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fi eld, and apparent modulus of the 
elastomer, respectively. [ 6 ]  Although the 
actuation strain could be tuned through 
changing the applied electric fi eld, in 
some electroactive systems, variable strain 
is needed while constant actuation pres-
sure ( ε  0  ε  r  E  2 ) is maintained. Therefore, 
elastomers with tunable moduli would 
be desirable in these cases such as adap-
tive grippers and microfl uid channels. [ 7,8 ]  
These elastomers can further mimic nat-
ural muscles, which is able to adapt to 
changing working requirements. [ 9 ]  

 Previous strategies to achieve tunable 
stiffness in polymers include application 
of magnetic fi eld onto a magnetorheo-
logical elastomer, [ 10 ]  use of ultraviolet light 
to change the microstructure of a liquid 
crystal polymer [ 11 ]  and controlling the 
phase transition through altering the tem-
perature of shape memory polymers. [ 12 ]  
However all these material systems 
require maintaining the external stimuli 

during operation, which would add on the device complexity, 
energy consumption, and shortens useful lifetime. We propose 
a new elastomeric material whose stiffness can be altered via 
simple thermal treatment, and multiple states with different 
stiffness are all stable at room temperature. 

 A synthetic elastomer generally has a specifi c modulus pre-
determined by the polymer’s molecular structure. In the theory 
of rubber elasticity, the tensile modulus ( Y ) of an ideal elas-
tomer at small strain is determined by
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 where  ρ ,  R ,  T,  and Mc  are the density of the elastomer, the 
gas constant (8.31 J K −1  mol −1 ), the absolute temperature, 
and the average molecular weight of chain segments between 
crosslinking sites, respectively. [ 13 ]  Mc  is also a term to describe 
the crosslinking density of an elastomer network, where a 
larger Mc  means a lower crosslinking density. As indicated 
in Equation  ( 2)  , polymer chain segment length is a key factor 
of an elastomer’s stiffness. Therefore, our strategy tuning the 
stiffness is to change the chain segment length using dynamic 
covalent bonding, which could reversibly form and break 
crosslinking sites as illustrated in  Figure    1  .  

 Diels–Alder (DA) reaction offers an effective method to form 
dynamic covalent bonds, and has been widely utilized in self-
healing materials thanks to the good reversibility of the DA 
reaction. [ 14 ]  Among DA pairs, furan derivatives as the diene and 
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  1.     Introduction 

 Dielectric elastomers are a type of electroactive polymers with 
the general moniker of artifi cial muscle thanks to their mechan-
ical compliancy, large actuation strain, high energy density, and 
light weight. [ 1,2 ]  Dielectric elastomers are being investigated for 
a slew of electromechanical devices such as soft actuators, large-
strain capacitive sensors, and mechanical energy harvesters. [ 3–5 ]  

 The electromechanical responses of dielectric elastomers are 
greatly infl uenced by the materials’ mechanical properties such 
as modulus, elongation of rupture which defi nes the boundary 
for the maximum performances, and viscoelasticity which 
affects response speed. The actuation strain of a dielectric elas-
tomer actuator is determined by
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 where  s  z ,  ε  0 ,  ε  r ,  E  and  Y′  are the transverse strain, vacuum per-
mittivity, dielectric constant of the elastomer, applied electric 
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maleimide derivatives as the dienophile have drawn great atten-
tion since they usually have moderate reaction (forming DA 
bonds) and retro-reaction (breaking DA bonds) temperatures. [ 15 ]  
In this work, a series of polyacrylate dielectric elastomers con-
taining furan-maleimide adduct moieties was synthesized to 
exploit this reversible reaction. The resulting copolymers are 
elastomers exhibiting multiple states of modulus inter-switch-
able via thermal treatments. The rigid states have a modulus 
three times as high as that of the soft states. To the best of our 
knowledge, this is the fi rst work tuning stiffness of elastomers 
using DA dynamic bonding. The elastomers were employed to 
fabricate capacitive sensors and actuators that could be oper-
ated in different modes.  

  2.     Results and Discussion 

  2.1.     Preparation of PADA Elastomer Films 

  2.1.1.     Synthesis of Active Co-Monomer, FM-A 

 The active co-monomer FM-A, containing furan-maleimide 
DA adduct and acrylate functional groups, was synthesized 
following a method documented in previous work [ 16,17 ]  with 
modifi cations as shown in  Figure    2  . The chemical structure of 
FM-A was confi rmed by both  1 H NMR and  13 C NMR spectra 

(See Figures S1a,b, Supporting Information). Note that this 
furan-maleimide group on this monomer was not to provide a 
crosslinking site in the as-synthesized polymer but to protect 
the maleimide group from copolymerizing with other acrylate 
co-monomers.   

  2.1.2.     Preparation of PADA Elastomer Film 

 Five formulations with different concentrations of co-mono-
mers and crosslinker were investigated as shown in  Table    1  . 
Copolymers consisting of n-butyl acrylate (nBA) have dem-
onstrated high actuation strains and high energy densities 
as dielectric elastomers. [ 18 ]  Therefore, n-butyl acrylate was 
selected as the base monomer. 2(2-Ethoxyethoxy) ethyl acrylate 
(EOEA) was added to improve the solubility of FM-A in nBA. 
The crosslinker with four furan end groups in each molecule 
was previously synthesized by the same group and used in a 
self-healing polymer composite. [ 19 ]  The copolymers are called 
PADA-X where X stands for the weight part of FM-A. A con-
trol formulation, PADA-10′ without crosslinker, was also syn-
thesized. Each co-monomer, crosslinker, and a photoinitiator, 
2,2-dimethoxy-2 phenylacetophenone (DMPA), were admixed 
at the weight ratios shown in Table  1  to afford clear solutions. 
Note that in all the formulations, the furan moieties and the 
maleimide moieties were equimolar. 
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 Figure 1.    A schematic illustration of how the crosslinking sites are formed and broken. In this work, furan-maleimide adducts, one of the Diels–Alder 
pairs, were selected as the dynamic bonds forming the crosslinking sites.

 Figure 2.    The synthesis route of FM-A: i) ethyl acetate, room temperature, 24 h; ii) ethanolamine, ethanol, refl ux, 4 h; iii) acryloyl chloride, triethyl 
amine, DCM, 0 °C to room temperature, 24 h.
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  The synthetic route for the elastomers is schematically illus-
trated in  Figure    3  . Elastomer fi lms were prepared by injecting 
the corresponding formulation solutions into two glass slides 
to form a uniform liquid layer whose thickness was defi ned 
by a spacer. The liquid layer subsequently formed a solid fi lm 
through ultraviolet (UV) polymerization. The three acrylate 
monomers (nBA, EOEA, and FM-A) copolymerized into a 
linear chain (Polymer 1 in Figure  3 ) with pendant DA adducts 
provided by FM-A. The crosslinker dissolved in Polymer 1 but 
remained intact during the UV copolymerization. The fi lm 
was then heated at 130 °C for 2 h and then at 70 °C for 24 h 
to affect a metathetic reaction between the pendant DA moie-
ties and the crosslinker compound: the DA moieties under-
went retro-DA reaction and released furan molecules, and the 
resulting pendant maleimide moieties (in Polymer 2) underwent 

DA reaction with the furan groups on the dissolved crosslinker 
at 70 °C to afford a crosslinked elastomer network. The chem-
ical structures of the two intermediate products, Polymer 1 and 
Polymer 2 were characterized through UV absorption spectros-
copy, shown in Figure S2 (Supporting Information). The peak 
at 280 nm in Polymer 2’s UV absorption curve corresponded to 
the pendent maleimide moieties, which was absent in Polymer 
1. This metathetic route was taken because the maleimide moie-
ties could participate in the free-radical co-polymerization of the 
acrylate groups. [ 20 ]  The DA adduct with furan molecules pro-
tected maleimide moieties through the UV curing process and 
could be easily de-protected by retro-DA reaction. The resulted 
elastomer fi lms were transparent with slight tint. The fi lms were 
relatively rigid as the DA bonds were formed, and called PADA-
X-r, where r indicates being rigid.  

 The scenario was confi rmed with thermogravimetric anal-
ysis (TGA). As calculated from the formulation of PADA-10, 
the weight percentage of evaporated furan molecules is 2.4% 
theoretically. As shown in Figure S3 (Supporting Information), 
the as-synthesized PADA-10 sample (PADA-10-r) remained 
stable up to 180 °C while heating in air atmosphere at the 
rate of 5 °C min −1 . In comparison, another sample, PADA-
10_70, was synthesized from the same pre-polymer solution 
but the heating step at 130 °C for 2 h had been skipped. Dif-
ferent from PADA-10-r, PADA-10_70 showed a weight loss of 
2.7 wt% from 50 °C to 180 °C. As indicated in its derivative 
curve in Figure S3 (Supporting Information), the major weight 
loss of PADA-10_70 happened from 110 °C to 155 °C, which 
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  Table 1.    Formulations (parts of weight) of synthesized elastomers.  

Formulation nBA EOEA FM-A Crosslinker DMPA

PADA-2.5 87 11 2.5 1.9 1

PADA-3 86 11 3 2.3 1

PADA-4 85 11 4 3 1

PADA-5 84 11 5 3.8 1

PADA-10 80 10 10 7.5 1

PADA-10′ 80 10 10 0 1

 Figure 3.    The synthesis route of a PADA elastomer. The co-monomers, crosslinker, and photoinitiator are admixed and subjected to UV exposure to 
copolymerize the three vinyl monomers. Thermal treatment at 130 °C eliminates the protecting furan group. The resulting polymer 2 is then reacting 
with the crosslinker at 70 °C to afford the crosslinked polymer network.
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had a peak value at 138 °C. The temperature range matched 
well with where the retro-DA reaction happened in furan-
maleimide adducts and the value of weight loss was in good 
agreement with the theoretical calculation. [ 21 ]    

  2.2.     Stiffness Change via Reversible DA Reaction 

 Since the mechanical properties of elastomers heavily depend 
on their crosslinking densities, forming and breaking the DA 

crosslinking sites would create two or more stiffness states 
in one elastomer. The rigid state corresponds to the highly 
crosslinked state as synthesized with short chain segments 
while the soft state is achieved by partially breaking DA bonds, 
resulting in long-chain segments between crosslinking sites. 
The soft elastomer could return to its rigid state by reforming 
DA bonds. As shown in  Figure    4  a, Stage 1 samples refer to 
those as-synthesized (PADA-X-r). The Stage 2 (PADA-X-s) sam-
ples were obtained by heating PADA-X-r samples at 130 °C for 
30 min followed by fast cooling down to room temperature. 
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 Figure 4.    a) A schematic illustration of thermal treatments. The as-synthesized fi lms were at their rigid states (Stage 1, PADA-X-r). Soft states (Stage 
2, PADA-X-s) were achieved through heating the fi lms at 130 °C for 30 min and then fast cooling down to room temperature. Rigid states (Stage 3, 
PADA-X-r) could be regained through heating the fi lms at 70 °C for another 24 h and cooling down to room temperature. b) The moduli of elastomer 
formulations with different weight parts of FM-A at both rigid and soft states, and c) the moduli change ratio ( R ) between two states. d) Cycling test 
of one of the formulations, PADA-4. These elastomer samples were thermally adjusted between PADA-4-r and PADA-4-s as shown in (a) for fi ve cycles.
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The Stage 3 samples (also PADA-X-r) were obtained by heating 
the PADA-X-s samples at 70 °C for 24 h. All elastomer sam-
ples were tested at least for one cycle in three stages and fi ve 
samples were tested for each formulation except PADA-10′. 
The elastic moduli ( E ′) and loss tangents (tan  δ ) were meas-
ured using a dynamic mechanical analyzer (DMA) and listed in 
 Table    2  . All the formulations showed an obvious difference in 
modulus between Stage 1/3 and Stage 2 except PADA-10′. This 
proved that it was the dynamic DA bonding/debonding that 
contributed to the change of moduli.   

 As demonstrated in Table  2  and  Figure    5  b, 
at both rigid and soft state, the moduli of 
the formulated elastomers increased with 
the addition of FM-A and crosslinker. The 
increase of moduli can be attributed to the 
increase of crosslinking density. Another 
reason is the addition of rigid monomer. 
Compared with nBA and EOEA, FM-A has a 
relatively bulky and rigid side group, which 
hardens of the elastomers. The moduli 
change ratio ( R ), between rigid and soft 
states, of an elastomer is calculated from the 
data in the fi rst cycle using the equation:

 
R

E E
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Stage1 Stage3
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 All the elastomers displayed very similar 
moduli change ratio, around 2, which indi-
cated that the chain segment length was 
doubled in the soft state and half of the 
crosslinking sites were broken. 

 The elastomers could be adjusted from 
PADA-X-r and PADA-X-s repeatedly thanks 
to the good reversibility of the DA reactions. 
One of the elastomers, PADA-4, was tested 
for fi ve cycles as shown in Figure  4 d. Both 
moduli and loss tangents were consistently 
modulated between rigid and soft states.  

  2.3.     Achieving Variable Stiffness by 
Controlling Crosslinking Density 

 Multiple states of stiffness could also be 
achieved through treatments at different 

temperatures as the equilibrium state of the reversible bonding 
(DA) and de-bonding (retro-DA) reactions could be shifted by 
temperature change. Higher de-bonding temperatures (>90 °C) 
leads to more de-bonding and thus lower stiffness, while lower 
temperature (≈70 °C) result in higher crosslinking density and 
stiffness. [ 22 ]  For instance, PADA-4-r elastomers were heated at 
different de-bonding temperatures, 90 °C, 110 °C, 130 °C, or 
160 °C, and then rapidly cooled down to room temperature (step 
i in Figure  5 ), and the resulting elastomers were designated 
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  Table 2.    Moduli of the formulated elastomers at three stages in one cycle.  

Elastomer Stage 1 (PADA-X-r) Stage 2 (PADA-X-s) Stage 3 (PADA-X-r)

 E ′ [MPa] tan δ  E ′ [MPa] tan  δ  E ′ [MPa] tan  δ 

PADA-2.5 0.20 ± 0.02 0.118 ± 0.008 0.099 ± 0.003 0.271 ± 0.006 0.214 ± 0.003 0.114 ± 0.003

PADA-3 0.30 ± 0.02 0.08 ± 0.01 0.12 ± 0.01 0.22 ± 0.03 0.27 ± 0.02 0.09 ± 0.01

PADA-4 0.52 ± 0.03 0.045 ± 0.008 0.26 ± 0.02 0.10 ± 0.02 0.54 ± 0.03 0.039 ± 0.003

PADA-5 1.23 ± 0.09 0.026 ± 0.004 0.41 ± 0.03 0.084 ± 0.009 0.94 ± 0.06 0.033 ± 0.003

PADA-10 2.24 ± 0.09 0.026 ± 0.001 1.32 ± 0.06 0.031 ± 0.001 2.31 ± 0.07 0.026 ± 0.001

PADA-10′ 1.01 0.028 1.06 0.026 – –

 Figure 5.    Various moduli could be achieved for PADA-4 elastomers via thermal treatments. 
i) PADA-4-r samples were heated at a) 90 °C, b) 110 °C, c) 130 °C, and d) 160 °C followed by 
a fast cooling down to room temperature to obtain PADA-4-s90, PADA-4-s110, PADA-4-s, and 
PADA-4-s160. ii) Samples were aged at room temperature for 2 h. iii) Samples were heated at 
70 °C for 24 h in (a), (b), and (c) and for 48 h in (d). Moduli were normalized as the modulus 
of PADA-4-r was set as 1.
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as PADA-4-s90, PADA-4-s110, PADA-4-s, and PADA-4-s160, 
respectively. While PADA-4-s had a modulus equal to half 
of that of PADA-4-r, the ratios of the moduli of PADA-4-s90, 
PADA-4-s110, and PADA-4-s160 to that of PADA-4-r were 0.85, 
0.67, and 0.34 measured with DMA, respectively. After aging 
at room temperature for 2 h (step ii in Figure  5 ), the moduli 
of PADA-4-s90, PADA-4-s110, PADA-4-s, and PADA-4-s160 did 
not show a signifi cant increase. Generally, DA reaction is ther-
modynamically favorable to the retro-DA at room temperature. 
Therefore, PADA-4-r should be the thermodynamically stable 
form of all the PADA-4 series of elastomers at room tempera-
ture. However, the soft states could be maintained for a rela-
tively long time due to the slow DA reaction, which is required 
for many applications. After heating at 70 °C for 24 h (step iii 
in Figure  5 a–c), PADA-4-s90, PADA-4-s110, and PADA-4-s 
regained their original stiffness. However, PADA-4-s160 needed 
48 h heating at 70 °C (step iii in Figure  5 d) to return to the 
original modulus. 

 The PADA-4 series of elastomers were further characterized 
through tensile testing, UV spectroscopy, and swelling testing, 
to correlate the change of modulus to molecular crosslinking 
density. The stress–strain responses of the elastomers are dis-
played in  Figure    6  a. Higher de-bonding temperature resulted 
in a softer elastomer with larger elongation at rupture, which 
can be attributed to the decrease of crosslinking density. [ 23 ]  Note 
that PADA-4-s has a lower modulus than those of PADA-4-r, 
but its strength at rupture is comparable to that of PADA-4-r, 
indicating a greater toughness. This superior mechanical prop-
erty could be explained using elastomer’s bimodal theory that 

in a crosslinking network, long chains contribute to the elas-
tomer’s extensibility while short chains correspond to high 
stress. [ 24 ]  Based on the toughness shown in Figure  6 a, among 
the PADA-4 series, PADA-4-s might have the most optimal 
chain length distribution.  

 UV absorption spectra (Figure  6 b) allows direct measurement 
of the extent of DA/retro-DA reaction. The peak at 280 nm cor-
responds conjugated O C C C C O structure in maleimide 
moieties, and its intensity increases with elevated de-bonding 
temperatures. The portions ( x ) of furan and maleimide pairs that 
had formed DA adduct were calculated based on the peak inten-
sity at 280 nm following the method in Imai et al., [ 25 ]  and the 
average molecular weight of chain segments between crosslinkes, 
MC, of each elastomer was related to  x  using Equation  ( 4)  

 
M

M

x
C

C0=
  

(4)
 

 where MC0  is the average molecular weight of chain segments 
between crosslinks in PADA-4-r. 

 The crosslinking density was alternatively estimated by 
swelling. The elastomer fi lms were cut into round plates and 
swelled in chloroform for 16 h. The swelling ratio  Q  is defi ned as
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 where  a  and  a  0  are the diameter of the plates after and before 
swelling, respectively. MC  can be calculated using
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 Figure 6.    a) Stress–strain curves of PADA-4 elastomers measured using dumbbell-shaped samples stretched to rupture at 3.33 mm s −1 . b) UV absorp-
tion spectra of PADA-4 thin fi lms with a thickness of 100 µm. c) Swelling ratios of PADA-4 elastomers in chloroform.
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 where  V  1 ,  Q  0,  and  K  are the molar volume of the solvent (chlo-
roform in this case), swelling ratio of PADA-4-r in chloroform 
and a constant related to temperature, polymer, solvent, and 
their interaction, respectively. [ 26 ]  

 Moduli of PADA-4 elastomers were estimated using 
Equation  ( 2)   from MC values obtained from both UV absorp-
tion spectra and swelling test. The estimated values and meas-
ured values from DMA were displayed in  Figure    7   for compar-
ison. The measured moduli matched well with the calculated 
moduli, indicating that it is the crosslinking density of the elas-
tomer that alters the stiffness of the PADA-4 elastomers.   

  2.4.     Applications 

 Good dielectric elastomers should be soft so that they are 
sensible to small pressure changes, can detect large defor-
mations, and exert large actuation strain. On the other 
hand, soft elastomers with low modulus could suffer from 
low structural support and electromechanical instability. [ 26 ]  
PADA-4 was selected to fabricate sensors and actuators 
thanks to its moderate moduli in both rigid and soft states. 
Among PADA-4 elastomers, PADA-r and PADA-s were 
compared. 

  2.4.1.     Capacitive Sensing 

 These capacitors, whose structure is illustrated in  Figure    8  a, 
had a width of 6 cm and an active length of 2 cm. The area 
with electrodes overlapping was 5 cm × 2 cm to avoid shorting 

near contacts. As indicated by the stress–strain curves of the 
sensors made of PADA-4-r and PADA-4-s in Figure  8 b, these 
sensors could be operated in two modes with different mechan-
ical loadings.  

 The sensing performance was tested with a linear stage 
to stretch the fi lm at 1 mm s −1  and a self-sensing unit to 
measure the capacitance at 400 Hz. Note that in Figure  8 cd, 
the thickness ( d ) of the capacitor is normalized to 100 µm 
( d  0 ). The capacitances had a quasi-linear relationship with 
the stretch strain up to 30% linear strain, which is good 
for strain sensing purpose. As converted from Figure  8 b,c, 
mechanical pressures also displayed a quasi-linear relation-
ship with the capacitances. This sensor can potentially be 
integrated into more complex devices with multiple working 
modes: a high sensitivity mode with low mechanical pres-
sure load and a high mechanical pressure mode with lower 
sensitivity. Two examples are knee pads with standby mode 
and active mode and fl exible electronics with press mode and 
stretch mode. [ 27 ]  

 As calculated from the measured capacitances at 0% strain, 
the dielectric constants ( ε r  ) of PADA-4-r and PADA-4-s are 
5.7 and 6.3, respectively. The reason the dielectric constant of 
the PADA-4-s is slightly higher than that of PADA-4-r could 
be due to less confi nement of dipoles in the softer polymer 
network. [ 28 ]   

  2.4.2.     Actuation 

 Actuators were fabricated with 5% by 5% biaxial prestrain to 
avoid wrinkling during actuation. [ 29 ]  Carbon grease was coated 
on both sides of the stretched fi lms as electrodes. Voltages were 
applied at each nominal 10 MV m −1  increments. The change of 
the actuator’s active areas, defi ned as the overlapping area of 
two electrodes, was recorded by a web camera controlled by a 
LabView program. For both rigid and soft DA-4 fi lms, four sam-
ples were tested and the average data are presented in  Figure    9  .  

 As indicated in Equation  ( 1)  , the actuation strain is 
dependent on the elastomer’s dielectric constant, mechanical 
modulus, and the actuation electric fi eld. Different from most 
elastomers which would show a certain actuation strain at a 
particular electric fi eld, this elastomer was able to produce 
different actuation performances at identical electric fi elds. 
This is particularly important when constant actuation pres-
sure and various actuation strains are needed at the same 
time. 

 Key actuation performances of the two states are listed in 
 Table    3  . The dielectric strength is calculated as the real electric 
fi eld at the breakdown point. Average value of four actuators in 
each group is presented. The actuation pressure ( P ) and energy 
density ( e1

2
) were calculated using Equations  ( 7)   and  ( 8)  : [ 30 ] 

 P Er0
2ε ε=   (7)  

 
e E sr

1
2

1
2

ln(1 )0
2

zε ε= − +
  

(8)
    

 PADA-4 fi lms had comparable energy densities with other 
dielectric elastomers with low prestrain ratios. [ 31 ]  PADA-4-r had 
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 Figure 7.    Estimated moduli from both UV absorption spectra and 
swelling test and DMA measured moduli of samples at different de-
bonding temperature. Moduli were normalized as the modulus of PADA-
4-r was set as 1.
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an overall better performance than PADA-4-s did since it had a 
higher dielectric strength. This could be attributed to a higher 
modulus of the rigid fi lm, which can help prevent electrome-
chanical instability. [ 32 ]  Additionally, some mobile crosslinker 
molecules inside the PADA-4-s network might result in a 
leakage current increase, which would assist dielectric break-
down. [ 26 ]  Therefore, PADA-4-r is more suitable to be used in 
applications needing higher force output and energy density. 
However, at certain electric fi elds, PADA-4-s had a larger strain 
than PADA-4-r had, which made it useful for applications 
requiring higher strain at reduced operation voltages.    

  3.     Conclusion 

 In this work, a new group of dielectric elastomers with furan-
maleimide dynamic covalent bonding were synthesized and 
characterized. The moduli of these elastomers can be tuned 

reversibly and incrementally by controlling the crosslinking 
densities of the polymer networks through the Diels–Alder 
reversible reactions. The moduli change ratio was limited by 
the incomplete retro-Diels-Alder reaction. The elastomers’ 
moduli at their rigid states were three times of those at the cor-
responding soft states. 

 The synthesized elastomers were further fabricated into capac-
itive sensors, which could work in both high/low mechanical 
loading modes and actuators, which could work in high strain or 
high force output modes. These devices could be integrated into 
more complex electromechanical systems with variable work con-
ditions. Going forward, the proposed dielelectric elastomer would 
be used in energy generators to match various mechanical inputs.  

  4.     Experimental Section 
  Preparation of PADA Elastomer Films : The active co-monomer, FM-A 

was synthesized as described in Section S1 (Supporting Information). 

 Figure 8.    a) The structure of a capacitive sensor. b) The stress–strain curves of the sensors made of PADA-4-r and PADA-4-s at a stretch rate of 1 mm s −1 . 
c) The capacitive sensing results at a stretch rate of 1 mm s −1 . d) The capacitance–stress curves of the sensors. Note that in (c,d), the thickness of the 
capacitor is normalized to 100 ( d  0 ).
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 N -butyl acrylate and 2,2-dimethoxy-2 phenylacetophenone 
were purchased from Sigma–Aldrich and used as received. 
2(2-Ethoxyethyoxy) ethyl acrylate was obtained from Sartomer 
Company and used as received. The crosslinker was synthesized 
following the method in Gong et al.  [ 19 ]  published by the same group. 
To prepare a PADA elastomer fi lm, a pre-polymer solution was made 
by co-dissolving all the components as listed in Table  1 . The solution 
was injected into two glass slides coated with commercial Rain-X 
Original Glass Water Repellent with a spacer to defi ne the thickness 
of the liquid layer. The liquid layer was fi rst cured through a conveyer 
equipped with a 2.5 W cm −2  Fusion 300S type H UV curing bulb, at a 
speed of 4.0 feet min −1  for two passes. The resulted fi lm was gently 
removed off the glass slides and then heated at 130 °C for 2 h followed 
by another 24-h heating at 70 °C, effecting a metathetic reaction to 
form the crosslinked network. The as synthesized fi lms were named as 
PADA-X-r. To understand the metathetic procedure, a control sample 
fi lm, PADA-10_70 was synthesized from PADA-10 solution and through 
the same method but the step, heating at 130 °C, was skipped. Both 
PADA-10_70 and PADA-10-r were characterized using a PerkinElmer 
Pyris Diamond TGA with a heating rate of 5 °C min −1  in air atmosphere 
from 50 °C to 180 °C. 

  Stiffness Change via Reversible DA Reaction : The moduli and loss 
tangents of PADA elastomer fi lms at various stages were measured 
with a TA RSA3 DMA. A rectangular shaped fi lm sample with a 
thickness of ≈100 µm, a width of ≈5 mm was loaded onto the DMA 
with an active length of ≈10 mm. Typically, a tension strain (<3%) 
was applied at 1 Hz frequency. In one stiffness change cycle, Stage 
1 in Figure  4  a and Table  2  referred to the as synthesized (PADA-X-r), 
Stage 2 samples (PADA-X-s) were achieved via heating the PADA-X-r 
samples at 130 °C for 30 min followed by fast cooling down to room 
temperature via compressed air blowing. Thereafter, PADA-X-s 
elastomers were heated at 70 °C for 24 h and cooled down to room 
temperature to obtain PADA-X-r (Stage 3) again. All PADA elastomers 
were tested at least for one cycle except the control sample PADA-10, 

′ whose moduli were measured only at Stages 1 and 2. To determine 
the reversibility, one of the PADA elastomers, PADA-4, was tested for 
fi ve cycles. 

  Achieving Variable Stiffness by Controlling Crosslinking Density : To 
achieve multiple states of stiffness, one of the PADA elastomers, 
PADA-4-r was heated at 90 °C, 110 °C, 130 °C, and 160 °C and then fast 
cooled down to room temperature through compressed air blowing. 
Resulted elastomers were named as PADA-4-s90, PADA-4-s110, 
PADA-4-s, and PADA-4-s160, respectively. Moduli of these PADA-4 
samples were measured though DMA as described before. These 
samples were aged at room temperature for 2 h and their moduli 
were recorded. Then these elastomers were heated at 70 °C for 24 h 
or 48 h and cooled down to room temperature followed by the 
measurement of their moduli. The tensile stress–strain behaviors 
of PADA-4 elastomers were tested on the same DMA. A sample had 
a standard dumbbell shape with an active length of 12 mm and a 
width of 2 mm and stretched at 3.33 mm s −1  till rupture. The UV 
absorption spectra PADA-4 fi lms were obtained using a Shimadzu 
ParmaSpec UV-1700 UV-Visible spectrophotometer. These fi lms with 
thickness of ≈100 µm were prepared using quartz slides as the mold 
instead of regular glass slides. After curing, one of the quartz slides 
was carefully peeled off resulting in the fi lm attaching on the other 
quartz during further thermal treatment and measurement. PADA-4 
elastomers were further characterized in swelling test. In a typical 
procedure, a fi lm was cut into round-shaped plates and swelled in 
chloroform for 16 h. The diameters of the plate before and after 
swelling were measured. 

  Application as Capacitive Sensor : PADA-4-r and PADA-4-s were 
fabricated into capacitive sensors. CNT was sprayed onto the both sides 
of a fi lm as the electrodes. The area of one sensor was 6 cm × 2 cm 
within which an area of 2 cm × 5 cm had overlapped electrodes (the area 
of the capacitor). The stress–strain curves of the capacitive sensors were 
tested on a TA RSA3 DMA at a stretch rate of 1 mm s −1 . The capacitors 
were further stretched using a Zaber A-LSQ300A-E-1 motorized linear 
stage at the same rate. Meanwhile the capacitances were measured on 
a SSU developed in the Biomimetics Laboratory in the University of 
Auckland, New Zealand. During measurement, a sinusoidal AC signal 
with an amplitude of 50 V and an average of 400 V at 400 Hz was applied. 

  Application as Actuator : PADA-4-r and PADA-4-s were fabricated into 
actuators with 5% by 5% biaxial prestrain. One actuator had a round 
shape with a ¼ inch diameter. Carbon grease was coated onto both 
sides of the fi lms as electrodes. High voltages were supplied from the 
HV box fabricated in-house. The area change of the active area, defi ned 
as the overlapping area of the two electrodes, was recorded by a web 
camera controlled by a LabView program. Voltages were applied to 
obtain 10 MV m −1  increments in the nominal electric fi eld regarding to 
the unactuated thickness of each fi lm. Four samples were tested for both 
rigid and soft fi lms, respectively.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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