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Abstract. On the basis of multiple valuable properties polymer materials are widely 
used in our life today. There is no industrial field in which polymers will not be 
applied. Based on high molecular organic compounds rubbers, fibres, plastics, films 
and coatings will be fabricated. Important topic is thereby the study of aging 
mechanisms and stability of polymers against external load or influences. Especially 
desired is to establish non-destructive methods avoiding destruction of polymers 
occurring for example by widely used breaking stress and tensile test, measurement 
of friction coefficient or definition of water vapour permeability.  
 Current work is based on using of fluorescence measurements for evaluation of 
aging state of polymer-based materials, especially adhesives and medical polymers. 
The evaluation of the time dependent fluorescence signals has been performed 
supposing fractal behaviour of the fluorophores molecules with an algebraic decay 
of the fluorescence intensity in a certain time interval. This allow to estimate the 
parameter of fractal dimension DF. To characterize the polymer state two more 
parameters are taken into consideration; the maximum of the fluorescence intensity 
after short Laser pulse excitation and the fluorescence decay parameter. The 
fluorescence measurements were performed by the help of a special device for the 
fractal analysis of the time-time-correlation in the fluorescence decay, developed at 
Fraunhofer IKTS for other purpose. In this paper we report on measurements of 
three kinds of adhesives used in electronic industry before and after stress as well as 
several kinds of medical polymers before and after sterilization by means of 
different sterilization technique. With the help of reference methods - infrared and 
Raman spectroscopy - it was previously defined if the polymer structures were 
changed or not. Collecting a large number of time resolved fluorescence data a 
suitable statistical analysis of measured results could be performed. The presented 
results of the new approach characterizing polymer materials offer a promising 
method for non-destructive evaluation of the polymer status, however, this approach 
requires further trials and has to be validated by that. 

Introduction  

Fluorescence-based methods for the investigation of biological cells are widely used in 
medicine. Using this technique, mechanisms of cell metabolism [1] or cell division [2] can 
be clarified and understood. In the material analysis, however, a fluorescence method have 
not been so well developed. This method can make a valuable contribution in the field of 
materials research. 
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Background for this work is successfully applied fractal analysis of fluorescence 
signals for discriminating tissues [3]. Polymer material can also have fractal properties. So 
there is a possibility to apply the fluorescence method for their investigation. 

The study of stability and resistance of polymers against external influences is one 
important field in polymer science and material diagnostics. Knowing an aging state of 
polymers is important for the safety of technical constructions. Especially adhesive junction 
are discussed as possible weak point in parts and systems. It is conceivable to set up a 
model that describes the aging stage of the adhesive point with different threshold values 
for fractal dimension. By means of such scale the adhesive point can be replaced before 
breaking and causing damage. 

Polymer materials are widely used in medical industry. For example polymer 
coatings for medical applications that are designed to prevent infections in a body. These 
coatings also protect medical tools from the destructive influence of moisture, corrosive 
liquids or chemicals. After coating medical tools and for their multiple use, they must be 
sterilized. Sterilization processes can cause changes in physical and chemical properties, 
which are unacceptable.  

There are a lot of possibilities to characterize polymer structures and their physical 
properties. Molecular structure can be investigated with ultraviolet-visible spectroscopy [4] 
(uses the transition from ground state to exited state to identify the chemical component), 
infrared spectroscopy [5] (molecules can be identified with their specific absorbance or 
transmittance of infrared light), Raman spectroscopy [6] (uses inelastic scattering of 
photons to identify molecules in chemicals), nuclear magnetic resonance spectroscopy [7] 
(exploits the nuclear magnetic resonance for clarification of chemical structure and 
dynamics of molecules and for concentration measurements), electron spin resonance 
spectroscopy [8] (uses the electron paramagnetic resonance for studying materials with 
unpaired electrons). Physical properties can be investigated with breaking stress and tensile 
tests, friction coefficient measurement, definition of water vapor permeability [9]. All 
above mentioned methods are well developed and can give information about polymer 
composition and properties. But to investigate the stability of polymer-based materials 
against external influences it would be enough just to ensure that no changes happens after 
some external exposure. In this work is shown that the fluorescence method could be used 
as a comparable fast nondestructive method to investigate the stability of polymer-based 
materials. 

Materials and samples 

In order to verify the suitability of the fluorescence method for analysis of 
polymer-based materials, three adhesives used in electronic industry were measured before 
and after stress. These adhesives were applied to ceramic substrate (aluminum oxide), cured 
and treated with high temperatures (180°C (+/-3°C) 168h). Fluorescent signals from 
untreated control samples as well as from treated samples were analyzed. For each sample 
were taken up to 80 fluorescent signals. 

Table 1. Sterilization methods 

Sterilization methods Parameter 
Ethylene oxide sterilization  High relative humidity; T = 45°C; Vacuum: p < 105 Pa 

Hot steam 
relative humidity 100 % 
T = 134 °C, p = 3 · 106 Pa, t ≥ 15 min or T = 121 °C, p = 2 · 106 Pa, t ≥ 5 min 

Thermal treatment dry heat T = 180 °C, t = 30 min or T = 160 °C, t = 90 min 
Electronic radiation Radiation dose: 27,7 kGy; dosage rate: 12000kGy · h-1, t = 7,5 s, - source: 60Co 

Gamma radiation 
Radiation dose: 26,2 kGy 
dosage rate: 2 kGy · h-1, t = 7 h, - source: 60Co 
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Another material that was analyzed is the silicone elastomer MED-6215. This 
material was cured and treated with methods described in table 1. The treatment is usually 
used for the biological sterilization of the polymer surface. Unsterilized control samples are 
also available. Fluorescent signals from unsterilized control sample as well as from 
sterilized samples were analyzed. 

Method of measuring and data analysis 

The device developed at Fraunhofer IKTS uses the time correlated single photon counting 
method for capturing fluorescence signals. The signal acquisition in the device is explained 
in the simplified scheme on figure 1. Sample holder with a sample moves stepwise in the 
direction as shown by the arrow. Start position, step width and number of steps can be 
adjusted. In that way a large number of fluorescence data can be collected from different 
positions at each sample. The obtained data basis allows afterwards a good statistical 
analysis of the measurements. 

 

Fig. 1. Simplified scheme of signal acquisition. 

To calculate the value of fractal dimension DF the device contains a special 
algorithm to derive DF from the non-exponential decay of time-resolved auto-fluorescence 
[3]. Thus after each fluorescence measurements the DF-values were calculated. At the same 
time the maximum of the fluorescence intensity and the decay parameter were evaluated. 
For the latter parameter the simple decay model function  繋岫�, �1, �岻 = �1結岾��峇 (1) 

with  as the decay parameter was fitted to the experimental curves in a fixed time 
window. 

To visualize the results of all measurements distribution curves V(x) for the values 
V(i) of the fractal dimensions DF(i), maximums of intensity I(i) and decay parameter (i) of 
signal for treated and untreated samples were built according to the following equation: 

�岫�岻 = ∑ 迭√�∙�∙勅−岫�−�岫�岻岻鉄�鉄朝朝�=1  , (2) 

with � – number of calculated values, and 罫 – smoothing factor. If the x-axis is divided 
into small segments and one count how many calculated values belong to each segment, a 
histogram will be obtained. The function �岫�岻 builds the enveloped curve over that 
histogram. A threshold value to discriminate between calculated values of threated and 
control samples can be set. 

Housing 

Sample holder 

Sample 

Laser beam 
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Measurement results 

Distribution curves for values of fractal dimension of treated and untreated samples for 
Duralco 4700 HT and for EC 101 are overlapping. But there are threshold values between 
treated and untreated samples (see fig.2). Distribution curves for Eco 571 are strongly 
overlapped; the threshold value cannot be evaluated. 

 
a)      b) 

 
c) 

Fig. 2. Distribution curves for fractal dimension of fluorescence signal from a) Duralco 4700 HT; b) EC 101; 
c) Eco 571. Df – values of fractal dimension, V0(Df ) – function that characterise the most frequent values for 
treated sample, Vn(Df )– function that characterise the most frequent values for untreated sample. The vertical 

lines mark the position of the threshold. 

 
a)      b) 

 
c) 

Fig. 3. Distribution curves for intensity maximums of fluorescence signal from a) Duralco 4700 HT; b) EC 
101; c) Eco 571. I – Intensity maximums, V0(I)  – function that characterise the most frequent values for 

treated sample, Vn(I)  – function that characterise the most frequent values for untreated sample. The vertical 
lines mark the position of the threshold. 
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Maximums of intensity for control and treated sample of Duralco 4700 HT 
overlapping completely. Distribution curves for maximums of intensity for treated and 
untreated adhesives EC 101 and Eco 571 have no overlapping (see fig.3).  

 
a)      b) 

 
c) 

Fig. 4. Distribution curves for time constants of the decaying signal from a) Duralco 4700 HT; b) EC 101; c) 
Eco 571. τ – time constant, V0(τ)  – function that characterise the most frequent values for treated sample, 

Vn(τ)   – function that characterise the most frequent values for untreated sample. The vertical lines mark the 
position of the threshold. 

Only a small overlapping of distribution curves for time constants is observed (see 
fig.4).  

It is convenient to characterize distribution curves in this case by calculating 
specificity and sensitivity [10]. Here specificity is a measure of the probability that the 
treated adhesive can be correctly identified, and sensitivity is a measure of the probability 
that the untreated adhesive can be correctly identified. Values of specificity and sensitivity 
are shown in table 2. 

Table 2. Values of specificity and sensitivity 

 Duralco 4700 HT EC 101 Eco 571 
 DF I τ DF I τ DF I τ Sensitivity 0.622 - 0.92 0.861 1 0.867 - 1 0.92 Specificity 0.647 - 0.96 0.76 1 0.87 - 1 1 

The same analysis as for industrial adhesives was also made for the medical 
polymer MED-6215. Values of fractal dimension, intensity maximum and time constant of 
fluorescence signals from this polymer were calculated and analyzed. Distribution curves 
for calculated values of sterilized and control samples are shown on the figure 5. 
Distribution curves for all three parameters for control and sterilized samples are 
overlapped. No thresholds can be evaluated. For the sample sterilized with electron beam a 
slight shift of the distribution curve for intensity maximum and time constant from the 
distribution curve of control sample is observed. From that reason the reference 
measurements with Raman spectroscopy were made. Raman spectra of sterilized and 
control samples are shown on the figure 6. 
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a)      b) 

 
c) 

Fig. 5. Distribution curves for fractal dimension (a), intensity maximums (b) and time constants (c) of 
fluorescence signal from sterilized and control samples (MED-6215). 

 
Fig. 6. Raman spectra of sterilized and control samples. 

The position of peaks, the relation between peaks height and the full width at half 
maximum of peaks are the same for control and sterilized samples. This means that 
polymer remained unchanged after sterilization. 

Discussion and conclusion  

Distribution curves for values of fractal dimension for Eco 571, Duralco 4700 HT and EC 
101 are strongly overlapped. Treated adhesives Duralco 4700 HT and EC 101 can be 
identified with probability of only 64% and 72% respectively. Possible reasons for such 
low probabilities are: 
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 There are too few fluorescence signal were captured. If a number of measurements were 
higher, measurement errors caused by impurities and other factors could have been 
statistically suppressed. More optimal threshold values to discriminate treated samples 
from control samples could be set. However setting thresholds for these adhesives were 
not the main purpose. This investigation was made to verify applicability of the 
fluorescence method for determining aging stages of polymer materials, and to see if 
there is any difference between values of fractal dimension for treated and control 
sample.  The device set-up uses only one wavelength (375nm). There is no exact information 
about chemical composition of investigated industrial adhesive, but polymer structures 
can have fractal properties. As mentioned before to calculate values of fractal 
dimension the device uses the algorithm which describes non-exponential decay of 
global time-resolved autofluorescence. This algorithm is based on a model for fractal 
structures. Investigations over a wider wavelength range can provide more information 
about polymer structure and better probabilities for identifying treated samples. 
Intensity maximum seems to be unreliable parameter to discriminate control sample 

from treated sample. Distribution curves for intensity maximums of fluorescence signal 
from Duralco 4700 HT overlapping completely, while for two other industrial adhesives it 
is not the case. Possible reason is that intensity of autofluorescence strongly depends on 
measuring conditions and sample properties. 

Relative high probabilities for identifying the treated samples were obtained by 
investigating the time constant of the decaying signal. It is to mention that while fitting the 
model curve to the decay of fluorescence signal was used a simple model. So there is a 
difference between actual and calculated values of time constant. To reduce the error more 
complex model should be used. 

While investigating the influence of sterilization methods on medical polymer 
MED-6215 using fluorescence measurements, it was identified that sterilization methods do 
not affect the structure of the polymer. Raman spectra from MED-6215 was taken to 
confirm the absence of changes of polymer structure after sterilization. 

Fluorescence method seems to be a suitable method to investigate aging of 
polymer-based materials and the resistance of polymer materials against external 
influences.  
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