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[bookmark: OLE_LINK309][bookmark: OLE_LINK310][bookmark: OLE_LINK358][bookmark: OLE_LINK372][bookmark: OLE_LINK373][bookmark: OLE_LINK379][bookmark: OLE_LINK380][bookmark: OLE_LINK264][bookmark: OLE_LINK265][bookmark: OLE_LINK330][bookmark: OLE_LINK331][bookmark: OLE_LINK19][bookmark: OLE_LINK111][bookmark: OLE_LINK112][bookmark: OLE_LINK118][bookmark: OLE_LINK119][bookmark: OLE_LINK178][bookmark: OLE_LINK179][bookmark: OLE_LINK180][bookmark: OLE_LINK181][bookmark: OLE_LINK182][bookmark: OLE_LINK183][bookmark: OLE_LINK122][bookmark: OLE_LINK123][bookmark: OLE_LINK184][bookmark: OLE_LINK185]ABSTRACT: The surface free energy parameters calculated from contact angle results is burdensome and time-consuming. To facilitate those calculations, computational algorithms using three different programming languages—MATLAB, C and Python—were developed and validated by the surface properties determination of PO and CPO. The results indicated that the surface free energy parameters calculated using the three algorithms were consistent. The unknowns were obtained directly within C and Python program, however, indirectly within MATLAB function. In addition, the assembly statements of C function were longer than those of other twos. The obtained results were also compared with those from IGC analysis. It showed that the  values determined using the contact angle methods were consistent, although lower than those obtained by IGC analysis. Compared to , the  component contributed less to . The lower  and  values for CPO added up to a lower  value, which could reduce filler particle/particle interactions, allowing a better dispersion in a polymer matrix.
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NOTATION
PO and CPO   Pearl oyster shell and colored pearl oyster shell 
DR 28    Direct Red 28 dye

  critical surface tension (mJ/m2)
OWK    Owens-Wendt-Kaelble
vOCG    van Oss-Chaudhury-Good
IGC      Inverse gas chromatography
IGC-SEA     IGC Surface Energy Analyzer

     Dispersion component of surface free energy (mJ/m2)

     Polar component of surface free energy (mJ/m2)

     Total surface free energy (mJ/m2)


,    Lewis acid and base component of surface free energy (mJ/m2)    


,    Lifshitz-van der Waals and Lewis acid-base component of surface free energy (mJ/m2)

  work of adhesion

1. Introduction
[bookmark: OLE_LINK33][bookmark: OLE_LINK35][bookmark: OLE_LINK351][bookmark: OLE_LINK40][bookmark: OLE_LINK42][bookmark: OLE_LINK26][bookmark: OLE_LINK238][bookmark: OLE_LINK239][bookmark: OLE_LINK241][bookmark: OLE_LINK250][bookmark: OLE_LINK39][bookmark: OLE_LINK216][bookmark: OLE_LINK227][bookmark: OLE_LINK145][bookmark: OLE_LINK146][bookmark: OLE_LINK219][bookmark: OLE_LINK220][bookmark: OLE_LINK14][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK27][bookmark: OLE_LINK30][bookmark: OLE_LINK41][bookmark: OLE_LINK85][bookmark: OLE_LINK156][bookmark: OLE_LINK76][bookmark: OLE_LINK78][bookmark: OLE_LINK49][bookmark: OLE_LINK29][bookmark: OLE_LINK163][bookmark: OLE_LINK164][bookmark: OLE_LINK193][bookmark: OLE_LINK394][bookmark: OLE_LINK67]Mollusk shells (e.g. clam, oyster, mussel and pearl oyster shells), with their predominating calcium carbonate (CaCO3) content plus a small amount of organic matrices, are potential candidates for commercial CaCO3 fillers. Many researchers have reported an improvement in the mechanical performance after a polymer matrix was filled with mollusk shell-based fillers[1-4]. However, it has been well recognized that, the filler surface activity significantly affects the reinforcement ability, because the chemical nature of a particle’s surface determines filler/filler and filler/matrix interactions. These interactions in turn affect the filler’s dispersion in matrix and thus the mechanical performance of composite[5]. Therefore, a better understanding of filler’s surface properties is significant in determining the most effective fillers.
[bookmark: OLE_LINK214][bookmark: OLE_LINK99][bookmark: OLE_LINK43][bookmark: OLE_LINK36][bookmark: OLE_LINK20][bookmark: OLE_LINK165][bookmark: OLE_LINK396][bookmark: OLE_LINK395][bookmark: OLE_LINK486][bookmark: OLE_LINK480][bookmark: OLE_LINK59][bookmark: OLE_LINK61][bookmark: OLE_LINK62][bookmark: OLE_LINK81][bookmark: OLE_LINK50][bookmark: OLE_LINK51][bookmark: OLE_LINK25][bookmark: OLE_LINK23][bookmark: OLE_LINK44][bookmark: OLE_LINK73][bookmark: OLE_LINK64][bookmark: OLE_LINK65][bookmark: OLE_LINK37][bookmark: OLE_LINK54][bookmark: OLE_LINK74][bookmark: OLE_LINK133][bookmark: OLE_LINK143][bookmark: OLE_LINK38][bookmark: OLE_LINK66][bookmark: OLE_LINK60]Contact angle measurement is one of the most commonly used techniques for the solid surface characterization. The surface free energy of a solid can be determined by measuring contact angles of different test liquids on its surface according to the Young's equation[6]. Different approaches including Zisman plot[7-9], Fowkes[10], Owens-Wendt-Kaelble (OWK)[11,12], van Oss-Chaudhury-Good (vOCG)[13] and Wu[14,15] have been developed to calculate the surface energy parameters. However, there exist distinct differences in the depth of analysis and degree of calculation complexity for these methods. Among these methods, the Zisman plot is based on a linear regression procedure and the easier one. For Fowkes method, there is only one unknown in the calculation equation and thus it is also easy to be solved. However, for the OWK, vOCG and Wu methods, geometric mean or harmonic mean are occurred in these formulae, and thus complex equation sets need be solved[16-18]. To reduce the ill-conditioning of these methods, Della Volpe et al.[19] proposed a multicomponent approach, where the equations were written in a matrix form. Gindl et al.[20] solved the equations by calculating a least-squares solution to obtain the best approximation for the surface energy components. Therefore, to facilitate the complex calculation, computational algorithms using three different programming languages—MATLAB, C and Python—were developed, compared and validated by the surface properties determination of pearl oyster shell (PO) and colored pearl oyster shell (CPO). The obtained results were also compared with those from inverse gas chromatography (IGC) analysis.
2. Basic theories
2.1 Contact angle measurement
[bookmark: OLE_LINK79][bookmark: OLE_LINK80][bookmark: OLE_LINK294][bookmark: OLE_LINK200][bookmark: OLE_LINK201][bookmark: OLE_LINK557][bookmark: OLE_LINK558][bookmark: OLE_LINK75][bookmark: OLE_LINK82][bookmark: OLE_LINK83]The key equation used to determine the solid surface free energy by contact angle measurement is the Young's equation[21], which was derived from the equilibrium condition of forces representing surface tensions at the contact point of solid, liquid and gas.

  (1) 



[bookmark: OLE_LINK285][bookmark: OLE_LINK559][bookmark: OLE_LINK560]where ,  and  represent the surface free energies of solid, liquid and solid-liquid (mJ/m2), respectively. ϴ is the contact angle between the solid surface and test liquid (°).




[bookmark: OLE_LINK252][bookmark: OLE_LINK253][bookmark: OLE_LINK31][bookmark: OLE_LINK134][bookmark: OLE_LINK135][bookmark: OLE_LINK147][bookmark: OLE_LINK149]In the Young's equation, both θ and  are measurable. In order to obtain the two unknowns  and  by solving this equation, an additional relationship between these quantities has to be made. An understanding of the different methods requires an explanation of work of adhesion (), which can be written as Eq.2. according to the Dupré equation[22]:


  (2) 



where  and  are the surface tensions of phases A and B; and  represents the interfacial tension between the two phases. For the solid-liquid system, the equation can be written as:

  (3)
[bookmark: OLE_LINK644][bookmark: OLE_LINK645][bookmark: OLE_LINK388][bookmark: OLE_LINK174][bookmark: OLE_LINK175][bookmark: OLE_LINK162][bookmark: OLE_LINK168]2.1.1 Zisman plot method






[bookmark: OLE_LINK89][bookmark: OLE_LINK254][bookmark: OLE_LINK255][bookmark: OLE_LINK52][bookmark: OLE_LINK383][bookmark: OLE_LINK384][bookmark: OLE_LINK387][bookmark: OLE_LINK256][bookmark: OLE_LINK257][bookmark: OLE_LINK258][bookmark: OLE_LINK53][bookmark: OLE_LINK55]Surface wettability depends directly on the character and physicochemistry of the solid surface. According to the physicochemical properties (e.g., high or low surface energy), the examined materials can be classified as hydrophilic/superhydrophilic or hydrophobic/superhydrophobic[23]. The compatibility between solid and liquid can be predicted from the surface tension of liquids and the critical surface tension () of solids. Zisman plot is commonly used to define , which differs from the surface energy and is not divided into dispersive and polar components. For a given solid, the cosθ changes smoothly with , suggesting a straight-line relationship. The linear-regression extrapolated value of  at cosθ=1 equals . For this method, two or more measurement points would be needed; thus the  values for both PO and CPO were determined using formamide and diiodomethane as test liquids.
2.1.2 Fowkes method
[bookmark: OLE_LINK198][bookmark: OLE_LINK410][bookmark: OLE_LINK411][bookmark: OLE_LINK57][bookmark: OLE_LINK424]According to Fowkes [24,25], the dispersive interactions between nonpolar solid and liquid are predominant; thus only the dispersive component was used in the equation:

  (4)
Combining Eq. 4 with Young's equation yields:

  (5)




[bookmark: OLE_LINK100]For this method, there is only one unknown in the equation, thus the  can be estimated from Eq. 5 through a single contact angle measurement. This method is, therefore, applicable only in cases where nonpolar liquids () are used on polar solids or polar liquids are used on nonpolar solids (). In this work, the diiodomethane () was used as the test liquid to solve Eq. 5.
2.1.3 OWK method
[bookmark: OLE_LINK47][bookmark: OLE_LINK352][bookmark: OLE_LINK353]Owen and Wendt[26] extended Fowkes' idea and proposed:

  (6)
[bookmark: OLE_LINK489][bookmark: OLE_LINK492]Combining it with Young's equation leads to Eq. 7: 

  (7)


[bookmark: OLE_LINK90][bookmark: OLE_LINK96]Since there are two unknowns  and  in Eq. 7, at least two liquids (in this case, formamide and diiodomethane) are needed to solve it.
2.1.4 vOCG method


[bookmark: OLE_LINK56][bookmark: OLE_LINK575][bookmark: OLE_LINK440]Van Oss et al.[27-29] followed Fowkes' theory and treated surface energy as a sum of Lifshitz-van der Waals component () and acid-base component (). The interfacial tension was postulated for solid-liquid systems as:

  (8)
Combining it with Young's equation, we can obtain:

  (9)



There are three unknowns ,  and  in Eq. 9, thus at least three test liquids (in this case, water, formamide and diiodomethane) are needed to solve it.
2.1.5 Wu method

[bookmark: OLE_LINK207]Wu[14,15] discerned between dispersive and specific components of the surface energy and used a harmonic mean in the expression for .

  (10)
[bookmark: OLE_LINK141][bookmark: OLE_LINK453]In combination with Young's equation, Wu's equation can be written as:

  (11)
As in the OWK method, Wu's method also requires the use of at least two liquids, thus the formamide and diiodomethane were applied.
2.2 IGC method
2.2.1 Surface energy







[bookmark: OLE_LINK231][bookmark: OLE_LINK232][bookmark: OLE_LINK173][bookmark: OLE_LINK187][bookmark: OLE_LINK91][bookmark: OLE_LINK483][bookmark: OLE_LINK484][bookmark: OLE_LINK282][bookmark: OLE_LINK283][bookmark: OLE_LINK277][bookmark: OLE_LINK278][bookmark: OLE_LINK267][bookmark: OLE_LINK268][bookmark: OLE_LINK224][bookmark: OLE_LINK230][bookmark: OLE_LINK296][bookmark: OLE_LINK297][bookmark: OLE_LINK438][bookmark: OLE_LINK169][bookmark: OLE_LINK170][bookmark: OLE_LINK629][bookmark: OLE_LINK636][bookmark: OLE_LINK637]The basic theory of surface free energy is presented here and more details can be found in our precious works[30-32]. The total surface free energy () is often divided into dispersion/nonpolar () and specific/polar () components. A standard method of the surface characterization is that the  is first determined using a series of n-alkanes as probe molecules (in this case, octane, nonane and decane); then the acid-base parameters can be calculated from polar probes (in this case, toluene, acetone, acetonitrile and dichloromethane). Based on the vOCG approach[33] and applying the Della Volpe scale[34] for surface tension components of polar solvents, the  is subdivided into Lewis acid () and base () components.
2.2.2 Surface energy distribution
[bookmark: OLE_LINK144][bookmark: OLE_LINK148]Surface energy heterogeneity, occurring with a wide distribution of various surface sites with different energy levels, is one of the most useful characteristics provided by IGC. A heterogeneity profile constitutes an energy map of the material surface, allowing a prediction of product properties, in particular in the formulation of composites, adhesives, blends and coatings. Such a heterogeneity profile can be represented by an energy distribution function. For heterogeneous materials, the relationship between measured surface energy and surface coverage provides information about the surface free energy distribution of the material. IGC, as an alternative technique to the contact angle measurement and atomic force microscopy, provides data over a wide range of surface coverages, yielding information about the relative heterogeneity of surface energy distribution of a material[35].
[bookmark: OLE_LINK45]3. Experimental
3.1 Materials
[bookmark: OLE_LINK415][bookmark: OLE_LINK417][bookmark: OLE_LINK434][bookmark: OLE_LINK512][bookmark: OLE_LINK458][bookmark: OLE_LINK459][bookmark: OLE_LINK436][bookmark: OLE_LINK437][bookmark: OLE_LINK3][bookmark: OLE_LINK12][bookmark: OLE_LINK16][bookmark: OLE_LINK18][bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK510][bookmark: OLE_LINK511][bookmark: OLE_LINK140]The raw pearl oyster shell was collected from a pearl processing factory in Zhuji city, China. It was first washed to remove the attached impurities and then calcined at 350 °C to remove the stratum corneum. The dried powder was subjected to fine grinding to obtain pearl oyster shell filler (PO). Direct Red 28 (DR 28) was provided by Yiwu Yu Fang Pigment Co., Ltd., China. 
[bookmark: OLE_LINK58]The PO powders were mixed with DR 28 and water at a weight ratio of 200:1:300. After vigorous stirring for 0.5 h, the mixture was left standing for 24 h. Then the mixture was filtered, and the filter cake was dried. The dried cake was ground to obtain colored pearl oyster shell (CPO). The CPO was not a mixed powder and the colorant was an adsorbed molecular layer on the PO.
3.2 Characterization and tests
[bookmark: OLE_LINK13][bookmark: OLE_LINK72][bookmark: OLE_LINK154][bookmark: OLE_LINK155][bookmark: OLE_LINK157][bookmark: OLE_LINK320][bookmark: OLE_LINK150][bookmark: OLE_LINK304][bookmark: OLE_LINK325][bookmark: OLE_LINK137][bookmark: OLE_LINK136][bookmark: OLE_LINK338][bookmark: OLE_LINK337][bookmark: OLE_LINK336][bookmark: OLE_LINK318][bookmark: OLE_LINK172][bookmark: OLE_LINK171]The contact angles measurement of PO and CPO were conducted using capillary rise (Washburn) method according to the Washburn equation. Hexane was used as the low energy liquid with contact angle of 0°, and was used to obtain the capillary constant (1.2741E-6 cm5). The measurements were accomplished using a goniometer (K100, Krüss GmbH, Germany) by packing two samples into a Krüss powder sample holder. After packing, the holder was placed onto the electronic balance of the tensiometer. The weight gain of the sample holder after contact with test liquids was recorded. The measurement settings were as follows: immersion depth 2 mm, surface detection speed of 6 mm/min, and surface sensitivity of 0.005g. The surface tension and its components for test liquids (distilled water, formamide and diiodomethane) are listed in Table 1. The surface energy characterization were carried out using an iGC Surface Energy Analyzer (iGC-SEA, Surface Measurement Systems, UK). Approximately 300 mg of the two powders were packed into individual dimethyldichlorosilane-treated columns. The samples were run at surface coverages of 0.5-10% with polar and nonpolar molecular probes. The sample column was preconditioned for 1 h at 343.15 K and 0% RH with 10 ml/min He carrier gas.
Insert Table 1
4. Results and discussion
4.1 Contact angel measurement
[bookmark: OLE_LINK190][bookmark: OLE_LINK194][bookmark: OLE_LINK68]The contact angles of PO and CPO for three test liquids are shown in Table 2. It can be observed that the contact angles for three liquids were all less than 90°, implying an amphiphilic character for both samples. This was consistent with our report, where the raw, acid-modified and furfural-modified clam shell showed water contact angles of 34, 46 and 36°, respectively. By contrast, the alcohol spread out over the surface of samples[36]. The amphipathicity of mollusca shell may be attributed to its constituent of organic matrices in the shell. Although there was no significant distinction between contact angles of PO and CPO, but the values for water were relatively larger than those for formamide and diiodomethane, confirming the moderate hydrophobic character of both samples.
Insert Table 2
[bookmark: OLE_LINK161]4.1.1 Zisman plot method



[bookmark: OLE_LINK97][bookmark: OLE_LINK251][bookmark: OLE_LINK234][bookmark: OLE_LINK242][bookmark: OLE_LINK243]The  value according to Zisman’s approach gives surface information of the interaction between test liquid and solid surface. Based on the contact angle results obtained with the aforementioned testing liquids and applying the Zisman plot method, the  was determined. From Table 2, it can be seen that the CPO had a lower  value as compared to that for PO, indicating a more hydrophobic character[37], which was consistent with the result of contact angle measurement.
[bookmark: OLE_LINK98]4.1.2 Fowkes method


[bookmark: OLE_LINK84][bookmark: OLE_LINK102]Based on the contact angle results obtained using diiodomethane as the test liquid, the  was calculated directly according to Eq. 5. For PO, the  was determined as 40.6 mJ/m2; and for CPO, it was 39.1 mJ/m2.
4.1.3 OWK method














[bookmark: OLE_LINK103][bookmark: OLE_LINK106][bookmark: OLE_LINK108][bookmark: OLE_LINK113]The surface energy parameters calculated using three computational algorithms are displayed in APPENDIX 1. For the calculation using MATLAB function, the unknowns were obtained indirectly. The result array c equaled  and , and thus c2 need be further calculated to obtain  and . For PO, the =6.3719 and =2.2284, and thus c2 is calculated to obtain =40.6 and =5.0. For CPO, the =6.2533 and =2.3156, and thus the =39.1 and =5.4. For the calculation using C and Python, the two parameters  and  were obtained directly. Comparing the three algorithms, it can be found that the obtained results were well consistent, although the assembly statements of C function was longer as compared with that of MATLAB and Python.
4.1.4 vOCG method















The surface energy parameters calculated in MATLAB, C and Python programs are listed in APPENDIX 2. For the calculation using MATLAB function, the three unknowns ,  and  were also obtained indirectly. For PO, the =6.3719, =0.2776 and =5.2761, and thus c2 is calculated to obtain =40.6, =0.08 and =27.8. For CPO, the =6.2533, =0.1670 and =5.9885, and thus the =39.1, =0.03 and =35.9. For the calculation using C and Python functions, the three parameters were obtained directly. However, the assembly statements of the two functions was longer than that of MATLAB and Python. 
4.1.5 Wu method




The surface energy calculated using this method within MATLAB, C and Python are listed in APPENDIX 3. For both calculations using MATLAB and C function, the unknowns were obtained directly. It can be seen that, for PO, the =41.1, =6.3; and for CPO, the =39.7, =6.6. However, there was no solution calculated within Python program. 
4.2 IGC analysis











[bookmark: OLE_LINK235][bookmark: OLE_LINK236][bookmark: OLE_LINK94][bookmark: OLE_LINK95][bookmark: OLE_LINK485][bookmark: OLE_LINK249][bookmark: OLE_LINK116][bookmark: OLE_LINK117][bookmark: OLE_LINK158][bookmark: OLE_LINK159][bookmark: OLE_LINK435][bookmark: OLE_LINK443][bookmark: OLE_LINK138][bookmark: OLE_LINK139][bookmark: OLE_LINK245][bookmark: OLE_LINK246][bookmark: OLE_LINK114][bookmark: OLE_LINK115][bookmark: OLE_LINK545][bookmark: OLE_LINK546][bookmark: OLE_LINK539][bookmark: OLE_LINK540][bookmark: OLE_LINK70][bookmark: OLE_LINK88][bookmark: OLE_LINK541][bookmark: OLE_LINK542][bookmark: OLE_LINK260][bookmark: OLE_LINK289]The ,  and  profiles of PO and CPO obtained directly from iGC-SEA are illustrated in Fig. 1. It can be observed that the  component of both samples contributed a major part (72-78%) of . In addition, the surface energy displayed a decreasing trend with increasing surface coverage and the highest-energetic sites occupying approximately 2% of the fillers. The difference in the measured absolute  values at low and high coverages indicated heterogeneity among the surface energy sites. For PO, the calculated  fell into the range of 48.0-59.3 mJ/m2 across the surface coverages measured; and the CPO showed a lower range of 40.8-49.9 mJ/m2. It is worth noting that the  depends on the surface composition of the solid. Schmitt et al.[38] reported that the modification of precipitated CaCO3 with chemicals such as hydroxyacids or silanes could decrease the . The report from Papirer et al.[39] revealed a drastic decrease in surface energy for CaCO3 coated with stearic acid. Jeong et al.[40] also reported a lower  value for stearic acid-treated CaCO3. In this work, the decrement of  for CPO might be ascribed to its more uniform surface after loading with DR 28. 








[bookmark: OLE_LINK409][bookmark: OLE_LINK481][bookmark: OLE_LINK482][bookmark: OLE_LINK444][bookmark: OLE_LINK445][bookmark: OLE_LINK446][bookmark: OLE_LINK447][bookmark: OLE_LINK335][bookmark: OLE_LINK104][bookmark: OLE_LINK105]Compared to , the component contributed less to , implying a lower polarity and more hydrophobicity for both samples. The  fell into the range of 17.2-23.1 mJ/m2 for PO and 11.2-16.7 mJ/m2 for CPO. The acid  and basic  components of the surface free energy are also included in Fig. 1 and the  was a bit higher than . 






[bookmark: OLE_LINK339][bookmark: OLE_LINK350] is assumed to be the sum of  and , so that the higher  and  components for PO added up to a higher  value. The values were determined as 65.3-82.4 mJ/m2 for PO and 50.3-66.6 mJ/m2 for CPO.
Insert Fig. 1.











In order to represent the heterogeneity of both samples in a more illustrative manner, the surface energy distributions were obtained by a point-by-point integration of the surface energy profiles, resulting in the plots of , and  surface energy versus percentage of surfaces, as shown in Fig. 2. As expected, all energetically heterogeneous samples had wide variations of surface sites. PO exhibited a wider range of  distribution, from 48.21 to 100.08 mJ/m2, with a mean value () of 57.93 mJ/m2; whereas CPO had less pronounced energetic heterogeneity, with its  distribution ranging from 38.54 to 52.64 mJ/m2 and a  of 41.17 mJ/m2. In the case of  distribution, PO exhibited a range of 17.19-59.18 mJ/m2 with a  of 25.07 mJ/m2. CPO showed a range for the  distribution from 11.14 to 18.22 mJ/m2, with a  of 12.46 mJ/m2.
4.3 Surface energy comparsion







[bookmark: OLE_LINK107][bookmark: OLE_LINK92][bookmark: OLE_LINK93][bookmark: OLE_LINK160][bookmark: OLE_LINK188][bookmark: OLE_LINK600][bookmark: OLE_LINK601]The surface free energy parameters for both samples determined by contact angle measurement and IGC are listed in Table 2. It can be observed that the  calculated by the contact angle methods (Fowkes, OWK, vOCG and Wu) were basically consistent with those determined by IGC. The values determined by the Fowkes, OWK, vOCG methods were well consistent, and a bit lower than those calculated using the Wu method. As for the  component, the values calculated by the contact angle methods were distinct, and less than those determined by the IGC method. The  values determined by the OWK, vOCG and Wu methods were ranked in the decreasing rank order: Wu > OWK > vOCG. A difference in  between the IGC and contact angle method was also reported[41]. It is generally known that since the infinite IGC operates at zero surface coverage of probe molecules, it predominantly detects high-energy sites[42]. Thus, the  obtained by IGC will often be higher than those obtained by the contact angle method, as the latter detects surface sites of all energy levels and thus determines an average energy level for the solid surface[43]. The  values determined by OWK, vOCG and Wu methods were consistent and also lower than those determined by IGC. The WC equals 2, therefore, the CPO showed lower WC as compared with PO, which could reduce the filler particle-particle interactions, allowing a better dispersion in a polymer matrix.
5. Conclusion








[bookmark: OLE_LINK333][bookmark: OLE_LINK334][bookmark: OLE_LINK329]Computational algorithms for solid surface characterization using three different programming languages—MATLAB, C and Python—were developed, compared and validated by the surface properties determination of PO and CPO. The results showed that the surface free energy parameters calculated using three algorithms were consistent. The unknowns were obtained directly within C and Python programs. As a comparison, those were obtained indirectly within MATLAB function, as the result array c need be further calculated to obtain c2. In addition, the assembly statements of C functions were longer as compared with those of MATLAB and Python. The obtained results were compared with those from IGC as well. The results showed that the  component for PO and CPO contributed a major part of  and changed as a function of surface coverages, indicating the fairly energetic surface heterogeneity for both samples. The surface free energy distribution analysis confirmed the energetic heterogeneity for both samples. The values determined using the three contact angle methods were consistent, although lower than those obtained by IGC analysis. Compared to , the  component contributed less to , implying a lower polarity for both samples. The lower  and  values for CPO added up to a lower  value, which could reduce filler particle-particle interactions, and thus lead to an increase in polymer composite performance. 
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APPENDIX 1
MATLAB function for the calculation using OWK method: 




a=[^0.5*2 ^0.5*2; ^0.5*2 ^0.5*2]


b=[*(1+cos(θF*pi/180)); *(1+cos(θD*pi/180))]
c=a\b
















where ,  and  represent the  (39.0 mJ/m2),  (19.0 mJ/m2) and  (58.0 mJ/m2) of formamide (as seen in Table 1), respectively. θE represent the contact angles of PO and CPO for formamide (45° for PO and 46° for CPO, as seen in Table 2). Similarly, ,  and  are the  (50.8 mJ/m2),  (0 mJ/m2) and  (50.8 mJ/m2) of diiodomethane. θD is the contact angle of two samples for diiodomethane (38° for PO and 41° for CPO). The result array c equals  and ; thus c2 need be further calculated to obtain  and .
The calculation for PO:
>> a=[39.0^0.5*2 19.0^0.5*2; 50.8^0.5*2 0^0.5*2]
b=[58.0*(1+cos(45*pi/180)); 50.8*(1+cos(38*pi/180))]
c=a\b
a =
   12.4900    8.7178
   14.2548         0
b =
   99.0122
   90.8309
c =
    6.3719
    2.2284
The calculation for CPO:  
>> a=[39.0^0.5*2 19.0^0.5*2; 50.8^0.5*2 0^0.5*2]
b=[58.0*(1+cos(46*pi/180)); 50.8*(1+cos(41*pi/180))]
c=a\b
a =
   12.4900    8.7178
   14.2548         0
b =
   98.2902
   89.1392
c =
    6.2533
    2.3156

C function for the calculation using OWK method:
# include <stdio.h>
# include<stdlib.h>
# include <algorithm>
# include<math.h>;
void main()
{
	int i, j, m, n, k = 0, t;
	n=2;
	double Pi=3.1415927;
	float para[2][4]; //using two-dimensional arrays to storage equations parameters
	float b[200];
	printf("input the parameter values of equations\n");
	printf("input two γL values\n");
	for (i = 0; i<n; i++)
		scanf("%f", &para[i][0]);
	printf("input two theta values\n");
	for (i=0; i<n; i++)
		scanf("%f", &para[i][1]);
	printf("input two γDL values\n");
	for (i=0; i<n; i++)
		scanf("%f", &para[i][2]);
	printf("input two γSPL values\n");
	for (i=0; i<n; i++)
		scanf("%f", &para[i][3]);
	float InputValue[2][3];
	float outValue[3];
	for (i=0; i<3; i++)
	{
		InputValue[i][0] = para[i][0] * (1+cos(para[i][1]*Pi/180));
		for (j=1; j<3; j++)
		{
			InputValue[i][j] = sqrt(para[i][j+1])*2;
		}
	}
	float tmp =InputValue[1][2]/InputValue[0][2];
	float a1=InputValue[0][0]*tmp-InputValue[1][0];
	float a2=InputValue[0][1]*tmp-InputValue[1][1];
	float out1=a1/a2;
	float out2=(InputValue[0][0]-InputValue[0][1]*out1)/InputValue[0][2];
	out1=out1*out1;
	out2=out2*out2;
	printf("γDS=%f\n", out1);
	printf("γSPS=%f\n", out2);
	system("pause");
}






Where  and  are the  and  of two test liquids, respectively. In a similar way, the γDS and γSPS are the  and  components for PO and CPO. Two theta values are the contact angles of both samples for the two liquids.
The calculation for PO: 
[image: ]
The calculation for CPO:  
[image: ]

Python function for the calculation using OWK method:
import numpy as np
def fun1(gammaL, theta, gammaDL, gammaSPL):
"""the type of parameter is 'list' """
matrixA = np.array([[2 * np.sqrt(gammaDL[0]), 2 * np.sqrt(gammaSPL[0])],
[2 * np.sqrt(gammaDL[1]), 2 * np.sqrt(gammaSPL[1])]])
vectorB = np.array([gammaL[0] * (1 + np.cos(np.deg2rad(theta[0]))),
gammaL[1] * (1 + np.cos(np.deg2rad(theta[1])))])
gammaDS, gammaSPS = np.linalg.pinv(matrixA).dot(vectorB)
if gammaDS < 0 or gammaSPS < 0:
print(u'no solution')
return None
gammaDS **= 2
gammaSPS **= 2
print('gammaDS is %f' % gammaDS)
print('gammaSPS is %f' % gammaSPS)
return gammaDS, gammaSPS
if __name__ == "__main__":
gammaL = []
theta = []
gammaDL = []
gammaSPL = []
for i in range(2):
gammaL.append(float(raw_input('Enter No.%d gammaL:' % (i+1))))
theta.append(float(raw_input('Enter No.%d theta:' % (i+1))))
gammaDL.append(float(raw_input('Enter No.%d gammaDL:' % (i+1))))
gammaSPL.append(float(raw_input('Enter No.%d gammaSPL:' % (i+1))))
fun1(gammaL, theta, gammaDL, gammaSPL)

The calculation for PO:  
Enter No.1 gammaL:58.0
Enter No.1 theta:45
Enter No.1 gammaDL:39.0
Enter No.1 gammaSPL:19.0
Enter No.2 gammaL:50.8
Enter No.2 theta:38
Enter No.2 gammaDL:50.8
Enter No.2 gammaSPL:0
gammaDS  is 40.601677
gammaSPS  is 4.965711

The calculation for CPO:  
Enter No.1 gammaL:58.0
Enter No.1 theta:46
Enter No.1 gammaDL:39.0
Enter No.1 gammaSPL:19.0
Enter No.2 gammaL:50.8
Enter No.2 theta:41
Enter No.2 gammaDL:50.8
Enter No.2 gammaSPL:0
gammaDS  is 39.103373
gammaSPS  is 5.361976


















APPENDIX 2
MATLAB function for the calculation using vOCG method:









a=[^0.5*2 ^0.5*2 ^0.5*2; ^0.5*2 ^0.5*2 ^0.5*2; ^0.5*2 ^0.5*2 ^0.5*2]



b=[*(1+cos(θW*pi/180)); *(1+cos(θF*pi/180)); *(1+cos(θD*pi/180))]
c=a\b














where , ,  and  are the  (21.8 mJ/m2),  (25.5 mJ/m2),  (25.5 mJ/m2) and  (72.8 mJ/m2) of water (as seen in Table 1), respectively. θW is the contact angles of PO and CPO for water (54° for PO and 49° for CPO, as seen in Table 2). Other symbols for Formamide and diiodomethane are presented in a similar way. The result array c equals ,  and , and c2 also need be calculated to obtain the ,  and .

The calculation for PO:
>> a=[21.8^0.5*2 25.5^0.5*2 25.5^0.5*2; 39.0^0.5*2 39.6^0.5*2 2.28^0.5*2; 50.8^0.5*2 0^0.5*2 0^0.5*2]
b=[72.8*(1+cos(54*pi/180)); 58.0*(1+cos(45*pi/180)); 50.8*(1+cos(38*pi/180))]
c=a\b
a =
    9.3381   10.0995   10.0995
   12.4900   12.5857    3.0199
   14.2548         0         0
b =
  115.5908
   99.0122
   90.8309
c =
    6.3719
    0.2776
    5.2761

The calculation for CPO:
>> a=[21.8^0.5*2 25.5^0.5*2 25.5^0.5*2; 39.0^0.5*2 39.6^0.5*2 2.28^0.5*2; 50.8^0.5*2 0^0.5*2 0^0.5*2]
b=[72.8*(1+cos(49*pi/180)); 58.0*(1+cos(46*pi/180)); 50.8*(1+cos(41*pi/180))]
c=a\b
a =
    9.3381   10.0995   10.0995
   12.4900   12.5857    3.0199
   14.2548         0         0
b =
  120.5611
   98.2902
   89.1392
c =
    6.2533
    0.1670
    5.9885

C function for the calculation using vOCG method:
# include <stdio.h>
# include<stdlib.h>
# include <algorithm>
# include<math.h>;
void main()
{
	int i, j, m, n, r, k = 0, t; 
	n=r=3;
	double Pi=3.1415927;
	float para[3][5]; //using two-dimensional arrays to storage equations parameters
	float b[200];          
	printf("input the parameter values of equations\n");
	printf("input three γDL values\n");
	for (i=0; i<n; i++)
		scanf("%f", &para[i][0]);
	printf("input three γL- values\n");
	for (i=0; i<n; i++)
		scanf("%f", &para[i][1]);
	printf("input three γL+ values\n");
	for (i=0; i<n; i++)
		scanf("%f", &para[i][2]);
	printf("input three γL values\n");
	for (i=0; i<n; i++)
		scanf("%f", &para[i][3]);
	printf("input three theta values\n");
	for (i=0; i<n; i++)
		scanf("%f", &para[i][4]);
	float InputValue[3][4];
	float outValue[3];
	for (i=0; i<3; i++)
	{
		for (j=0; j<3; j++)
		{
			InputValue[i][j] =sqrt(para[i][j])*2;		
		}
		InputValue[i][3]=para[i][3]*(1+cos(para[i][4]*Pi/180));
	}
	for (m=1; m<n; m++)
	{
		float tmp = InputValue[m][0] / InputValue[0][0];
		for (i=0; i<n+1; i++)
		{
			InputValue[m][i] -=InputValue[0][i]*tmp;
		}
	}
	b[0] = InputValue[2][1]/InputValue[1][1];
	for (i=0; i<4; i++)
	{
		InputValue[2][i] -=InputValue[1][i] * b[0];
	}
	outValue[2] =(InputValue[2][3] / InputValue[2][2])*(InputValue[2][3] / InputValue[2][2]);
	float btmp=InputValue[1][3] - InputValue[1][2] * sqrt(outValue[2]);
	outValue[1]=(btmp / InputValue[1][1])*(btmp / InputValue[1][1]);
	btmp=InputValue[0][3]-InputValue[0][2]*sqrt(outValue[2])-InputValue[0][1]*sqrt(outValue[1]);
	outValue[0] = (btmp / InputValue[0][0])*(btmp / InputValue[0][0]);
	printf("γLWS = %f\n", outValue[0]);
	printf("γS+ = %f\n", outValue[1]);
	printf("γS- = %f\n", outValue[2]);
	system("pause");
}




Where  is the  of three probe liquids; and  is the  of two samples. Three theta values are the contact angles of both samples for these liquids. 
The calculation for PO:  
[image: ]
The calculation for CPO:  
[image: ]

Python function for the calculation using vOCG method:
import numpy as np
def fun2(gammaL, theta, gammaLWL, gammaLMinus, gammaLPlus):
"""the type of parameter is 'list' """
matrixA = np.array([[2 * np.sqrt(gammaLWL[0]), 2 * np.sqrt(gammaLMinus[0]), 2 * np.sqrt(gammaLPlus[0])],
[2 * np.sqrt(gammaLWL[1]), 2 * np.sqrt(gammaLMinus[1]), 2 * np.sqrt(gammaLPlus[1])],
[2 * np.sqrt(gammaLWL[2]), 2 * np.sqrt(gammaLMinus[2]), 2 * np.sqrt(gammaLPlus[2])]])
vectorB = np.array([gammaL[0] * (1 + np.cos(np.deg2rad(theta[0]))),
gammaL[1] * (1 + np.cos(np.deg2rad(theta[1]))),
gammaL[2] * (1 + np.cos(np.deg2rad(theta[2])))])
gammaLWS, gammaSPlus, gammaSMinus = np.linalg.pinv(matrixA).dot(vectorB)
if gammaLWS < 0 or gammaSMinus < 0 or gammaSPlus < 0:
print(u'no solution')
return None
gammaLWS **= 2
gammaSMinus **= 2
gammaSPlus **= 2
print('gamma LWS is %f' % gammaLWS)
print('gamma SMinus is %f' % gammaSMinus)
print('gamma SPlus is %f' % gammaSPlus)
return gammaLWS, gammaSMinus, gammaSPlus
if __name__ == "__main__":
gammaL = []
theta = []
gammaLWL = []
gammaLMinus = []
gammaLPlus = []
for i in range(3):
gammaL.append(float(raw_input('Enter No.%d gamma L:' % (i+1))))
theta.append(float(raw_input('Enter No.%d theta:' % (i+1))))
gammaLWL.append(float(raw_input('Enter No.%d gammaLWL:' % (i+1))))
gammaLMinus.append(float(raw_input('Enter No.%d gammaLMinus:' % (i+1))))
gammaLPlus.append(float(raw_input('Enter No.%d gammaLPlus:' % (i+1))))
fun2(gammaL, theta, gammaLWL, gammaLMinus, gammaLPlus)

The calculation for PO:  
Enter No.1 gamma L:72.8
Enter No.1 theta:54
Enter No.1 gammaLWL:21.8
Enter No.1 gammaLMinus:25.5
Enter No.1 gammaLPlus:25.5
Enter No.2 gamma L:58.0
Enter No.2 theta:45
Enter No.2 gammaLWL:39.0
Enter No.2 gammaLMinus:39.6
Enter No.2 gammaLPlus:2.28
Enter No.3 gamma L:50.8
Enter No.3 theta:38
Enter No.3 gammaLWL:50.8
Enter No.3 gammaLMinus:0
Enter No.3 gammaLPlus:0
gamma LWS  is 40.601677
gamma SMinus  is 27.837007
gamma SPlus  is 0.077037

The calculation for CPO:  
Enter No.1 gamma L:72.8
Enter No.1 theta:49
Enter No.1 gammaLWL:21.8
Enter No.1 gammaLMinus:25.5
Enter No.1 gammaLPlus:25.5
Enter No.2 gamma L:58.0
Enter No.2 theta:46
Enter No.2 gammaLWL:39.0
Enter No.2 gammaLMinus:39.6
Enter No.2 gammaLPlus:2.28
Enter No.3 gamma L:50.8
Enter No.3 theta:41
Enter No.3 gammaLWL:50.8
Enter No.3 gammaLMinus:0
Enter No.3 gammaLPlus:0
gamma LWS  is 39.103373
gamma SMinus  is 35.861859
gamma SPlus  is 0.027896























APPENDIX 3
MATLAB function for the calculation using Wu method:


gammaL=[ ];
theta=[θE θD];
y=gammaL.*(1+cosd(theta));


gammaDL=[ ];


gammaSPL=[ ];
x=[gammaDL
   gammaSPL];
f=@(a,x)(4*a(1)*x(1,:)./(a(1)+x(1,:))+4*a(2)*x(2,:)./(a(2)+x(2,:)));
[beta]=nlinfit(x,y,f,[20 20]);% 
warning('off');
fprintf('gammaDS=%f\n',beta(1));
fprintf('gammaSPS=%f\n',beta(2))












where ,  and  represent the  (58.0 mJ/m2),  (39.0 mJ/m2) and  (19.0 mJ/m2) of formamide (as seen in Table 1), respectively. θE is the contact angles of PO and CPO for formamide (45° for PO and 46° for CPO, as seen in Table 2). Other symbols are presented in a similar way for diiodomethane. Not similar to the OWK and vOCG method, the two unknowns  and  can be directly obtained using this method. The gammaDL, gammaSPL, gammaDS and gammaSPS represent , ,  and , respectively. 
The calculation for PO:
>> gammaL=[58.0 50.8];
theta=[45 38];
y=gammaL.*(1+cosd(theta));
gammaDL=[39.0 50.8];
gammaSPL=[19.0 0];
x=[gammaDL
   gammaSPL];
f=@(a,x)(4*a(1)*x(1,:)./(a(1)+x(1,:))+4*a(2)*x(2,:)./(a(2)+x(2,:)));
[beta]=nlinfit(x,y,f,[20 20]);% 
warning('off');
fprintf('gammaDS=%f\n',beta(1));
fprintf('gammaSPS=%f\n',beta(2))
gammaDS=41.063014
gammaSPS=6.334372
The calculation for CPO:
>> gammaL=[58.0 50.8];
theta=[46 41];
y=gammaL.*(1+cosd(theta));
gammaDL=[39.0 50.8];
gammaSPL=[19.0 0];
x=[gammaDL
   gammaSPL];
f=@(a,x)(4*a(1)*x(1,:)./(a(1)+x(1,:))+4*a(2)*x(2,:)./(a(2)+x(2,:)));
[beta]=nlinfit(x,y,f,[20 20]);% 
warning('off');
fprintf('gammaDS=%f\n',beta(1));
fprintf('gammaSPS=%f\n',beta(2))
gammaDS=39.700542
gammaSPS=6.600966

C function for the calculation using Wu method:
#include <iostream>
#include <cmath>
using namespace std;
#define N 2
#define Pi 3.14159265359
#define eps 0.001
float rL[N];
float theta[N];
float rDL[N];
float rSPL[N];
float a[N];
float b[N];
float C[N];
// float R[2*N];
float functionx();
int main()
{ 
	cout<<"input two rL values"<<endl;
	cin>>rL[0]>>rL[1];
	cout<<"input two theta values"<<endl;
	cin>>theta[0]>>theta[1];
	cout<<"input two rDL values"<<endl;
	cin>>rDL[0]>>rDL[1];
	cout<<"input two rSPL values"<<endl;
	cin>>rSPL[0]>>rSPL[1];
	C[0]=rL[0]*(1+cos(theta[0]/180*Pi))/4;
	C[1]=rL[1]*(1+cos(theta[1]/180*Pi))/4;
	a[0]=1/(rDL[0]+eps);
	a[1]=1/(rDL[1]+eps);
	b[0]=1/(rSPL[0]+eps);
	b[1]=1/(rSPL[1]+eps);
	float t1=- (C[0]*a[1] - C[1]*a[0] + C[0]*b[1] - C[1]*b[0] + C[0]*C[1]*a[0]*b[0] - C[0]*C[1]*a[1]*b[1])/(C[0] - C[1] + C[0]*C[1]*b[0] - C[0]*C[1]*b[1]) - (sqrt((-(C[0]*a[0] - C[0]*a[1] - C[1]*a[0] + C[1]*a[1] + C[0]*b[0] - C[0]*b[1] - C[1]*b[0] + C[1]*b[1] + C[0]*C[1]*a[0]*b[0] - C[0]*C[1]*a[0]*b[1] - C[0]*C[1]*a[1]*b[0] + C[0]*C[1]*a[1]*b[1])*(C[0]*a[1] - C[0]*a[0] + C[1]*a[0] - C[1]*a[1] - C[0]*b[0] + C[0]*b[1] + C[1]*b[0] - C[1]*b[1] - C[0]*C[1]*a[0]*b[0] + C[0]*C[1]*a[0]*b[1] + C[0]*C[1]*a[1]*b[0] - C[0]*C[1]*a[1]*b[1] + 4))) + C[0]*a[0] - C[0]*a[1] + C[1]*a[0] - C[1]*a[1] - C[0]*b[0] - C[0]*b[1] + C[1]*b[0] + C[1]*b[1] - C[0]*C[1]*a[0]*b[0] - C[0]*C[1]*a[0]*b[1] + C[0]*C[1]*a[1]*b[0] + C[0]*C[1]*a[1]*b[1])/(2*(C[0] - C[1] + C[0]*C[1]*b[0] - C[0]*C[1]*b[1]));
	float t2=	(sqrt((-(C[0]*a[0] - C[0]*a[1] - C[1]*a[0] + C[1]*a[1] + C[0]*b[0] - C[0]*b[1] - C[1]*b[0] + C[1]*b[1] + C[0]*C[1]*a[0]*b[0] - C[0]*C[1]*a[0]*b[1] - C[0]*C[1]*a[1]*b[0] + C[0]*C[1]*a[1]*b[1])*(C[0]*a[1] - C[0]*a[0] + C[1]*a[0] - C[1]*a[1] - C[0]*b[0] + C[0]*b[1] + C[1]*b[0] - C[1]*b[1] - C[0]*C[1]*a[0]*b[0] + C[0]*C[1]*a[0]*b[1] + C[0]*C[1]*a[1]*b[0] - C[0]*C[1]*a[1]*b[1] + 4))) - C[0]*a[0] + C[0]*a[1] - C[1]*a[0] + C[1]*a[1] + C[0]*b[0] + C[0]*b[1] - C[1]*b[0] - C[1]*b[1] + C[0]*C[1]*a[0]*b[0] + C[0]*C[1]*a[0]*b[1] - C[0]*C[1]*a[1]*b[0] - C[0]*C[1]*a[1]*b[1])/(2*(C[0] - C[1] + C[0]*C[1]*b[0] - C[0]*C[1]*b[1])) - (C[0]*a[1] - C[1]*a[0] + C[0]*b[1] - C[1]*b[0] + C[0]*C[1]*a[0]*b[0] - C[0]*C[1]*a[1]*b[1])/(C[0] - C[1] + C[0]*C[1]*b[0] - C[0]*C[1]*b[1]);
	float t3=	(sqrt((-(C[0]*a[0] - C[0]*a[1] - C[1]*a[0] + C[1]*a[1] + C[0]*b[0] - C[0]*b[1] - C[1]*b[0] + C[1]*b[1] + C[0]*C[1]*a[0]*b[0] - C[0]*C[1]*a[0]*b[1] - C[0]*C[1]*a[1]*b[0] + C[0]*C[1]*a[1]*b[1])*(C[0]*a[1] - C[0]*a[0] + C[1]*a[0] - C[1]*a[1] - C[0]*b[0] + C[0]*b[1] + C[1]*b[0] - C[1]*b[1] - C[0]*C[1]*a[0]*b[0] + C[0]*C[1]*a[0]*b[1] + C[0]*C[1]*a[1]*b[0] - C[0]*C[1]*a[1]*b[1] + 4))) + C[0]*a[0] - C[0]*a[1] + C[1]*a[0] - C[1]*a[1] - C[0]*b[0] - C[0]*b[1] + C[1]*b[0] + C[1]*b[1] - C[0]*C[1]*a[0]*b[0] - C[0]*C[1]*a[0]*b[1] + C[0]*C[1]*a[1]*b[0] + C[0]*C[1]*a[1]*b[1])/(2*(C[0] - C[1] + C[0]*C[1]*a[0] - C[0]*C[1]*a[1]));
	float t4=-(sqrt((-(C[0]*a[0] - C[0]*a[1] - C[1]*a[0] + C[1]*a[1] + C[0]*b[0] - C[0]*b[1] - C[1]*b[0] + C[1]*b[1] + C[0]*C[1]*a[0]*b[0] - C[0]*C[1]*a[0]*b[1] - C[0]*C[1]*a[1]*b[0] + C[0]*C[1]*a[1]*b[1])*(C[0]*a[1] - C[0]*a[0] + C[1]*a[0] - C[1]*a[1] - C[0]*b[0] + C[0]*b[1] + C[1]*b[0] - C[1]*b[1] - C[0]*C[1]*a[0]*b[0] + C[0]*C[1]*a[0]*b[1] + C[0]*C[1]*a[1]*b[0] - C[0]*C[1]*a[1]*b[1] + 4))) - C[0]*a[0] + C[0]*a[1] - C[1]*a[0] + C[1]*a[1] + C[0]*b[0] + C[0]*b[1] - C[1]*b[0] - C[1]*b[1] + C[0]*C[1]*a[0]*b[0] + C[0]*C[1]*a[0]*b[1] - C[0]*C[1]*a[1]*b[0] - C[0]*C[1]*a[1]*b[1])/(2*(C[0] - C[1] + C[0]*C[1]*a[0] - C[0]*C[1]*a[1]));
	//R[2*N]={1/t1,1/t2,1/t3,1/t4};
	std::cout<<"\n"<<"rDS:\n"<<1/t1<<"\n"<<"rSPS:\n"<<1/t3<<endl;
	system("pause");
	return 0;
}





where rL, rDL and rSPL represent the ,  and  of two probe liquids, respectively. Two theta values are the contact angles of PO and CPO for the two liquids. The rDS and rSPS are the  and .

The calculation for PO:  
[image: ]
The calculation for CPO:  
[image: ]

Python function for the calculation using Wu method:
import numpy as np
def fun3(gammaL, theta, gammaDL, gammaSPL):
"""the type of parameter is 'list' """
c = np.array([gammaL[0] * (1 + np.cos(np.deg2rad(theta[0]))) / 4,
gammaL[1] * (1 + np.cos(np.deg2rad(theta[1]))) / 4])
a = np.array([1./gammaDL[0],
1./gammaDL[1]])
b = np.array([1./gammaSPL[0],
1./gammaSPL[1]])
d = c[0]-c[1]/((a[0]-a[1])*c[1]+1)
m = b[0]
n = ((a[0]-a[1])*(c[1]*b[1]-1)+b[1])/((a[0]-a[1])*c[1]+1)
k = (c[1]*b[1]-1)/((a[0]-a[1])*c[1]+1)+c[1]*((a[0]-a[1])*(c[1]*b[1]-1))/((a[0]-a[1])*c[1]+1)/((a[0]-a[1])*c[1]+1)
y1 = 2*d/(-(d*m+d*n-k-1)+np.sqrt((d*m+d*n-k-1)**2-4*d*(m*n*d-m*k-n)))
y2 = 2*d/(-(d*m+d*n-k-1)-np.sqrt((d*m+d*n-k-1)**2-4*d*(m*n*d-m*k-n)))
d = c[0]-c[1]/((b[0]-b[1])*c[1]+1)
m = a[0]
n = ((b[0]-b[1])*(c[1]*a[1]-1)+a[1])/((b[0]-b[1])*c[1]+1)
k = (c[1]*a[1]-1)/((b[0]-b[1])*c[1]+1)+c[1]*((b[0]-b[1])*(c[1]*a[1]-1))/((b[0]-b[1])*c[1]+1)/((b[0]-b[1])*c[1]+1)
x1 = 2*d/(-(d*m+d*n-k-1)+np.sqrt((d*m+d*n-k-1)**2-4*d*(m*n*d-m*k-n)))
x2 = 2*d/(-(d*m+d*n-k-1)-np.sqrt((d*m+d*n-k-1)**2-4*d*(m*n*d-m*k-n)))
gammaDS = x1
gammaSPS = y1
print('gammaDS is %f' % gammaDS)
print('gammaSPS is %f' % gammaSPS)
return gammaDS, gammaSPS
if __name__ == "__main__":
gammaL = []
theta = []
gammaDL = []
gammaSPL = []
for i in range(2):
gammaL.append(float(raw_input('Enter No.%d gammaL:' % (i+1))))
theta.append(float(raw_input('Enter No.%d theta:' % (i+1))))
gammaDL.append(float(raw_input('Enter No.%d gammaDL:' % (i+1))))
gammaSPL.append(float(raw_input('Enter No.%d gammaSPL:' % (i+1))))
fun3(gammaL, theta, gammaDL, gammaSPL)

The calculation for PO:  
Enter No.1 gammaL:58.0
Enter No.1 theta:45
Enter No.1 gammaDL:39.0
Enter No.1 gammaSPL:19.0
Enter No.2 gammaL:50.8
Enter No.2 theta:38
Enter No.2 gammaDL:50.8
Enter No.2 gammaSPL:0
ZeroDivisionError: float division by zero

The calculation for CPO:  
Enter No.1 gammaL:58.0
Enter No.1 theta:46
Enter No.1 gammaDL:39.0
Enter No.1 gammaSPL:19.0
Enter No.2 gammaL:50.8
Enter No.2 theta:41
Enter No.2 gammaDL:50.8
Enter No.2 gammaSPL:0
ZeroDivisionError: float division by zero
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Fig. 1. Surface free energy profiles for PO and CPO
Fig. 2. Surface free energy distributions of PO and CPO
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Table 1. Surface tension and its components for the test liquids
	Surface free energy parameters (mJ/m2)
	Distilled water
	Formamide
	Diiodomethane

	

	72.8
	58.0
	50.8

	

	21.8
	39.0
	50.8

	

	51.0
	19.0
	0

	

	25.5
	2.28
	0

	

	25.5
	39.6
	0







Table 2. Surface free energy and its components for PO and CPO (n=5)
	
Samples
	
Contact angles (°)±SDn-1
	Surface energy parameters (mJ/m2)

	
	
	Zisman plot
	Fowkes
	OWK
	vOCG
	Wu
	IGC

	
	Water
	Formamide
	Diiodomethane
	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	


	CPO
	49±2.7
	46±2.2
	41±2.3
	21.5
	39.1
	44.5
	39.1
	5.4
	41.2
	39.1
	2.1
	0.03
	35.9
	46.3
	39.7
	6.6
	50.3-66.6
	40.8-49.9
	11.2-16.7
	4.5-9.2
	7.0-8.0

	PO
	54±3.0
	45±2.3
	38±2.2
	32.0
	40.6
	45.6
	40.6
	5.0
	43.6
	40.6
	3.0
	0.08
	27.8
	47.4
	41.1
	6.3
	65.3-82.4
	48.0-59.3
	17.2-23.1
	5.8-12.1
	9.5-12.9
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