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signifi cantly to advances in the new 
fi eld of transient electronics. [ 2 ]  Research 
on organic bioelectronics based on sil-
icon nano-membranes, [ 3 ]  and peptide 
templates, [ 4 ]  with emphasis on device-
tissue interface, has gained tremendous 
momentum in the last decade. Unlike 
some biomedical devices such as pace-
makers and artifi cial joints that are 
designed to last for an extended dura-
tion of time, degradable bioelectronic 
and biomedical devices are designed to 
undergo degradation after a relatively 
short period of time. Degradation dura-
tion varies, depending on the application. 
For instance, resorbable sutures should 
retain their mechanical properties for at 
least several days whereas targeted-drug-
delivery vehicles are usually designed 
to instantaneously breakdown when 
exposed to the stimuli. It is of signifi cant 

importance to design and fabricate degradable materials with 
tunable degradation, which can undergo quick and complete 
degradation when triggered. The term “transient materials” has 
been used to describe this class of programmable degradable 
materials. 

 Developing transient materials and devices holds tremen-
dous value in biomedical, military and intelligence applications. 
For example, in one study transient materials have been used 
to provide thermal therapy to control surgical site infection as 
nano-antibiotic. [ 5 ]  Many brain damages and abnormal brain 
activities can be detected and monitored by study of electric 
signal at the surface of the brain. [ 6,7 ]  In one example, Kim et al. 
have demonstrated monitor of brain activities in a cat using dis-
solvable fl exible electronics consisting of arrays of micro-fab-
ricated electrodes. [ 7 ]  In this open-skull procedure, electric sig-
nals were detected at the surface of brain and transmitted to a 
monitoring device where data was recorded and analyzed. This 
procedure could be performed as a closed-skull if the needs for 
monitor and removal of electrodes were eliminated by use of 
transient materials. Transient electronics can be used in this, 
or similar, cases where additional surgeries are required to 
remove biomedical devices from the body. [ 8 ]  Flexible electronics 
are desirable for this type of studies, because they better con-
form to the 3-dimensionally curved structure of the organ. One 
important factor in design of bioelectronics is their interface 
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  1.     Introduction 

 Degradable materials play a critically important role in 
modern implantable organic bioelectronics; [ 1 ]  and, contribute 
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with the non-planar and non-static living tissue. Recently, pro-
gress has been made in this fi eld concerning biodegradability, 
biocompatibility and bioresorbability of bio-organic electronic 
devices. [ 9,10 ]  Also, considerable progress has been made in the 
direction of bioelectronics/living tissue interfaces with signifi -
cant emphasis on mechanical properties of bioelectronics. [ 11,12 ]  
Typically, electronic components are fabricated on fl exible plat-
forms using photolithography [ 12 ]  and surface modifi cation [ 13 ]  
techniques. 

 Investigation of electronic devices based on transient mate-
rials (transient electronics) is a new and rarely addressed tech-
nology with paramount potentials in both medical and military 
applications. Each particular application, of course, requires 
some specifi c mechanical, chemical, physical and electrical 
properties. For instance, biomimicry and fl exibility are essen-
tial properties for transient electronics designed to act as 
implantable biomedical devices and bioelectronics; whereas 
this characteristic may not be necessarily needed in military 
applications. To our best recollection, the fi rst step towards 
biodegradable electronics have been reported by Bettinger 
et al. with a fi eld-effect transistor based on poly(vinyl alcohol) 
(PVA) as gate dielectric, and 5,5′-bis-(7-dodecyl-9H-fl uoren-2-
(yl)-2,2′-bithiophene (DDFTTF) as organic semiconductor. [ 14 ]  
Although; poly(L-lactide-co-glycolide) (PLGA), a FDA approved 
polymer, was used as the biodegradable substrate, the degrada-
tion of the device took about 70 days at low-pH environment. 
In a recent study, biodegradable transistors were fabricated on 
peptide-based substrates, the system exhibited instant degra-
dation when exposed to phosphate buffered saline (PBS), yet 
degradation rate was found to be not programmable. [ 15 ]  Irimia 
et al. have investigated series of organic and biodegradable 
compounds that can serve as a platform for electronic compo-
nents; [ 16 ]  also have reported the use of caramelized sugar as a 
degradable materials with potential application in bio-organic 
degradable electronics. [ 9 ]  As reported by the authors, the major 
problems with this approach were poor mechanical properties 
of caramelized sugar and the challenges in fabrication of elec-
tronic components on such material. 

 Currently, magnesium and magnesium-based materials are 
the most commonly used conductive transient materials. Mag-
nesium and magnesium oxide are used in fabrication of con-
ductive paths on electronic circuits as well as basic electronic 
components such as resistors and inductors through vapor dep-
osition and direct assembly techniques. Magnesium is desir-
able because of its biocompatibility and most importantly, water 
solubility. [ 2,17 ]  Progress on development of semi-conductors 
has been mainly focused on polymer-based and silicon nano-
membrane-based electronics. [ 3 ]  Also, peptide-based templates 
were used for development of semi-conductor nano-materials. [ 4 ]  
More recently, progress has been made in the direction of bio-
logical protonics and natural semiconductors. In a series of 
studies, Rolandi and colleagues have demonstrated biopolymer 
protonic fi eld effect transistors functioning based on proton 
conduction. [ 18 ]  In another series of studies, Sariciftci and col-
leagues have demonstrated semiconducting attributes of Indigo 
and Tyrian purple natural dyes; [ 19 ]  also Mostert et al. have dem-
onstrated ionic conductivity and semiconducting attributes of 
melanin and their dependence on the degrees of hydration of 
melanin. [ 20 ]  

 Efforts on investigating insulating materials as substrates 
for transient electronics, and more generally transient plat-
forms, have been limited to couple of studies; in most cases 
the main focus had been on conductive-insulating systems. In 
one effort, Legnani et al. studied the bacterial cellulose mem-
branes (BCM) to obtain fl exible and biodegradable membranes 
for electronic devices. [ 21 ]  Indium tin oxide (ITO) was deposited 
on BCM membranes to achieve effi cient electrical conduc-
tivity. The platform was then used as the base for construc-
tion of an organic light emitting diode; the degradation of ITO 
coated BCM membrane took 70 days in acidic environment. In 
another study by Kim et al., silk fi broins was used in fabrication 
of ultra-thin membranes for bio-integrated electronics. [ 7 ]  Silk-
based membranes were also investigated by Hwang et al. as the 
insulating substrate for fabrication of Si-based and Mg-based 
transient electronics. [ 2 ]  Degradation of silk membranes in PBS 
took about 10 min; however, Si-based electronics (<100 nm 
thick) only degraded in ample amount of PBS solution after 
several days. The degradation rate of the silk-based materials 
have been tuned by controlling the gelation time [ 22 ]  and crys-
tallization through physical temperature-controlled water vapor 
annealing. [ 23 ]  Silk-based composites exhibit suffi cient mechan-
ical stability to allow fabrication of circuits, and high optical 
transparency that can be useful in some optical lithography 
techniques. 

 In our previous studies we have shown that electrical and 
mechanical properties of insulating, electrically conductive and 
ion permeable polymers can be manipulated via controlling the 
structure of polymer composites by integration of nano mate-
rials and/or fi ller polymers. [ 24 ]  

 In this study, we reported the investigation on insulating 
polymer composites and means for controlling the transiency 
rate in very short timespans. In this study, we investigated 
polymer composites consisting of PVA as polymer matrix; and, 
used sucrose and gelatin as fi llers to program transiency rate 
of the blends. PVA was selected as the matrix polymer because 
of its biocompatibility, non-toxicity and desirable physical and 
chemical properties. Gelatin, a well-studied biocompatible sub-
stance that is obtained by a controlled hydrolysis of fi brous 
insoluble collagen, [ 25–27 ]  was used as a mean to control tran-
siency of the polymer composites. Depending on the PVA-gel-
atin ratio, the resultant composites may or may not be soluble. 
The strength of the PVA-gelatin fi lm is due to the presence 
of triple helixes in gelatin structure. [ 26 ]  The greater the triple 
helix content is, the higher the strength of the fi lm and lower 
swelling and solubility are. Sucrose was used to enhance dis-
solution and also as a plasticizer to improve mechanical proper-
ties of the composite for biomedical applications. [ 28,29 ]   

  2.     Results and Discussion 

  2.1.     Thermal and Mechanical Analysis 

 The effects of chemical composition on thermal and mechan-
ical properties of samples, specifi cally mechanical stiffness 
and phase behavior of polymer composites, were investigated. 
Elastic ( E ) and storage ( E ′) moduli of the polymer fi lms were 
measured and the loss ( E ″) modulus was deduced from the 
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data. The  tan δ  values, the ratios of loss to storage moduli 
( E ′′/E′) were plotted, which shows the transition dynamics of 
the polymer chain with the glass transition temperature ( T g  ) 
value. 

 The elastic modulus and  tan δ  curves of pure PVA and PVA/
gelatin composites are shown in  Figure    1  a and b. Pure PVA is 
known to have several  T g   values depending on the degree of 
crosslinking and humidity. [ 30 ]  The signifi cant decrease at storage 
modulus in Figure  1 a, and the pronounced peak in  tan δ  curve 
in Figure  1 b at 50 °C correspond to the primary  T g   relaxation of 
pure PVA. Cascone et al. [ 31 ]  have studied the phase behavior in 
PVA/gelatin composites using DMA and reported that, gelatin 
is stiffer than PVA over a broad temperature range and the  T g   
of gelatin was observed above 200 °C. Similarly, increasing the 
concentration of gelatin in the composites resulted in shifting 
the  T g   of PVA phase to higher temperatures along with a simul-
taneous decrease in the intensity of the peaks. Thus, the peak at 
that region in the  tan δ  curves of PVA/gelatin composites were 
attributed to the  T g   of PVA phase (Figure  1 b), which confi rms 
miscibility between PVA and gelatin phases in the composites. 
From DMA curves, characterizing the  T g   of gelatin is diffi cult 
as the melt transition in PVA appears to overlap with the glass 
transition of gelatin phase at high temperature (above 180 °C).  

 A nominal decrease in the glassy modulus, storage modulus at 
 T < T g  , of the gelatin composites was observed with the increase 
in the gelatin concentration above 2.5 wt% gelatin (0.5 G). At 

this concentration, gelatin likely commences to form continuous 
phase. The decrease in the glassy modulus of the composites was 
attributed to the infl uence of gelatin continuous phase on the crys-
tallinity of PVA phase. On the other hand, above  T g   of PVA, the 
modulus of the material increased with increasing gelatin concen-
tration in the blends. This observation is in agreement with the 
previous results. [ 27,31 ]  As the gelatin segments are glassy at the  T g   
of PVA, an obvious hindrance to the mobility of composite mate-
rial was expected. Therefore, the shift in  T g   to higher tempera-
tures may be attributed to decrease in the mobility of PVA caused 
by the interactions with continuous glassy gelatin segments. 

 Unlike gelatin-based composites, addition of sucrose shifted 
the  T g   of pure PVA to the lower temperatures. The presence 
of single  T g   peak in the composites verifi ed the formation of 
single homogeneous phase in the bulk samples. As a small 
molecule, sucrose penetrates into PVA network and inhibits the 
intermolecular interactions, while improving the intramolec-
ular interactions with PVA. Increasing concentration of sucrose 
disentangles the PVA network more effi ciently, thus enhances 
the mobility of the PVA segments. As the peak position and 
the intensity of  T g   are primarily controlled by the segmental 
mobility, the observation of the shift in  T g   of pure PVA to lower 
temperatures was indeed as expected. Plasticizing effect of 
sucrose on PVA was also reported before. [ 32 ]  Similarly, such seg-
mental interactions can be characterized from the  T g   peak in 
tan δ curve as seen in Figure  1 d. 
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 Figure 1.    a,b) Temperature-dependent storage moduli, and c,d) tan δ curves of PVA/Gelatin and PVA/Sucrose samples, respectively.
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 Below room temperature, all PVA/sucrose composites exhib-
ited glassy behavior. In this region,  E ′ did not show any depend-
ence on the temperature. The highest sucrose content showed 
the highest modulus below room temperature. Similar phe-
nomena was attributed to the reinforcement of the sucrose in 
PVA matrix below its  T g  , resulting denser polymer segments 
and thus, higher glassy modulus. [ 29 ]  Increasing the concentra-
tion of sucrose decreased the extension of the glassy plateau 
regime and caused substantial decrease in storage modulus 
in transition regime, in which the crystalline segments of the 
polymers started to relax and became more fl exible. This obser-
vation supports the plasticizing effect of sucrose on PVA. 

 At temperatures above 140 °C, complete reduction in storage 
modulus of the PVA/sucrose composites was observed. The 
onset shifted to lower temperatures with increasing sucrose 
concentration. This phenomena was attributed to the melting 
of sucrose, which occurs around 186 °C for pure sucrose, and 
resulted increased mobility. Overall, addition of sucrose to PVA 
resulted in more elastic composites at temperatures above  T g  . 

 Tensile tests were conducted to further characterize the 
mechanical properties of the polymer composites. The stress-
strain curves, Young’s modulus and the tensile strain at break 
of PVA/gelatin composites were compared to pure PVA in 
 Figure    2  a and b, respectively. The Young’s modulus, tensile 
strength and tensile strain at break measured from the stress-
strain curves are listed in  Table    1  .   

 The stress-strain curve of pure PVA exhibited high tensile 
strength of 40.5 ± 2.9 MPa followed by yielding and fracture as 
expected from typical semi-ductile material. According to the 
stress/strain curves of PVA/Gelatin composites, the strain at 
break of PVA reduced signifi cantly after addition of gelatin to 

the composite (Figure  2 a). Interactions between PVA and gelatin 
molecules are expected to be responsible for this behavior, which 
is discussed in section 3.2. Addition of gelatin in PVA improved 
the stiffness of pure PVA as expected. [ 33 ]  The Young’s modulus of 
PVA increased from 1304 MPa to 3022 MPa with gelatin addition 
of 0.5 wt% (0.1 G). However, the modulus decreased with further 
increase in the gelatin concentration. The ultimate stress ( S u  ) 
also followed similar trend with Young’s modulus. The tensile 
strength measurements were performed at room temperature, 
which is below than  T g   of PVA. In this region ( T < T g  ), storage 
modulus of PVA/gelatin composites observed lower than that 
of pure PVA (Figure  1 ). At low concentrations, gelatin may act 
as reinforcement materials, which results in the increase of the 
Young’s Modulus as observed in 0.1 G sample. However, as the 
concentration of gelatin become comparable to, or more than, 
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 Figure 2.    a,b) Tensile strength measurements, and c,d) Young’s moduli and ultimate stress (MPa) values of PVA/Gelatin composites and PVA/Sugar 
composites, respectively.

  Table 1.    Mechanical properties of the samples.  

Sample Ultimate Stress 
[MPa]

Tensile Strain at Break 
[%]

Young’s Modulus 
[MPa]

PVA 40.5 ± 2.9 76 ± 9.2 1304.8 ± 218.5

0.1 G 115.6 ± 17.1 2.6 ± 0.6 3022.7 ± 378.7

0.5 G 42.4 ± 2.7 4.3 ± 0.7 1699.9 ± 167.9

1 G 41.2 ± 5.3 1.9 ± 0.2 1384.5 ± 107.8

2 G 50.7 ± 12.1 3.7 ± 0.9 1182.7 ± 64.7

0.1 S 40.6 ± 3.6 184.4 ± 19.6 513.9 ± 40.8

0.5 S 22.1 ± 1.1 313.7 ± 8.3 45.7 ± 2.3

1 S 21.7 ± 1.9 419.1 ± 22.1 28.7 ± 4.2

2 S 7.1 ± 1.4 333.1 ± 34.5 8.7 ± 0.8
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that of PVA, gelatin is likely to form continuous phase; therefore, 
Young’s modulus is expected to decrease back to that of PVA 
and/or gelatin phases. The strain at fracture decreased signifi -
cantly with addition of gelatin, which could be attributed to the 
embrittlement of gelatin. Increase of maximum tensile strength 
and Young’s modulus with increasing concentration of gelatin in 
PVA is also consistent with previous results. [ 34 ]  

 Addition of sucrose to PVA (0.1 S) resulted in a signifi cant 
change in the material’s behavior from semi-ductile to rubbery 
(Figure  2 c). Lack of yielding behavior in the stress-strain curves of 
composites represented rubbery nature of the material. The mod-
ulus and ultimate stress of PVA reduced from around 1305 MPa 
and 41 MPa to around 9 MPa and 7 MPa, respectively ( Table    2  ). 
The maximum tensile stress decreased with the additional 
sucrose, while tensile strain at break increased. The change in 
mechanical behavior with additions of sucrose is explained in 
Section 3.2 with chemical interactions between PVA and sucrose.   

  2.2.     Chemical Characterization 

 FTIR was used to characterize the specifi c chemical interactions 
between the host PVA matrix and the fi llers. In  Figure    3  , the 

FTIR spectra of the polymer samples are shown. The forma-
tion of specifi c intermolecular interactions through hydrogen-
bonding between two or more polymers were responsible for 
the changes in mechanical properties of the composites. The 
bands around 2910–2938 cm −1  (Figure  3  a and b) correspond to 
the –CH 2  groups streching vibration of PVA. Since these bands 
were not infl uenced by addition of the fi llers, they remained 
unchanged for all samples. [ 35 ]  The broad band between 3200–
3300 cm −1  in both PVA/gelatin and PVA/sucrose samples was 
attributed to the –OH groups originated from the intermolec-
ular and/or intramolecular interactions, especially due to the 
hydrogen-bonding. [ 36 ]  Increasing intensity of the bands in this 
region coresponds to the increasing degree of –OH groups.  

 A shoulder started to appear at 3421 cm −1 , which is attrib-
uted to the streching vibration of –OH groups of PVA bonded 
to –NH 2  groups of gelatin (Figure  3 a). [ 37 ]  This band became 
more pronounced at higher gelatin concentrations, which indi-
cated the increasing number of interactions between the fi ller 
and the matrix. The bands at 3081 cm −1  and 2850 cm −1  core-
spond to the alkyl and aldehyde chains of gelatin, respectively. 
Both bands became more pronounced at higher concentra-
tions of gelatin as expected. The bands around 1655, 1548 and 
1236 cm −1  are characteristics of gelatin which are assigned to 
Amide I (C=O and C–N streching vibration), Amide II (N–H 
bending vibration) and Amide III (C–N vibration), respec-
tively. [ 38,39 ]  In the presence of PVA, these bands shifted toward 
lower wavenumbers of 1634, 1546 and 1228 cm −1 , respectively. 
These shifts indicate esterifi cation reactions; thus, confi rm 
good molecular compability between PVA and gelatin. [ 27,37,38,40 ]  
Bands at 1141 and 1085 cm −1  correspond to C–C vibrations and 
C–O streching of secondary alcoholic groups, respectively. [ 27 ]  

 The characteristic absorbance of PVA/sucrose polymer 
composite is mostly in the lower wavenumbers (Figure  3 b). 
The bands around 1646 and 916 cm −1  are attributed to alkene 
groups. Bending vibrations of C-H groups of sucrose were 
observed at 1417 cm −1  coupled with bending vibrations of O–H 
at 1327 cm −1 . 

 The FTIR analyses implied the fi llers are chemically inter-
acting with the PVA network. These chemical interactions 
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  Table 2.    Sample notations and chemical composition of the synthesized 
fi lms.  

Notation PVA 
[wt%]

Sucrose 
[wt%]

Gelatin 
[wt%]

Ratio

PVA 5 0 0 N/A

0.1 G 5 0 0.5 10:1

0.5 G 5 0 2.5 2:1

1 G 5 0 5 1:1

2 G 5 0 10 1:2

0.1 S 5 0.5 0 10:1

0.5 S 5 2.5 0 2:1

1S 5 5 0 1:1

2S 5 10 0 1:2

 Figure 3.    FTIR spectra of a) PVA/gelatin samples and b) PVA/sucrose samples 4000–650 cm −1 .
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determined the superior properties of the polymer composites 
synthesized in this study. Formation of homogeneous compos-
ites by additions of sucrose or gelatin into PVA was confi rmed 
by thermal gravimetric analysis (supplementary data).  

  2.3.     Dissolution and Transiency 

 The polymer composites were completely stable in the ambient 
conditions for months, without any visible or measurable 
signs of degradation, or change in properties. As designed, the 
polymer fi lms underwent a fast degradation followed by disso-
lution to a signifi cant extent, when exposed to water. Presented 
in  Figure    4   is the time-dependence dissolution of samples con-
sisting of different ratios of PVA/gelatin and PVA/sucrose.  

 As shown in Figure  4 a, increasing amount of gelatin signifi -
cantly decreased the solubility of the polymer fi lms. As observed 
in FTIR analysis, there is a strong interaction between PVA and 
gelatin (Figure  3 a). These interactions, such as hydrogen-bonds 

and ester bonds, decreased the solubility signifi cantly. Ester 
bonds, unlike hydroxyl groups of PVA, are not hydrogen-bond 
donors but acceptors, which by nature decrease water solubility 
of the material. Thus, water solubility of PVA/gelatin compos-
ites decreased as presented Figure  4 a. 

 The PVA/sucrose composites were rapidly dissolved within 
the fi rst couple of minutes of triggering (Figure  4 b). Addition of 
a small amount of sucrose slightly slowed down the dissolution 
of the composites, which may be due to the chemical interac-
tions between sucrose and PVA. Nevertheless, increasing the 
concentration of sucrose to equal or higher concentrations 
than that of PVA results in a signifi cant decrease in the solu-
bility, suggesting that the interaction between sucrose and PVA 
increases with the increasing concentration of sucrose. As the 
composition changes from PVA-dominated to sucrose-domi-
nated in very high concentrations of sucrose, the solubility of 
composite material increases. Sucrose has signifi cantly higher 
water solubility than PVA; thus, fast dissolution of the sucrose 
signifi cantly contributes to the short time dissolution constants 

Adv. Funct. Mater. 2014, 24, 4135–4143

 Figure 4.    Time-dependence dissolution of a) PVA/gelatin and b) PVA/sucrose composites.

 Figure 5.    Sequential photographs of degradation and transiency of 0.1S fi lm in DI water. 300 s is approximately the time constant for this sample 
(actual value: 268 s).



FU
LL PA

P
ER

4141

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of sucrose-dominated composites. The overall behavior of the 
composite will be infl uenced by the crystalline structure of 
sucrose which lacks physical qualities required for maintaining 
the mechanical integrity of the fi lm as discussed in Section 3.1. 

 For fi lms with integrated circuits, degradation and transiency 
can be defi ned as points when the integrated electronics cease 
to function and system is dissolved to an unrecognizable extent, 
respectively; however, for fi lms without integrated circuits, such 
as those reported in this work, the terms should be redefi ned. 
It was observed that dissolution of the polymer fi lms (except 
those with high concentrations of gelatin) could be fi tted on 
inversed (cumulative) exponential curves of different time 
constants; and, the membranes are completely fallen apart and 
visually unrecognizable as “fi lms” after approximately 60–65% 
loss of mass. In order to quantify the dissolution and transiency 
of the polymer fi lms in this work,  transiency  was defi ned as dis-
solution of at least 63.2% of the initial mass of the fi lm. Any 
dissolution less than 63.2% is denoted as  degradation . The time 
required to reach the threshold of transiency is denoted as the 
 time constant . The data-points for the transiency of the polymer 
fi lms were fi tted with the following equation:

 T t T e t( ) (1 )max
/= − τ−

  
(1)

 

 where  T  is  dissolution(%) ,  T max   is 100 (%), indicating maximum 
possible dissolution,  t  is  time  and  τ  is the  time constant . Dissolu-
tion of 63.2%, i.e.  T(τ)  = 63.2%, is reached when  t  =  τ.  Sequen-
tial photographs of 0.1S fi lm is presented in  Figure    5  . Photo-
graph at 300 seconds is closest to the time constant for this fi lm 
(268 seconds). At this stage, the fi lm has lost most of its mass 
and is mechanically unstable.  

 Presented in  Figure    6   are dissolution of PVA fi lm as a func-
tion of time, fi tted with the inversed exponential curve, and the 
time constants of samples consisting of different PVA-sucrose 
and PVA-gelatin ratios. Samples consisting of higher concentra-
tions of gelatin (i.e. 0.5G and higher) exhibited linear trends, 
which were used for calculation of theoretical  τ  values reported 
in Figure  6 b. As shown in Figure  6 b, increasing concentration 
of gelatin results in larger time constants, which is due to the 
chemical interactions between PVA and gelatin as discussed 
earlier. Contrary to PVA-gelatin samples, addition of sucrose 

resulted in a rather unpredicted change in time constant, gen-
erally lowering it over higher concentrations.    

  3.     Conclusion 

 Polymer composites consisting of different ratios of gelatin 
or sucrose integrated with PVA matrices were tested for their 
chemical and physical properties to investigate programmability 
of such composites for fabrication of transient electronics and 
platforms for biomedical and military applications. It was dem-
onstrated that dissolution and transiency of the polymer com-
posites could be retarded or enhanced by addition of gelatin or 
sucrose at different ratios, respectively. It was also observed that 
PVA/sucrose composites demonstrate superior physical prop-
erties, such as higher fl exibility, that are desirable for biomed-
ical applications. Interestingly, the dissolution of the polymer 
composites were fi tted with inversed exponential functions of 
different time constants; with the lower time constants being 
an indication of faster transiency of the polymer composites. 
Overall, addition of sucrose showed to decrease the time con-
stant whereas addition of gelatin increased the time constant. It 
is demonstrated that solubility of the polymer composites can 
be programmed by manipulation of their composite structures.  

  4.     Experimental Section 
  Preparation of Polymer Films : Poly(vinyl alcohol) (PVA) (Mw: 

61,000 g mol −1 , 98.0–98.8 mol% hydrolysis), gelatin and sucrose (Sigma 
Aldrich) were used as received. To prepare a 5 wt% base PVA solution, 
1 g of PVA was added to 20 mL of DI water (R ≥ 18.0 MΩ); 10 µL of 
1 M aqueous HCl solution was added to expedite the dissolution. To 
synthesize fi lms containing various concentrations of sucrose or gelatin, 
required amount of desired substance (sucrose or gelatin) was added 
to the base PVA solution and stirred at 120 °C for 1 h, then cooled to 
room temperature and stirred overnight. Presented in Table  2  is the 
chemical content of each sample along with the notation used in this 
study. Solution casting method was used for all composites to fabricate 
thin polymer fi lms. The casts were dried at ambient conditions for 24 h, 
then carefully peeled-off from the mold. 

  Characterization of Thermal and Mechanical Properties : All samples 
were dried at 80 °C for 48 h before the thermal and mechanical 
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 Figure 6.    Left: Dissolution of PVA as a function of time fi tted with an inversed exponential curve at the time constant of 256.7 s. Right: Time constant 
of samples containing different ratios of sucrose and gelatin. Time constant increases with the increasing ratio of gelatin whereas samples containing 
equal or more sucrose (relative to PVA) exhibit smaller time constants. Time constant values above 1200 s are not experimentally confi rmed and are 
solely based on theoretical model.
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characterization. Thermal stability of the polymer samples was studied 
using thermo gravimetric analysis (TGA) (TGA Q-50 TA Instruments). 
The temperature of samples increased from room temperature to 700 °C 
at a heating rate of 20 °C min −1 , under nitrogen atmosphere. Samples 
(20 × 8 mm 2 ) were also characterized for their mechanical properties as 
a function of temperature, using dynamic mechanical analysis (DMA) 
(DMA Q-800 TA Instruments) on tensile mode. Temperature sweep tests 
were carried out between −50 and 250 °C at 1 Hz frequency, with strain 
amplitude of 0.05% and at a heating rate of 3 °C min −1 . The storage 
modulus ( E ′) and damping coeffi cient ( tan δ ) were measured as a 
function of temperature. The tensile properties of the polymer fi lms were 
determined using a tensile testing machine (4502 Instron Universal 
Testing Machine) at 100 mm min −1  crosshead speed. The tests were 
conducted on rectangular shape thin-fi lm samples with a gauge length 
of 30 mm. The Young’s modulus was calculated using the Bluehill 
software supplied with the equipment. At least four replicates of each 
sample were taken, and averaged values are reported as mechanical 
properties of the composites. 

  Infrared Spectroscopy : Attenuated total refl ectance-Fourier transform 
infrared (ATR-FTIR) spectroscopy (Frontier Perkin Elmer) equipped with 
single refl ection ATR attachment with diamond crystal was used for 
this study. Samples were placed directly on the ATR crystal. Four scans 
with a spectral resolution of 4 cm −1  were taken at room temperature for 
each sample. Data was processed by Spectrum 10 software. For each 
spectrum, an interactive baseline correction with respect to the position 
of 4000 cm −1  was employed. 

  Dissolution and Transiency : Transiency of the polymer fi lms was 
defi ned and determined as the ratio of the fi lms’ masses before and 
after exposure to the trigger, deionize (DI) water. The 1 × 3 cm 2  pieces 
of polymer fi lms were individually sandwiched in 3 × 4 cm aluminum-
mesh containers. The mesh containers, containing polymer fi lms, were 
submersed in DI water for 30, 180, 300, 600, and 1200 s; then dry in 
ambient for 24 h. The mass of containers and the fi lms were measured 
and recorded before and after exposing to DI water. All the experiments 
were repeated three times and results were averaged.  
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