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ability to sustain large deformation. Aside from mammal 
implants, silicones are used in many other applications, 
such as blood pumps, maxillofacial prosthesis, replacement 
esophagus, or artificial skin.[3] A singular property of most 
natural soft tissues is their mechanical anisotropy,[4,5] often 
related to the orientation of collagen fibers.[6] To mimic 
this feature, anisotropic rubbers can be made by the intro-
duction of oriented fibers,[7,8] the controlled diffusion of 
reinforcing fillers[9] or species.[10–12] More straightforward 
routes include thickness variation[13,14] and oriented dam-
aging of the network.[15,16] The limitations are however 
multiple: in the case of fibers, the incorporation of inter-
faces (and therefore potential defects) becomes an issue. As 
far as “diffusion” is concerned, fine control of the process is 
lacking, while thickness control requires specially crafted 
molds and highly uneven surfaces. Thus, locally control-
ling the cross-linking density of the network is a legit 
option, since it suppresses interfaces problems and allows 
for any mechanical pattern. Some studies investigated 
the addition of photo-cross-linking initiators[10] or inhibi-
tors,[17–19] which allows a great versatility, considering UV 
rays responsible for cross-linking (or its inhibition) can be 
readily localized. However, they require the addition of 
harmful molecules and involve chemical reactions besides 

One major challenge of biomaterial engineering is to mimic the mechanical properties of 
anisotropic, multifunctional natural soft tissues. Existing solutions toward controlled anisot-
ropy include the use of oriented reinforcing fillers, with com-
plicated interface issues, or UV-curing processing through 
patterned masks, that makes use of harmful photosensitive 
molecules. Here, a versatile process to manufacture biocom-
patible silicone elastomer membranes by light degradation 
of the platinum catalyst prior to thermal cross-linking is pre-
sented. The spatial control of network density is demonstrated 
by experimental and theoretical characterizations of the 
mechanical responses of patterned cross-linked membranes, 
with a view to mimic advanced implantable materials.
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1. Introduction

Elastomeric materials are of great use for biomedical appli-
cations,[1] providing properties close to the ones of natural 
soft tissues. More precisely, silicones are widespread, thanks 
to their biocompatibility, ease of sterilization,[2] and their 
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regular silicone cross-linking, which may involve unwanted 
byproducts and/or side reactions. 

 Here, we introduce a new method allowing for the spa-
tial control of the cross-linking density of any addition-
cured silicone elastomers (e.g., liquid silicone rubbers, 
or LSR), without either additional chemical reaction or 
macro molecular network degradation. Curing of these 
elastomers results from the hydrosilylation reaction of 
long vinyl telechelic polydimethylsiloxane (PDMS) chains 
on hydride-bearing siloxane cross-linkers (Figure  1 a). [ 20 ]  
The reaction takes place in temperature in the presence 
of a catalyst, the most widespread being the Karstedt’s 
catalyst. [ 21 ]  The process benefi ts from the photo-
instability [ 22 ]  of this platinum complex: when irradiated 
in the presence of an UV-absorbing solvent, it gradually 
deteriorates into inert colloidal Pt(0). Therefore, the ultra-
violet (UV) irradiation of a un-cross-linked LSR blend in 
presence of an aromatic solvent (here xylenes, vide infra) 
leads to the degradation of the Karstedt’s catalyst, and 

hence to a reduction of the silicone cross-linking rate. The 
UV irradiation can be localized via the use of masks to 
block the rays, or laser devices to focus them. [ 23 ]  By doing 
so, the cross-linking kinetics can be adjusted spatially, 
and the reaction stopped before its completion by cooling 
and/or end-capping the remaining reactive groups, as 
depicted in Figure  1 b. The resulting mechanical proper-
ties will only depend on the UV dose received, and con-
secutive hot cure parameters (temperature and duration).   

  2 .        Results and Discussion 

 Based on the aforementioned technique, the 
manufacturing of mechanically patterned elastomer mem-
branes is obtained by the method depicted in Figure  1 c. 
A mixture of two-part silicone (Silbione 4360AB from 
Bluestar Silicone) and xylenes is casted in a mold, irradi-
ated, degassed, and fi nally hot cured. The curing time and 

 Figure 1 .       Control of cross-linking strategy: a) UV-degradation of the cross-linking density. b) Post-functionalization of irradiated zones, 
comprising hydride moieties available. Viability is demonstrated by the mechanical stabilization of under cross-linked membranes, and by 
 1 H HR-MAS NMR study of the treated samples (Section S6, Supporting Information). c) Manufacturing of silicone membranes with local 
control of the mechanical properties.
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temperature are chosen so that the non-irradiated sam-
ples are fully cross-linked. The irradiation dose is tuned to 
trigger the mechanical behavior of the irradiated samples/
zones, as illustrated in Figure  2 a where the nominal stress–
strain uniaxial tension responses with varying irradiation 
time are displayed. The Young’s modulus, stress, and strain 
at break decrease with increasing irradiation dose (from 
0 to 4.5 J cm −2 ). R /100

ref
100
UVσ σ=  is then calculated to quantify

the difference in stress magnitude at a 100% strain value 
between the irradiated and the non-irradiated (reference) 
samples.  R  is here as high as 15, which is the highest value 
reported in the literature for silicone elastomers without 
varying prepolymer length nor composition, [ 10,11,19 ]  mem-
brane thickness, [ 12,24 ]  nor adding any photo-activated mole-
cules. [ 10,18,25 ]  Since the determination of the elastic modulus 
from tensile test is not trivial in elastomeric materials, [ 26 ]  
stress–strain plots were fi tted with the neo-Hookean model 
in order to estimate the decrease of mechanical properties 
with respect to the UV dose. Interestingly, the decrease of 
the fi tting constant is almost linear with an increasing 
dose, as shown in Section S1 (Supporting Information).  

 The observed drop in the deformation at break, yet 
remaining larger than 200% whatever the irradiation 
dose assigned, results from the fact that the macro-
molecular network of the irradiated silicone is mixed 
with a large amount of free chains (the amount of extract-
able material as a function of the UV-dose can be found in 
Section S2, Supporting Information) which decreases its 
resis tance to tear and to high strains. 

 To ensure that the observed effect was not due to 
poly mer photodegradation, polysiloxanes contained in the 

used LSR formulation were studied by nuclear magnetic 
resonance (NMR) spectroscopy and size exclusion chro-
matography (SEC), before and after irradiation (Section S3, 
Supporting Information). The results showed that the irra-
diation did not lead to any relevant change in molar mass 
or in the content of reactive moieties whether or not an 
aromatic solvent was present during the irradiation. 

 Silicone materials were then manufactured after irra-
diating only one of the two parts of the LSR formula-
tion in the presence of xylenes. Both parts contain silica 
and vinyl functionalized oil while only one encloses the 
catalyst. [ 27 ]  As shown in Section S4 (Supporting Informa-
tion), when the part which does not contain any catalyst 
is irradiated, the resulting material reaches the macro-
scopic properties of the fully un-irradiated one. Con-
versely, the material obtained from the irradiation of the 
part comprising the catalyst exhibits mechanical proper-
ties equivalent to the fully irradiated sample, confi rming 
the key role of the catalyst degradation. 

 Cross-linking kinetics of irradiated LSR was therefore 
studied during an isotherm using a plane/plane rheom-
eter (Figure  2 b,c). Upon curing, the silicone oil transforms 
into a cross-linked elastomer, which is accompanied by 
an increase of its storage modulus by several orders of 
magnitude. The cross-linking of the pristine LSR takes 
place in a few minutes at 90 °C, while it requires sev-
eral hours when previously irradiated in the presence of 
xylenes. Interestingly enough, when irradiation was per-
formed in presence of a non-aromatic solvent, such as 
methylcyclohexane, no effect on the reaction kinetics was 
noticed (Section S5, Supporting Information). This shows 

 Figure 2 .       Characterization of fully irradiated materials: a) Mechanical tensile behavior versus UV dose. b) Cross-linking kinetics of a pristine 
and two irradiated samples with or without xylenes. c) Effect of the quantity of solvent during irradiation on the cross-linking kinetics. 
d) Negligible residual strain after a 100% stretch ( D  = 4 J cm −2 ).
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the important role of a UV-absorbing solvent that trans-
fers UV energy to the catalyst, leading to the degradation 
of its labile ligands and platinum aggregation. Similar 
effect has been reported on other platinum or metallic 
complexes.[28,29] The effect of the quantity of xylenes 
during the irradiation has been investigated as shown 
in Figure 2c: the irradiation of the silicone formulation 
alone leads to the same cross-linking behavior as the non-
irradiated one, and the presence of a quantity as low as 
1% (in mass) of xylenes during irradiation is sufficient to 
deeply affect the cross-linking kinetics.

To further study the photo-degradation mechanism of 
the catalyst, which has not been clearly reported in the 
literature, Karstedt’s catalyst (in an excess of divinyl tetra-
methyl disiloxane, which is inert to UV) was irradiated 
at a wavelength λ = 254 nm in the presence of an aro-
matic solvent. Throughout irradiation, the solution color 
turned from transparent to brown attributed to colloidal 
platinum formation.[28] Colloids were indeed observed 
by imaging this mixture in transmission electron micro-
scope (TEM), as seen in Section S6 (Supporting Infor-
mation). Bibliography indicates that such colloids are 
also formed during the regular hydrosilylation reaction, 
becoming an inert, transformed state of the catalyst.[30,31] 
When photoirradiated prior to curing, Karstedt’s catalyst 
most likely degrades into platinum colloids and there-
fore cannot properly catalyze the cross-linking reaction of 
LSRs. The reduction of the cross-linking kinetics of irradi-
ated sample was also demonstrated with the Speier’s cat-
alyst and a carbene-platinum-based catalyst (Section S7, 
Supporting Information). These important results suggest 
that the presented process can be adapted to a wide range 
of silicone formulations to produce biocompatible mem-
branes without the use of photo-initiators.

Affecting the cross-linking kinetics rather than 
blocking it completely means that ultimately, provided 
that few active catalyst remains, almost full cross-linking 
of irradiated zones can still be achieved by bringing 
enough time and heat to the material. Chemical reac-
tions can therefore be performed on the remaining cross-
linking sites to functionalize, or to stabilize the material 
after curing, as depicted in Figure 1a,c. Mechanical sta-
bilization of a membrane for 30 d was achieved by end-
capping cross-linking sites with monofunctional vinyl 
silanes with remaining hydride groups of the cross-linker. 
High-resolution magic angle spinning nuclear magnetic 
resonance (HR-MAS NMR) spectroscopy, suitable for gels 
and lightly cured elastomers, allowed to monitor the 
reaction and evidenced the consuming of SiH while
SiVi moieties remained unchanged (Section S8, Sup-
porting Information). When samples were aged for a 
longer time (six months), they displayed a slight increase 
of mechanical properties. Full mechanical stabilization 
might still be achieved either by forcing the reaction with 

vinyltrimethylsilane or VTMS (longer post curing times) 
or by quenching the remaining active platinum with 
sulfur compounds.[32]

The elastic recovery of stretched materials produced 
by our method was then studied in order to evaluate the 
influence of the reduced cross-linking on their elasticity, 
which is crucial when targeting biological applications. 
To do so, samples were stretched up to 100% strain, then 
released, and the elastic return was measured 10 s after 
the release. Regardless of the cross-linking state, sam-
ples displayed less than 3% of residual strain at the first 
stretch, and less than 1% for the following cycles, pictured 
in Figure 2d. Irradiated samples seemed to take longer 
time to relax and an attempt to quantify the differ-
ence of relaxation is described in Section S9 (Supporting 
Information).

Dynamical mechanical analysis provides the evolu-
tion of the storage modulus and damping factor versus 
frequency (for a given temperature) of the manufactured 
elastomers as displayed in Section S10 (Supporting Infor-
mation). For the case of perfectly (entropic) hyperplastic 
materials, these properties are supposed to be insensi-
tive to the loading rates. Nevertheless, the modulus and 
damping factor of the present silicones increase with 
increasing frequency, evidencing some viscoelastic con-
tribution. More importantly, the damping is significantly 
greater in the irradiated sample (the damping factor is 
multiplied by 3 with R = 6), a consistent result since its 
network comprises a larger amount of unreacted and 
dangling chains. This difference of viscoelastic behavior 
can be used as an advantage, for instance, for applications 
where damping has to be localized in prescribed regions.

The patterning/architecturation of a membrane can 
be finally obtained through the use of a mask positioned 
between the UV source and the LSR mix, resulting in 
a spatial control of the irradiation. Practically, the non 
afocal UV source and a gap between the polymer and the 
mask suggest that a transition zone, or an interphase, 
may exist between the hard and soft phases of patterned 
elastomers where the modulus is likely to vary gradu-
ally. The characterization of such interphase is not easy, 
yet important. Indeed, a sharp interphase, i.e., a brutal 
change in the material mechanical properties, would 
result in stress concentration leading to early breakage 
of the sample. Moreover, the variation in material prop-
erties may provoke complex stress and strain fields in 
the transition zone even for simple (uniaxial) loading 
conditions. In order to control the strain field and thus 
proceed to the interphase macroscopic characterization, a 
bulge test was set.[33] The tested sample displays a circular 
under-cross-linked (r = 5 mm) disk within a normally 
cross-linked matrix, as depicted in Figure 3a, and Movie 
S1 (Supporting Information). The membrane is clamped 
so that the center of the irradiated disk is centered  
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with the setup axis of symmetry. Unlike a simple uni-
axial tension test, the present setting prevents lateral 
contraction. Hence, the strain state is well-defi ned, 
axisymmetric, and dependent on the radial coordinate. 
Finally, the determination of the neo-Hookean param-
eter ( C  10 ) was performed following the protocol described 
by Machado et al. [ 33 ]  The evolution of the  C  10  parameter, 
which is in good accordance with the one found in bulk 
materials, allowed for the identifi cation of the inter-
phase’s width (Figure  3 a). Presently, with our irradiation 
setup, the interphase is about 3 mm wide. This interphase 
width can be easily tuned by adapting the membrane 
processing condition, for instance, by using focused UV 
sources, or by diminishing the space between the masks 
and the irradiated polymer.  

 Natural soft tissues such as mussel byssus, [ 34 ]  mammal 
sinews, [ 35 ]  or fi nger extensor apparatus [ 36 ]  exhibit a 
macroscopic spatial variation of their mechanical 

properties. Thanks to this local control of its cross-linking 
density, the macroscopic properties of the silicone mem-
brane prepared here can be easily tailored. The devel-
oped method allows the easy processing of such graded 
structures, by varying the dose received all along the 
membrane, as represented in Figure  3 b, where the mem-
brane’s strain increases tenfold depending on its posi-
tion along the  Y -axis. Such variation, though on different 
stress and strain levels, is comparable to the one reported 
for the anterior cruciate ligament-bone insertion site, 
for instance. [ 37 ]  Anisotropic membranes can be obtained 
using a simple striped pattern, as depicted in Figure  3 c, 
and Movies S2 and S3 (Supporting Information). With a 
stiffness ratio  R  of 10 between hard and soft zones and 
a 1 to 1 volumetric ratio, stripe-patterned membrane 
displays an anisotropic factor of  E  // / E  +  = 2.3, close to
3 theoretically expected. Here,  E  +  and  E  //  correspond to 
the Reuss (lower bound) and Voigt (upper bound) models, 

 Figure 3 .       Local control of mechanical properties: a) (Left schematic) Patterned membrane with a 10 ratio macroscopic gradient and (right 
fi gure) strain profi le at a 5% macroscopic strain. For comparison, the mechanical properties of human ligament-bone insertion site is pro-
vided on the right hand side (adapted from ref. [ 37 ] ). b) (Left schematic) Stripped membrane with controlled anisotropy, and (center fi gure) 
its behavior in uniaxial tension along the  X  (Lower-bound confi guration) and  Y -axis (upper-bound confi guration). A qualitative comparison 
with heart tissue is provided in the right fi gure (modifi ed from ref. [ 38 ] ). c) (Left fi gure) Experimental setup used for interface characteriza-
tion through bulge test (center fi gure) strain fi eld determination (right fi gure) membrane modulus variation with respect to the distance 
from the axisymmetric axis.
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respectively, that are based on the rule of mixture and 
neglect the contribution of the interfaces. [ 38 ]  Experimen-
tally, the two moduli were reduced from the macroscopic 
loads and displacements measured during the test. It is 
worth noting that the ratio obtained is remarkable for a 
bulky, monophasic material, and is close to many natural 
tissues such as heart myocardium [ 39 ]  or blood vessels. [ 40,41 ]  

 The fact that irradiated samples are constituted of a 
lightly cross-linked network blended with a large amount 
of free chains allows promising developments. For 
instance, healable silicone can be obtained by joining two 
parts of lesser cross-linked silicone membranes, and then 
heating them, as displayed in Figure  4 a and Movie S4 
(Supporting Information). The two networks interpene-
trate one another, and the additional thermal curing step 
fi nishes cross-linking the silicone, forming a cohesive 
interface between them. In the case of bio-implantable 
devices, temperature healable and “patchwork” tailoring 
of prosthesis can therefore be performed easily, without 
any additives.  

 This process also offers the ability to fully block the 
cross-linking in selected areas, through high irradiation 
doses and careful curing conditions. The polymer is hence 
constituted only of free chains, which remains soluble 
and washable by a solvent within the irradiated zones, 
while it cross-links normally elsewhere (Figure  4 b). This 
allows for the topographical patterning of thin layers of 
silicone, which could easily fi nd applications in the fi eld 
of microfl uidic engineering.  

  3 .        Conclusions 

 To conclude, we have explored in this study the potential 
of the photo-instability of a cross-linking catalyst to pro-
cess biocompatible, transparent silicone membranes with 
local control of their mechanical and topological proper-
ties. The simple, rapid, and versatile approach is adaptable 
to any commercial silicone elastomer cross-linked by poly-
addition, allowing for the design of advanced architectured 
PDMS membranes based on a unique macro molecular 

network. The UV-driven mechanism was explored thor-
oughly so that many applications were identifi ed (gluing, 
patterning, and grading). The process also gives the possi-
bility to functionalize under-cross-linked zone prior to an 
additional post-cure of the material, for instance, to craft 
membranes with different physical properties (surface 
wetting properties, double cross-linking systems). Focusing 
on the “structural” performance, difference in modulus as 
high as 15, along with an infi nite choice of architectures 
can be used to meet the requirements/needs of numerous 
fi elds of applications, such as prosthesis engineering or 
microfl uidic.  
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