus is in the range of 130–150 MPa, and the elongation at
break !b decreased from 660% for PDC to 460% with increasing
particle content (Table 2). At Thigh ! 55°C PCL segments are
amorphous and E module is lowered by #70–75% compared
with room temperature.

The influence of particle content on !b at Thigh is different for
Fig. 2. Transmission electron microscopy pictures of TFX100 with 10 wt %
particle content. (Scale bars: a, 2 #m; b, 200 nm.)

Fig. 1. Chemical structures of thermoplastic shape-memory polymers. (a) Polyetherurethane TFX (28), which is synthesized from methylene bis(p-cyclohexyl
isocyanate) (H12 MDI), 1,4-butanediol (BD), and poly(tetramethylene glycol) (PTMG). (b) Multiblock copolymer PDC. PPDO, poly(p-dioxanone); TMDI, 2,2(4),4-
trimethylhexanediisocyanate; PCL, poly(!-caprolactone).
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