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Figure 5 - Figure 4a - Strain variation in the longitudinal direction of the PVDF actuator surface 

(���� � �� ) along the PVDF length, for each cycle. 
 

Experimental measuring of the piezoelectric displacement  
 
The ESPI process shows that, beside the displacement caused by the piezoelectric 
constants, there is a structural interference caused by the fact of being a thin membrane. 
With this process was possible to compare the normal and the coated piezoelectric 
membranes (see Figure 7a and 7b).    
 

  
Figure 7a - Displacement variation in millimeters along the 

uncoated PVDF actuator surface or each cycle 

Figure 7b - Displacement variation in millimeters along the coated 

PVDF actuator surface or each cycle 

 

Cells culture  

Determination of viability and metabolic activity with resarzurin method 
Cell proliferation and viability was affected by the substrate (actuator vs. customized 
cell culture dish). Viability was significantly decreased in the groups grown on the 
device surface (Figure 7). 
Although viability seems to be consistently and slightly higher for the first 48 hours in 
the group subjected to stimulation, differences were not statistically significant. 
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Figure 7 - Cell viability 24 and 48 hours after seeding and daily stimulation of the dynamic group, results 
are expressed in percent related to controls (standard cell culture dish, TPP). Bars show Means and Error 
bars show Means ± Standard Error. 
 
Measurement of nitric oxide (NO) in culture medium 
 
Nitric oxide in culture medium after stimulation was significantly higher in dynamic 
conditions vs. static, both 24 and 48 hours after seeding (see Figure 8). When the 
population means of the controls were compared, no significant difference was found at 
24 and 48 hours; the dynamic group at 24h and 48h behaved in similar way, when 
means of the NO measurements were compared within this group. 
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Figure 8 – Nitric oxide immediately after stimulation of the dynamic group, comparing to static group. 
Bars show Means and Error bars show Means ± Standard Error. 
 
Statistical analysis 
 
Normal distribution of the results was verified using the Shapiro-Wilk normality test for 
n>3, and differences between groups tested using one-way ANOVA and Significant 
differences were considered at a P value 0,05. The statistical analysis was done using 
software OriginPro 7.5 (OriginLab Corporation, USA). 

 
CONCLUSION AND DISCUSSION 

In this work the stress/strain was constant, because although the frequency varied, the 
applied voltage was constant. According to the definition of piezoelectricity every time 
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a voltage was applied a maximum high of strain was obtained and then material 
recovered the initial shape, εyy = 2,2µε  . The amount of stress/strain distribution along 
the piezoelectric material was assumed as an acceptable value. 
These results suggest that the devices affected negatively cell viability and proliferation. 
Although Braga et al. describe no evidence of negative effects of extracts obtained by 
immersing PVDF/HA composite membranes in medium used [41], few studies on 
PVDF cytocompatibility are available. 
Another study using human epithelial cell line L132, refers a proliferation of 37%  three 
days after seeding on virgin PVDF, increasing to 45% at 6 days post-seeding, when 
comparing to to control [42]. Hung et al. described that PVDF had an inhibitory effect 
on neural stem cells differentiation and PVDF seemed to decrease consistently MTT 
reduction activity [43]. 
Apart from the impact of the PVDF itself, the coating may increase or diminish protein 
adsorption and cell adhesion. For adherent cell lines like osteoblasts, this is most 
important. Surface properties are also influenced by the sterilization method. In this 
study, γ-irradiation (normed dosis 25 kGy) was used to sterilize the devices prior to cell 
culture. The method used may increase protein adsorption on virgin PVDF foils and, 
although it may not strongly influence cell surface density,  it may influence coating 
oxidation phenomena [44]. 
The slightly higher values of resorufin in the dynamic group in this assay is in 
agreement with the expected proliferation enhancement related to the mechanical 
stimulation to which osteoblasts were subjected, in accordance with the literature [15, 
45]. 
The elevation in the NO values in the culture medium under dynamic conditions 
suggests that piezoelectric materials can be effective mechanical stimuli generators. 
By using piezoelectric material for bone cells stimulation, the control of mechanical 
ranges only requires the control of the amount of electrical energy applied; the fast 
answer to electric stimulus also allows working in physiological frequencies, as are the 
ones used 1Hz and 3Hz, in this study. Another advantage is the possibility by changing 
the piezoelectric constants of a biocompatible piezoelectric material to stimulate bone in 
different directions apart the one used in this work (dyy). 
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