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BRIEF REPORT 

concerning the results obtained by project team between December 16, 2015 – October 4, 2016 

 

Objective: Constitutive response of the obtained materials in different using conditions 

Associated Activity: 

1. Dissemination the constitutive response of materials at different external stimuli 

 

 

In order to achieve the objectives proposed in this project, we have developed polymeric materials that 

were investigated by different methods to highlight the peculiarities of behavior of everyone in specifically 

thermodynamic (temperature, solvent) or environmental (pH) conditions, when the external forces are 

applied or in the presence of an electric or magnetic field, etc. The response of the materials to the action 

of external stimuli was measured by means of some physical quantities or by establishing correlations 

between physical parameters that are generally specific to material and reflect certain structural features 

dictated by physico-chemical composition on the one hand and the nature and magnitude of the applied 

external stimulus. 

In this last stage of the project, the team members were involved in the design of materials responsive to 

external stimuli, such as external forces and the electric field. Here we briefly present some results. 

 
 

Rheological behaviour of PVA/PVP mixtures 

The aqueous solutions of PVA, PVP and mixtures of PVA / PVP of various compositions have generally a 

Newtonian behavior, the viscosity is independent of shear rate, but it depends on the polymer mixture 

composition o (Figure 1a). The evolution of the viscoelastic parameters in a frequency sweep experiment 

is typical to Maxwell viscoelastic fluid "G  2  and 'G  
1 (Figure 1b). The Rouse relaxation time, , is 

influenced by the composition of the polymer mixture, reaching a maximum for 25% PVP in the PVA/PVP 

mixture (Figure 1c) [Bercea, Morariu, Teodorescu, J Polym Res, 23, 142, 2016]. 

  

        (a)                                              (b)                                                 (c) 

Figure 1. Viscoelastic characteristics for PVA/PVP mixtures in aqueous solution: (a) Newtonian viscosity as a 

function of the PVA/PVP mixture composition; (b) typical dependences registered for the viscoelastic parameters 

and  the phase angle; (c) Rouse relaxation time depending on the PVA/PVP mixture composition [Bercea, Morariu, 

Teodorescu, J Polym Res, 23, 142, 2016]. 



Physical gelation of PVA/PVP mixtures 

Aqueous solutions of PVA, PVP and their mixtures were subjected to different number of freezing/thawing 

cycles (up to 20 cycles). The rheological and the structural properties, as well as the swelling behavior of 

the hydrogels were investigated (Figure 2). After two successive freezing/thawing cycles, the samples with 

a high PVA content have shown typical gel-like behavior: G’ > G” si tan  < 1.  As the PVP content 

increases in the PVA/PVP mixture, the formation of the three dimensional networks is achieved by a 

greater number of freezing/thawing cycles [Bercea, Morariu, Teodorescu, J Polym Res, 23, 142, 2016]. 

For pure PVP solutions, no gelation occurs even after applying 20 freezing/thawing cycles [Teodorescu, 

Morariu, Bercea, et al. RSC Advances, 6, 39718-39727, 2016]. 
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Figure 2. Some results obtained for the hydrogel with 75% PVA and 25% PVP: (a) SEM immage (after 20 

freezing/thawing cycles); (b) the viscoelastic behaviour in frequency sweep tests (after 20 freezing/thawing cycles); 

the inflence of the number of freezing/thawing cycles on the swelling behaviour [Bercea, Morariu, Teodorescu,  

J Polym Res, 23, 142, 2016]. 

 

An aging effect was observed for all hydrogels when the temperature was increased from room 

temperature (around 25C) to 37C (Figure 3a). The way in which this occurs is dependent on the 

PVA/PVP composition and the number of freezing/thawing cycles (Figure 3b,c). The maximum value of 

the elastic modulus (G’max) was reached after 2 hours of aging at 37C (Figure 4a).  

 



      

                                          (a)                                                                                                   (b)                                                                             

 

                                                         (c) 

Figure 3. The viscoelastic response during aging for PVA/PVP mixtures submitted to 4 freezing/thawing cycles:  

(a) G’ for the sample with 75% PVA and 25 % PVP at different aging times; (b) G’ and (c) loss tangent for samples 

with different PVA/PVP compositions as a function of the aging time [Teodorescu, Morariu, Bercea, et al. RSC 

Advances, 6, 39718-39727, 2016]. 
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Figure 4. (a) G’max after aging 2 hours at 37C for different PVA/PVP hydrogels subjected to 2, 4, 7 and 20 

freezing/thawing cycles; (b) ln(Mt/M) as a function of ln t (eq. (1)); (c) XRD spectra for PVA and PVA/PVP hydrogels  

[Teodorescu, Morariu, Bercea, et al. RSC Advances, 6, 39718-39727, 2016]. 

 

 

 



The mechanism of water diffusion through the hydrogel pores was discussed on the basis of the equation 

of Peppas et al. [Int J Pharm 15, 25-35, 1983]: 

 (Mt/M) = ktn, for (Mt/M) < 0.6          (1) 

where tM
 
represents the mass of liquid absorbed at time t, M  - the mass of liquid absorbed at 

equilibrium, k  (h-n) - the kinetic constant, n  - the characteristic exponent giving indication on the diffusion, 

transport or release mechanism. 

n  < 0.45 shows a pseudo-Fickian behavior, where the absorption curves resemble the Fickian diffusion 

curves but approach to final equilibrium is very slow. n = 0.45 means Fickian type diffusion; 0.45 < n < 

0.89  – non-Fickian  diffusion, n = 0.89 – the relaxation controlls the transport phenomena. 

The characteristics of the investigated hydrogels are presented in Tables 1 and 2. 

 

Table 1. Characteristics of PVA/PVP hydrogels [Teodorescu, Morariu, Bercea, et al. RSC 

Advances, 6, 39718-39727, 2016]. 

PVPw

 
eqS

 
 Diffusion parameters 

g
a)  Polymer  

mass loss 

Vpor
b) Mean pores 

diameter 

(m) 

(%) (%) n   k (h-n) (g mL-1) (%) (mL g-1)  cross-
section 

surface 

0 355 0.34  0.001 0.36  0.002 0.7840 31.52 0.59 14.17 13.68 

10 432 0.43  0.002 0.28  0.001 0.6926 56.38 0.33 29.92 29.79 

25 695 
0.29  0.005 0.67  0.009 0.5054 55.56 0.82 27.63 28.43 

50 524 
0.31  0.005 0.90  0.014 0.4239 83.41 2.18 37.80 35.91 

b) 
 the density of hydrogel dried by lyophilisation;  

c)
 mL pores in 1 g of dry polymer network. 

 

Table 2. Microstructural parameters estimated from XRD and SAXS data analysis [Teodorescu, 

Morariu, Bercea, et al. RSC Advances, 6, 39718-39727, 2016]. 

 wPVP  

(%) 

xc
a 

(%) 
Porod exponent b 

gR
b  

(nm) 

maxD b  

(nm)
 

0 42.95 -3.4 3.6 9.2 

10 38.69 -3.2 4.5 11.6 

25 33.80 -3.0 4.0 10.3 

50 - -2.85 4.1 10.7 

a estimated from XRD measurements; 
b determined by SAXS investigations. 

 

Due to their high elasticity, the swollen hydrogels present elastic shape-memory (Figure 5), an important 

characteristic of materials designed for in-situ developing implants.  

 

 



      

Figure 5. Fast shape recovery after compression for PVA/PVP hydrogel with 10% PVP prepared by 

applying 9 freezing/thawing cycles. [Teodorescu, Morariu, Bercea, et al. RSC Advances, 6, 39718-

39727, 2016]. 

 

The constitutive response of a polymeric material when it is subjected to the action of the external forces 

is influenced in a non-predictable manner by the hydrogel composition and the applied stress. In the 

studies reported here, the viscoelastic response of the different hydrogels was investigated during creep 

and recovery tests at 37C. During the creep test a constant shear stress is applied for a period of time 

when the deformation of the sample is followed; the external force is then removed and the sample is 

recovering until an equilibrium state is reached. Figure 6 presents the viscoelastic response of a sample 

containing 25% PVA and 75% PVP in solution and hydrogel state. 

 

In the absence of any cryogenic treatment, the solution of PVA/PVP acts as a pure viscous fluid (Figure 

6a), the external forces deform it very much ( is approx. 106 after a shear stress of 10 Pa was applied for 

100 s). By applying several freezing/thawing cycles, the viscoelastic behavior is completely different: 

During creep test the macromolecular network deformation is very small in comparison with the initial 

solution; a very high value of the applied shear stress (as for example 700 Pa) determines a small 

deformation (of about 0.06, Figure 6b). Another important observation refers to the high degree of elastic 

recovery, nearly 100% [Bercea, Morariu, Teodorescu, J Polym Res, 23, 142, 2016]. 

The creep resistance is correlated with the dimensional stability of the hydrogel. The successive 

freezing/thawing cycles applied to the sample improve the crosslinking degree and thus the ability of 

hydrogel to resist deformation. 



 

    

    

Figure 6. The creep-recovery behaviour for a sample with 25% PVP and 75% PVA (a) solution state, (b) 

hydrogel state [Bercea, Morariu, Teodorescu, J Polym Res, 23, 142, 2016]. 

 
The creep-recovery behavior of a high number of PVA/PVP samples was followed and it was observed 

that by introducing a small amount of PVP into a PVA hydrogel (1 %, Figure 7), materials with a high 

resistance to deformation and high elastic recovery is obtained. Due to these characteristics, the 

PVA/PVP hydrogels are potential candidates for cartilage substitutes. [Morariu, Bercea, Teodorescu, et 

al.  Eur Polym J, 84, 313-325, 2016, Bercea, Morariu, Teodorescu, J Polym Res, 23, 142, 2016]. 

 

 



 

 

Figure 7. Creep curves (registered for a shear stress of 20 Pa) (a) and the elastic recovery (b) for 

PVA/PVP hydrogels with maximum 10% PVP obtained after 20 freezing/thawing cycles [Morariu, Bercea, 

Teodorescu, et al. Eur Polym J, 84, 313-325, 2016]. 

 

For PVA hydrogel the constitutive response is given by the following polynomial dependences: 

Creep:     = -7E-053 + 0.00572 - 0.0589 + 0.1189     (2) 

Elastic recovery:   = -2E-053 + 0.00182 - 0.0261 + 0.0633     (3) 

where  is the applied shear stress and   is the resulted deformation. 

 

For PVA/PVP hydrogels with low PVP content below 10%), the exponential dependences describe the 

experimental observed behavior: 

Creep:     = 0.023 e0.055         (4) 

Elastic recovery:   = 0.002 e0.055         (5) 

  

For hydrogels with high PVP content (above 10%), the constitutive response can be described by an 

exponential law: 

Creep:     = 0.015e0.18          (6) 

Elastic recovery:   = 0.002e0.22          (7) 

 



Hydrogels able to respond to an electrical stimulus attracted very high attention of researchers in the last 

two decades due to their potential applications as sensors and actuators in biomedical engineering, as  

artificial muscles, synthetic valves and controlled drug delivery systems. The main advantages of the 

actuators based on polymer hydrogels are: a rigidity which is closer to biological tissues and high 

deformation capability, which sometimes exceeds 100%. In an electric field, some hydrogels can either 

show volume changes (contraction or expansion) or change in the shape (curvature). Thus, these 

hydrogels are able to transform the electrical energy into mechanical energy. In this project, the studies 

were focused on the design and investigation of a physical hydrogel based on poly(vinyl alcohol) (PVA) 

and chitosan (CS) obtained by applying the freezing/thawing technique [Morariu, Bercea, Brunchi, Ind. 

Eng. Chem. Res. 54(45), 11475-11482, 2015]. 

 

The experimental tests followed the gel behavior when two successive cycles of voltage (U) were applied 

(Figure 8). During the first cycle, the bending angle of 26 is reached in about 18 minutes and for U = 0 

the hydrogel comes back in about 50 minutes. In the second cycle, the bending angle of 26 achieves the 

same maximum value but at a different time (22 min). During the second cycle, the returning to the 

starting position was realized in approx. 50 min. The shape of the curves in the two cycles is similar, 

indicating a good reproducibility.  

 

During the first 12 minutes, the hydrogel bends fast, with a speed that increases with increasing the 

voltage. For a voltage of 15 V, the hydrogel bending speed is twice as compared to those corresponding 

to a voltage of 8 V. The dependence of bending speed (v) of the applied voltage (U) for the CS/PVA 

hydrogel can be described by the following equation: 

v = 2.210-2U2-1.710-1U+1.3         (8) 

The maximum bending angle (max) for CS/PVA hydrogel follows the following dependence on the applied 

voltage (U): 

max = 5.110-2U2-7.25U+47.2         (9) 

 

The experimental results obtained in the present stage are promising and suggest that the PVA/CS 

physical hydrogels could be used as biomimetic systems. 



 

Figure 8. The bending angle of PVA/CS hydrogel when a voltage is applied. 

 

 
Figure 9. The bending angle as a function of the applied voltage for a PVA/CS hydrogel.  

 

The objective for this stage of the project was fully realized and most results were used in 

manuscripts submitted to publication. 
 



Results dissemination 

o 9 papers were published in journals indexed by web of knowledge, 1 article in evaluation 

the total Impact Factor being of 22.944; 
o 1 article published in Journal of Hydrogels (American Scientific Publishers); 

o 1 chapter in a book published by Taylor & Francis; 

o 1 oral presentation at a scientific event. 

 

Project web page can be accessed at the following addresses: 

http://bercea300en.weebly.com and     http://www.icmpp.ro/projects.html     
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