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                    Abstract
Contact resistance is a complicated phenomenon and resistance welding significantly escalates its complexity. Interference of various parameters in resistance spot welding, despite extensive research in this field, still makes this process puzzling to the welding researchers. Various models have been developed to deal with the contact resistance, but more or less all of them end up with trial and error to yield an acceptable outcome. Quantifying the contact resistance is a critical problem in the modeling of the resistance spot welding. In this paper, the published models for the electrical contact resistance in the resistance spot welding process are reviewed. Since the total or dynamic electrical resistance is composed of bulk resistance and contact resistance, it is realized that contact resistance is the most essential factor in heat generation. The contact resistance, by itself, is composed of two parts, constriction resistance and film resistance. Some models have been proposed to explain the relationship for constriction resistance of a single point, while some of the other models have dealt with a number of points. In contrast with constriction resistance, few formulations have been suggested for film resistance. Meanwhile, in some models, the combined effects of both constriction and film are considered as general models. One key observation can be drawn from these studies, and it is that reported measurements have shown obvious discrepancies. Contact resistance modeling for simulation of resistance spot welding depends on the modeling of contact resistance after film breakdown. Therefore, mathematical modeling of the constriction resistance is the key to a comprehensive model of the contact resistance. Despite valuable studies that mainly are experimental, generally recognized model of contact resistance that can take into account all of the important influencing parameters has not been developed yet. This might be resulted from the complexity of contact resistance. In the previous studies, analysis of contact resistance is mostly qualitative rather than quantitative, because the performance of the films differs extensively. The major way to study the influence of diverse films has been experimental investigations. The electrical contact involves problematical interaction between contact members of complex geometry and it is not easy to model. Only for the constriction resistance of some simplified cases analytical models are available. In resistance spot welding, understanding the surface conditions, such as size, quantity, and distribution of contacting asperities, is very hard to find. Moreover, it is difficult to explain and describe the surface films precisely. Although the theoretical investigations have been provided for a long time, a useful and systematic model of dynamic resistance has not been presented yet. To provide the researchers in resistance spot welding and other related fields with a comprehensive account of contact resistance, this article reviews and analyzes the published works in this area. Also, an inclusive comparison of the models is presented.
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                      a
                    :
	
                      Radius of a spot circle (constriction radius)

                    
	
                      a
                      
                        0
                      
                    :
	
                      Effectively radius of contact spot

                    
	
                      a
                      
                        i
                      
                    :
	
                      Radius of ith spot

                    
	
                      A
                    :
	
                      Area of current path

                    
	
                      A
                      
                        a
                      
                    :
	
                      Apparent (nominal) contact surface

                    
	
                      A
                      
                        c
                      
                    :
	
                      Area of contact layer

                    
	
                      b
                    :
	
                      Radius of cylinder

                    
	
                      d
                      
                        1
                      
                    :
	
                      Diameter of circular contact area

                    
	
                      d
                      
                        a
                      
                    :
	
                      Diameter of apparent contact area

                    
	
                      dR
                    :
	
                      Electrical resistance differential

                    
	
                      dT
                    :
	
                      Temperature differential

                    
	
                      dW
                    :
	
                      Thermal resistance differential

                    
	
                      F
                    :
	
                      Force (load)

                    
	
                      h
                    :
	
                      Constriction length

                    
	
                      H
                    :
	
                      Hardness

                    
	
                      HB
                    :
	
                      Brinell hardness

                    
	
                      HV
                    :
	
                      Vickers hardness

                    
	
                      I
                    :
	
                      Electrical current

                    
	
                      k
                    :
	
                      Thermal conductivity

                    
	
                      l
                    :
	
                      Half of distance between two spots

                    
	
                      l
                      
                        0
                      
                    :
	
                      Length of current path

                    
	
                      l
                      
                        c
                      
                    :
	
                      Thickness of contact surfaces (layer)

                    
	
                      L
                    :
	
                      Lorentz constant

                    
	
                      n
                    :
	
                      Number of contact points

                    
	
                      \( \overline{p} \)
                    :
	
                      Dimensionless contact pressure

                    
	
                      Q
                    :
	
                      Heat

                    
	
                      r
                    :
	
                      Radius of apparent area

                    
	
                      R
                    :
	
                      Electrical resistance

                    
	
                      R
                      
                        0
                      
                    :
	
                      Initial resistance

                    
	
                      R
                      
                        b
                      
                    :
	
                      Bulk resistance

                    
	
                      R
                      
                        c
                      
                    :
	
                      Contact resistance

                    
	
                      R
                      
                        f
                      
                    :
	
                      Film resistance

                    
	
                      R
                      
                        s
                      
                    :
	
                      Constriction resistance

                    
	
                      R
                      
                        t
                      
                    :
	
                      Total resistance

                    
	
                      R
                      
                        u
                      
                    :
	
                      Uniform (unconstricted) resistance

                    
	
                      t
                    :
	
                      Time

                    
	
                      S
                    :
	
                      Contact area

                    
	
                      T
                    :
	
                      Temperature

                    
	
                      T
                      
                        0
                      
                    :
	
                      Ambient (room) temperature

                    
	
                      T
                      
                        b
                      
                    :
	
                      Bulk temperature

                    
	
                      T
                      
                        e
                      
                    :
	
                      Melting temperature

                    
	
                      T
                      
                        S
                      
                    :
	
                      Supertemperature

                    
	
                      T
                      
                        v
                      
                    :
	
                      Softening temperature

                    
	
                      V
                    :
	
                      Electrical potential

                    
	
                      V
                      
                        d
                      
                    :
	
                      Voltage drop due to constriction

                    
	
                      α,β
                    :
	
                      Constants

                    
	
                      ζ
                    :
	
                      A constant ranging from 0.1 to 10

                    
	
                      η
                    :
	
                      Empirical coefficient

                    
	
                      ξ
                    :
	
                      Pressure factor

                    
	
                                 ρ , ρ
                                 1 , ρ
                                 2
                              :
	
                      Electrical resistivity

                    
	
                      ρ
                      
                        c
                      
                    :
	
                      Electrical contact resistivity

                    
	
                      ρ
                      
                        f
                      
                    :
	
                      Electrical resistivity of thin film

                    
	
                      ρ
                      
                        fx
                      
                    :
	
                      Experimental coefficient for electrical resistivity of film

                    
	
                      ρ
                      
                        T
                      
                    :
	
                      Film resistance per unit area (tunnel resistivity)

                    
	
                      σ
                      
                                    c , ave
                                 
                    :
	
                      Average yield strength of contact materials

                    
	
                                 σ
                                 
                        nc
                      (F/A
                                 
                        c
                      ):
	
                      Contact normal pressure

                    
	
                      σ
                      
                        soft
                      
                    :
	
                      Flow stress of the softer material in contact

                    
	
                      τ
                    :
	
                      Holm radius

                    
	
                      a
                    :
	
                      Apparent

                    
	
                      b
                    :
	
                      Bulk

                    
	
                      c
                    :
	
                      Contact

                    
	
                      d
                    :
	
                      Drop

                    
	
                      e
                    :
	
                      Melting

                    
	
                      f
                    :
	
                      Film

                    
	
                      liq
                    :
	
                      Liquidus

                    
	
                      s
                    :
	
                      Constriction

                    
	
                      S
                    :
	
                      Super

                    
	
                      sol
                    :
	
                      Solidus

                    
	
                      t
                    :
	
                      Total

                    
	
                      T
                    :
	
                      Tunneling

                    
	
                      u
                    :
	
                      Uniform

                    
	
                      v
                    :
	
                      Softening

                    



References
	Livshits AG (1997) Universal Quality Assurance Method for Resistance Spot Welding Based on Dynamic Resistance Weld J:76

	Wood RT, Bedard LW, Bedard JF, Bernstein BM, Czechowski J, D’ndrea MM, Hogle RA (1985) A closed-loop control system for three-phase resistance spot welding. Weld J 64

	Resistance Welder Manufacturer’s Assoc (RWMA) (1989) Resistance Welding Manual. Chap 14, 4th edn. Philadelphia

	Song Q (2003) Testing and Modeling of Contact Problems in Resistance Welding. PhD Thesis, Tech University of Denmark, Denmark

	Jahandideh AR, Hamedi M, Mansourzadeh SA, Rahi A (2011) An experimental study on effects of postheating parameters on resistance spot welding of SAPH440 steel. Sci Technol Weld Joi 16(8):669–675
Article 
    
                    Google Scholar 
                

	Kim E, Eagar TW (1988) Transient thermal behavior in resistance spot welding. Sheet Met Welding Conf III, Detroit, Mich Paper 2

                    Google Scholar 
                

	Williams NT, Parker JD (2004) Review of resistance spot welding of steel sheets part 1 modelling and control of weld nugget formation. Int Mater Rev 49(2):45–75
Article 
    
                    Google Scholar 
                

	Am Welding Soc (1991) Welding Handbook, Welding Processes. O’Brien R L (ed), 8th edn. Vol 2, Miami

	Chang BH, Li MV, Zhou Y (2001) Comparative study of small scale and large scale resistance spot welding. Sci Technol Weld Joi 6(5):273–280
Article 
    
                    Google Scholar 
                

	Tan JC, Westgate SA, Clyne TW (2007) Resistance welding of thin stainless steel sandwich sheets with fibrous metallic cores: experimental and numerical studies. Sci Technol Weld Joi 12:490–504
Article 
    
                    Google Scholar 
                

	Studer FJ (1939) Contact resistance in spot welding. Weld J 18(10):374–380

                    Google Scholar 
                

	Vogler M, Sheppard S (1993) Electrical contact resistance under high loads and elevated temperatures. Weld J 71(6):231–238

                    Google Scholar 
                

	Savage WF, Nippes EF, Wassell FA (1977) Static contact resistance of series spot welds. Weld J 56(11):365–370

                    Google Scholar 
                

	James PS, Chandler HW et al (1997) The effect of mechanical loading on the contact Resistacne of coated Aluminium. Mat Sci Eng A-Struct 230:194–201
Article 
    
                    Google Scholar 
                

	Crinon E, Evans JT (1998) The effect of surface roughness, oxide film thickness and interfacial sliding on the electrical contact resistance of Aluminium. Mat Sci Eng A-Struct 242:121–128
Article 
    
                    Google Scholar 
                

	De A, Thaddeus MP, Dorn L (2003) Numerical modelling of resistance spot welding of Aluminium alloy. ISIJ Int 43:238–244
Article 
    
                    Google Scholar 
                

	Savage WF, Nippes EF, Wassell FA (1978) Dynamic contact resistance of series spot welds. Weld J 57(2):43–50

                    Google Scholar 
                

	Tylecote RF (1941) Spot welding, part III: contact resistance. Weld J 20(12):591–602

                    Google Scholar 
                

	Roberts WL (1951) Resistance variations during spot welding. Weld J 30(11):1004–1019

                    Google Scholar 
                

	Van Sciver HD (1952) Spot weld monitoring by resistance change. Electric Arc and Resistance Welding III, Published by A.I.E.E., N. Y., N. Y, 101–113

	Hess WF, Ringer RL (1938) Studies of the spot welding of low carbon and stainless steels. Weld J 17(10):Res Suppl, 39–Res Suppl, 48

                    Google Scholar 
                

	Hess WF, Ringer RL (1939) Data on the spot welding of low carbon steel. Weld J 18(4):113–115

                    Google Scholar 
                

	Hess WF, Wyant RA (1939) An investigation of the spot welding of automobile grade mild steel. Weld J 18(10):329–335

                    Google Scholar 
                

	Kaiser JG, Dunn GJ, Eagar TW (1982) The effect of electrical resistance on nugget formation during spot welding. Weld J 61(6):167–174

                    Google Scholar 
                

	Thornton PH, Krause AR, Davies RG (1996) Contact resistance in spot welding. Weld J:402–412

	Thornton PH, Krause AR, Davies RG (1997) Contact resistance of Aluminium. Weld J:331–341

	Dickinson DW, Franklin JE, Stanya A (1980) Characterization of spot welding behavior by dynamic electrical parameter monitoring. Weld J 59:170–176

                    Google Scholar 
                

	Messler RW Jr, Jou M (1996) Review of control Systems for Resistance Spot Welding: past and current practices and emerging trends. Sci Technol Weld Joi 1:1–9
Article 
    
                    Google Scholar 
                

	Ma C, Bhole SD, Chen DL, Lee A, Biro E, Boudreau G (2006) Expulsion monitoring in spot welded advanced high strength automotive steels. Sci Technol Weld Joi 11:480–487
Article 
    
                    Google Scholar 
                

	Gedeon SA, Eagar TW (1986) Resistance spot welding of galvanized steel. Part II: mechanisms of spot weld nugget formation. Metall Trans B 17:887–901
Article 
    
                    Google Scholar 
                

	Towey M, Andrews DR (1968) Instantaneous resistance during spot weld formation as a parameter for an automatic control system. Welding and Met Fabrication:383–392

	Greenwood JA (1961) Temperatures in spot welding. British Welding J 8(6):316–322

                    Google Scholar 
                

	Mei W (2009) Finite Element Modeling of Resistance Spot Welding and Nugget Properties Prediction. Master of Philosophy Thesis, University of Sci and Technol, Hong Kong

	Timsit RS (1999) Electrical contact resistance: properties of stationary interfaces. IEEE Trans on Components and Packing Technol, Vol 22, Paper 1, 85–97

	Na SJ, Park SW (1996) A theoretical study on electrical and thermal response in resistance spot welding. Weld J:233–241

	Feng Z, Gould JE, Babu SS, Santella ML, Riemer BW (1998) An incrementally coupled electrical-thermal-mechanical model for resistance spot welding. In: Vitek JM et al (eds) Trends in welding research: Proc of 5th Int Conf on trends in welding research. ASM Int, Pine Mountain, GA, Cleveland, Mater. Park, OH, pp 599–604

                    Google Scholar 
                

	Lau YY, Tang W (2009) A higher dimensional theory of electrical contact resistance. J Appl Phys 105:124902
Article 
    
                    Google Scholar 
                

	Holm R, Holm E (1967) Electric contacts: theory and application, 4th edn. Springer, New York
Book 
    
                    Google Scholar 
                

	Wei PS, Wu TH (2012) Electrical contact resistance effect on resistance spot welding. Int J Heat Mass Tran 55:3316–3324
Article 
    
                    Google Scholar 
                

	Wei PS, Ho CY (1990) Axisymmetric nugget growth during resistance spot welding. J Heat Trans 112:309–316
Article 
    
                    Google Scholar 
                

	Wang SC, Wei PS (2001) Modeling dynamic electrical resistance during resistance spot welding. J Heat Trans 123:576–585
Article 
    
                    Google Scholar 
                

	Eisazadeh H, Hamedi M, Halvaee A (2010) New parametric study of nugget size in resistance spot welding process using finite element method. Mater Design 31:149–157
Article 
    
                    Google Scholar 
                

	Hashemi R, Pashazadeh H, Hamedi M (2012) An incrementally coupled thermo-electro-mechanical model for resistance spot welding. Mater Manuf Process 27:1442–1449
Article 
    
                    Google Scholar 
                

	Wei PS, Wang SC, Lin MS (1996) Transport phenomena during resistance spot welding. J Heat Trans 118:762–773
Article 
    
                    Google Scholar 
                

	Bhattacharya S, Andrews DR (1974) Significance of dynamic resistance curves in the theory and practice of spot welding. Welding and Met Fabrication 42:296–301

                    Google Scholar 
                

	Zhou K, Cai L (2013) Online nugget diameter control system for resistance spot welding. Int J Adv Manuf Technol 68:2571–2588
Article 
    
                    Google Scholar 
                

	Kouwenhoven WB, Sackett WT Jr (1950) The spreading resistance of contacts. Weld J:512–521

	Timsit RS (1977) The potential distribution in a constrained cylinder. J Phys D Appl Phys 10:2011
Article 
    
                    Google Scholar 
                

	Greenwood JA (1966) Constriction resistance and the real area of contact. Brit J Appl Phys:1621–1632

	Nakamura M, Minuwa I, Kanno M (1988) Computer simulation for the conductance of a contact Interface: II. IEEE Trans on Components Hybrids and Manuf Technol, Vol 11, Paper 3, 324–327

	Li MV, Dong P, Kimchi M (1977) Proc 7th Int Conf on computer technology in welding. NIST, San Francisco, CA, pp 423–434

                    Google Scholar 
                

	Wen J, Wang CS, Xu GC, Zhang XQ (2009) Real time monitoring weld quality of resistance spot welding for stainless steel. ISIJ Int 49:553–556
Article 
    
                    Google Scholar 
                

	Tan W, Zhou Y, Kerr HW, Lawson S (2004) A study of dynamic resistance during small scale resistance spot welding of thin Ni sheets. J Phys D Appl Phys 37:1998–2008
Article 
    
                    Google Scholar 
                

	Lin J (2005) Power Supply Designed for Small-Scale Resistance Spot Welding. Thesis, ECE Dept, UWO

	Wagar HN (1971) Integrated device and connection technology. In: Baker D et al (eds.) Physical design of electronic system, vol 3. Englewood Cliffs, Prentice-Hall, NJ, pp 439–499 

	Zwolsman JO (1991) Quality in resistance welding. Woodhead Publishing Ltd

	Rice W, Funk E (1967) An analytical investigation of the temperature distributions during resistance welding. Weld J 46(4):175–186

                    Google Scholar 
                

	De A, Theddeus MP (2002) Finite element analysis of resistance spot welding in Aluminium. Sci Technol Weld Joi 7:111–118
Article 
    
                    Google Scholar 
                

	Gould JE (1987) An examination of nugget development during resistance spot welding using both experimental and analytical techniques. Weld J 66(1):1–10

                    Google Scholar 
                

	Khan JA, Xu L, Chao YJ (1999) Prediction of nugget development during resistance spot welding using coupled thermal-electric-mechanical model. Sci Technol Weld Joi 4(4):201–207
Article 
    
                    Google Scholar 
                

	Khan JA, Xu L, Chao YJ, Broach K (2000) Numerical simulation of resistance spot welding process. ASME J of Numerical Heat Transfer, Part A: Applications 37(5):425–446
Article 
    
                    Google Scholar 
                

	Cho HS, Cho YJ (1989) A study of the thermal behavior in resistance spot welding. Weld J 68(6):236–244

                    Google Scholar 
                

	Park SW, Na SJ (1990) A study on hybrid modeling of electrical phenomena in contacts. IEEE Trans on Components Hybrids and Manuf Technol, Vol 13:326–330
Article 
    
                    Google Scholar 
                

	Feng JC, Wang YR, Zhang ZD (2006) Nugget growth characteristic for AZ31B magnesium alloy during resistance spot welding. Sci Technol Weld Joi 11:154–162
Article 
    
                    Google Scholar 
                

	Rogeon P, Raoelison R, Carre P, Dechalotte F (2009) A microscopic approach to determine electrothermal contact conditions during resistance spot welding process. J Heat Trans 131:022101
Article 
    
                    Google Scholar 
                

	Tslaf AL (1982) A Thermophysical criterion for the weldability of electric contact material in a steady-state regime. IEEE Trans on Components Hybrids and Manuf Technol, Vol CHMT-5, Paper 1, 147–152

	Greitmann MJ, Rothers K (1998) Mathematical modelling of weld phenomena 4. In: Cerjak H (ed), IOM Communications, London, pp 531–544

	Hamedi M, Eisazadeh H, Esmailzadeh M (2010) Numerical simulation of tensile strength of upset welded joints with experimental verification. Mater Design 31:2296–2304
Article 
    
                    Google Scholar 
                

	Dickinson DW (1981) Welding in the automotive industry. Reports SG, Am Iron and Steel Inst, Washington, DC, pp. 81–85

	Finlay MR (1996) Resistance spot welding of metallic coated steels and PVD coated electrodes. Australian Welding Research, Silverwater, NSW, Australia CRC No. 18

                    Google Scholar 
                

	Thornton MC, Newton CJ, Keay BFP, Sheasby PG, Evans JT (1996) Some surface factors that affect the spot welding of aluminium. Interfinish ‘96 World Cong, Birmingham, Inst of Met Finishing, pp. 259–276

	Thornton MC, Newton CJ, Keay BFP, Evans JT (1996) Spot welding of Aluminium sheet: a statistical approach to measuring the influence of different surfaces. Int Body Eng Conf, Detroit, Adv Technol Process 25:58–66

                    Google Scholar 
                

	Tan W, Zhou Y, Kerr HW (2002) Effects of Au plating on small-scale resistance spot welding of thin-sheet nickel. Metall and Mater Trans 33(A):2667–2676
Article 
    
                    Google Scholar 
                

	Raoelison R, Fuentes A, Rogeon P, Carré P, Loulou T, Carron D, Dechalotte F (2012) Contact conditions on nugget development during resistance spot welding of Zn coated steel sheets using rounded tip electrodes. J Mater Process Tech 212:1663–1669
Article 
    
                    Google Scholar 
                

	Rogeon P, Carré P, Costa J, Sibilia G, Saindrenan G (2008) Characterization of electrical contact conditions in spot welding assemblies. J Mater Process Tech 195:117–124
Article 
    
                    Google Scholar 
                

	Howe P, Kelly SC (1988) Coating weight effect on the resistance spot weldability of electrogalvanized sheet steels. Weld J 271–280

	Bentley KP, Greenwood JA, Knowlson PMK, Baker RG (1961) Temperature distribution in spot welding. British Welding J 12:613–619

                    Google Scholar 
                

	Han Z, Orozco J, Indacochea JE, Chen CH (1989) Resistance spot welding: a heat transfer study. Weld J 73(9):362–371

                    Google Scholar 
                

	Wei PS, Yeh FB (1991) Factors affecting nugget growth with mushy-zone phase change during resistance spot welding. J Heat Trans 113:643–649
Article 
    
                    Google Scholar 
                

	Huh H, Kang WJ (1997) Electrothermal analysis of electric resistance spot welding process by a 3-D finite element method. J Mater Process Tech 63:672–677
Article 
    
                    Google Scholar 
                

	Xu L, Khan JA (1999) Nugget growth model for aluminum alloys during resistance spot welding. Weld J 78(11):367–372

                    Google Scholar 
                

	Yeung KS, Thornton PH (1999) Transient thermal analysis of spot welding electrodes. Weld J 78(1):1–6

                    Google Scholar 
                

	Browne DJ, Chandler HW, Evans JT, Wen J (1995) Computer simulation of resistance spot welding in Aluminium: part I. Weld J 74(10):339–344

                    Google Scholar 
                

	Browne DJ, Chandler HW, Evans JT, James PS, Wen J, Newton CJ (1995) Computer simulation of resistance spot welding in Aluminium: part II. Weld J 74(12):417–422

                    Google Scholar 
                

	Tsai CL, Jammal O, Papritan JC, Dickinson DW (1992) Modeling of resistance spot welding nugget growth. Weld J 71:47–54

                    Google Scholar 
                

	Nied HA (1984) The finite element modeling of the resistance spot welding process. Weld J 63:123–132

                    Google Scholar 
                

	Tsai CL, Dai WL, Dickinson DW, Papritan JC (1991) Analysis and development of a real-time control methodology in resistance spot welding. Weld J 70(12):339–351

                    Google Scholar 
                

	Babu SS, Santella ML, Feng Z, Riemer BW, Cohron JW (2001) Empirical model of effects of pressure and temperature on electrical contact resistance of metals. Sci Technol Weld Joi 6:126–132
Article 
    
                    Google Scholar 
                


Download references




Author information
Authors and Affiliations
	School of Mechanical Engineering, University of Tehran, North Kargar at Jalal-Exp Way, Tehran, 1439957131, Iran
M. Hamedi & M. Atashparva


Authors	M. HamediView author publications
You can also search for this author in
                        PubMed Google Scholar



	M. AtashparvaView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding author
Correspondence to
                M. Atashparva.


Additional information
Recommended for publication by Commission III - Resistance Welding, Solid State Welding, and Allied Joining Process


Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Hamedi, M., Atashparva, M. A review of electrical contact resistance modeling in resistance spot welding.
                    Weld World 61, 269–290 (2017). https://doi.org/10.1007/s40194-016-0419-4
Download citation
	Received: 15 February 2016

	Accepted: 17 December 2016

	Published: 02 January 2017

	Issue Date: March 2017

	DOI: https://doi.org/10.1007/s40194-016-0419-4


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        


Keywords (IIW Thesaurus)
	Resistance spot welding
	Contact resistance
	Mathematical models
	Surface conditions








                    
                

            

            
                
                    

                    
                        
                            
    

                        

                    

                    
                        
                    


                    
                        
                            
                                
                            

                            
                                
                                    
                                        Access this article


                                        
                                            
                                                
                                                    
                                                        Log in via an institution
                                                        
                                                            
                                                        
                                                    
                                                

                                            
                                        

                                        
                                            
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                        

                                        
                                            Institutional subscriptions
                                                
                                                    
                                                
                                            

                                        

                                    

                                
                            

                            
                                
    
        Advertisement

        
        

    






                            

                            

                            

                        

                    

                
            

        

    
    
    


    
        
            Search

            
                
                    
                        Search by keyword or author
                        
                            
                            
                                
                                    
                                
                                Search
                            
                        

                    

                
            

        

    



    
        Navigation

        	
                    
                        Find a journal
                    
                
	
                    
                        Publish with us
                    
                
	
                    
                        Track your research
                    
                


    


    
	
		
			
			
	
		
			
			
				Discover content

					Journals A-Z
	Books A-Z


			

			
			
				Publish with us

					Publish your research
	Open access publishing


			

			
			
				Products and services

					Our products
	Librarians
	Societies
	Partners and advertisers


			

			
			
				Our imprints

					Springer
	Nature Portfolio
	BMC
	Palgrave Macmillan
	Apress


			

			
		

	



		
		
		
	
		
				
						
						
							Your privacy choices/Manage cookies
						
					
	
						
							Your US state privacy rights
						
						
					
	
						
							Accessibility statement
						
						
					
	
						
							Terms and conditions
						
						
					
	
						
							Privacy policy
						
						
					
	
						
							Help and support
						
						
					


		
	
	
		
			
				
					
					54.234.51.97
				

				Not affiliated

			

		
	
	
		
			
		
	
	© 2024 Springer Nature




	






    