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                                    Abstract
Printing single cells after isolating them from heterogeneous cell populations has the potential to reveal several new insights into cell behavior, therapeutics, and precision medicine. Since studies conducted on individual cells are independent of background noise that results from other cells present in the vicinity as well as intercellular phenotypic heterogeneity, they can provide an accurate characterization of tissue microenvironments such as multiclonal tumors while allowing single-cell genome/proteome analysis. Additionally, the ability to print at the resolution of a single cell could also facilitate the development of three-dimensional, multicell type patterns that could potentially enable highly precise tissue engineering and accurate cell-cell communication studies. A variety of single-cell printers have been developed for research and commercial applications and can be broadly categorized into either “contact” or “noncontact” dispensing techniques. These printers, however, face significant challenges surrounding accuracy and sensitivity that can be addressed by building in additional functionalities such as optical detection algorithms and impedance detection. In this chapter, we will discuss various single-cell dispensing techniques: laser printing, inkjet printing, microcontact printing, acoustic-droplet generation, electrohydrodynamic spraying, cell sorting, and cell trapping, as well as an overview of current and potential applications.
Keywords
	Microgels
	Single-cell patterning
	Cell sorting
	Cell printing
	Single-cell manipulation




                                
                            

                            
                                
                                    
                                        
                                            
                                                
                                                   This is a preview of subscription content, log in via an institution.
                                                
                                            

                                        

                                    
                                
                                
                                    
                                        
                                            
                                        

                                    
                                
                            

                            

                            
                            
                                
                            


                            

                            

                            References
	Altschuler SJ, Wu LF (2010) Cellular heterogeneity: do differences make a difference? Cell 141(4):559–563. https://doi.org/10.1016/j.cell.2010.04.033
Article 
    
                    Google Scholar 
                

	Azioune A, Storch M, Bornens M, Théry M, Piel M (2009) Simple and rapid process for single cell micro-patterning. Lab Chip 9(11):1640. https://doi.org/10.1039/b821581m
Article 
    
                    Google Scholar 
                

	Baker BM, Chen CS (2012) Deconstructing the third dimension-how 3D culture microenvironments alter cellular cues. J Cell Sci 125:3015–3024. https://doi.org/10.1242/jcs.079509
Article 
    
                    Google Scholar 
                

	Carter AD, Bonyadi R, Gifford ML (2013) The use of fluorescence-activated cell sorting in studying plant development and environmental responses. Int J Dev Biol 57(6–8):545–552. https://doi.org/10.1387/ijdb.130195mg
Article 
    
                    Google Scholar 
                

	Chakraborty I, Ricouvier J, Yazhgur P, Tabeling P, Leshansky AM (2019) Droplet generation at Hele-Shaw microfluidic T-junction. Phys Fluids 31(2):022010. https://doi.org/10.1063/1.5086808
Article 
    
                    Google Scholar 
                

	Chen C, Yu Y, Li K, Zhao M, Liu L, Yang J, … Sun D (2015) Facile approach to the fabrication of 3D electroconductive nanofibers with controlled size and conductivity templated by bacterial cellulose. Cellulose 22(6):3929–3939

                        Google Scholar 
                

	Choi K-H, Rahman K, Muhammad NM, Khan A, Kwon K-R, Doh Y-H, Kim H-C (n.d.) Electrohydrodynamic inkjet-micro pattern fabrication for printed electronics applications. Retrieved from www.intechopen.com

	Collins DJ, Neild A, deMello A, Liu A-Q, Ai Y (2015) The Poisson distribution and beyond: methods for microfluidic droplet production and single cell encapsulation. Lab Chip 15(17):3439–3459. https://doi.org/10.1039/c5lc00614g
Article 
    
                    Google Scholar 
                

	D’Arcangelo E, McGuigan AP (2015) Micropatterning strategies to engineer controlled cell and tissue architecture in vitro. Biotechniques 58(1):13–23. https://doi.org/10.2144/000114245
Article 
    
                    Google Scholar 
                

	Delaporte P, Alloncle A-P (2016) Laser-induced forward transfer: a high resolution additive manufacturing technology. Opt Laser Technol 78:33–41
Article 
    
                    Google Scholar 
                

	Deng Y, Renaud P, Guo Z, Huang Z, Chen Y (2017) Single cell isolation process with laser induced forward transfer. J Biol Eng 11(1):2
Article 
    
                    Google Scholar 
                

	Derby B (2010) Inkjet printing of functional and structural materials: Fluid property requirements, feature stability, and resolution. Annu Rev Mater Res 40:395–414. https://doi.org/10.1146/annurev-matsci-070909-104502
Article 
    
                    Google Scholar 
                

	Foncy J, Estève A, Degache A, Colin C, Cau JC, Malaquin L, … Trévisiol E (2018) Fabrication of biomolecule microarrays for cell immobilization using automated microcontact printing. In: Methods in molecular biology, vol 1771. Springer, New York, pp 83–95. https://doi.org/10.1007/978-1-4939-7792-5_7

	Frantz C, Stewart KM, Weaver VM (2010) The extracellular matrix at a glance. J Cell Sci 123:4195–4200. https://doi.org/10.1242/jcs.023820
Article 
    
                    Google Scholar 
                

	Gorlenko MV, Chutko EA, Churbanova ES, Minaev NV, Kachesov KI, Lysak LV, … Yusupov VI (2018) Laser microsampling of soil microbial community. J Biol Eng 12(1):27

                        Google Scholar 
                

	Green KT (2019) Microbial and epigenetic influences on coral reefs. Retrieved November 22, 2020, from https://digitallibrary.sdsu.edu/islandora/object/sdsu%3A26434

	Gross A, Schöndube J, Niekrawitz S, Streule W, Riegger L, Zengerle R, Koltay P (2013) Single-cell printer: automated, on demand, and label free. J Lab Autom 18(6):504–518. https://doi.org/10.1177/2211068213497204
Article 
    
                    Google Scholar 
                

	Gross A, Schoendube J, Zimmermann S, Steeb M, Zengerle R, Koltay P (2015) Technologies for single-cell isolation. Int J Mol Sci 16(8):16897–16919. https://doi.org/10.3390/ijms160816897
Article 
    
                    Google Scholar 
                

	Guertin DA, Sabatini DM (2006) Cell size control. In: Encyclopedia of life sciences. https://doi.org/10.1038/npg.els.0003359

	Holmes D, Morgan H (2010) Single cell impedance cytometry for identification and counting of CD4 T-cells in human blood using impedance labels. Anal Chem 82(4):1455–1461. https://doi.org/10.1021/ac902568p
Article 
    
                    Google Scholar 
                

	Jameson KG, Olson CA, Kazmi SA, Hsiao EY (2020) Toward understanding microbiome-neuronal signaling. Mol Cell 78:577–583
Article 
    
                    Google Scholar 
                

	Jordana SJ, Bakshib RK, Brownb LD’T, Chic X, Geisler WM (2016) Stimulated peripheral blood mononuclear cells from chlamydia-infected women release predominantly Th1-polarizing cytokines. Physiol Behav 176(1):139–148. https://doi.org/10.1016/j.physbeh.2017.03.040
Article 
    
                    Google Scholar 
                

	Kain SR (2005) Methods and protocols. Methods Biochem Anal 47:407. https://doi.org/10.1002/0471739499.oth1
Article 
    
                    Google Scholar 
                

	Kamperman T, Henke S, van den Berg A, Ryon Shin S, Tamayol A, Khademhosseini A, … Leijten J (2016) Single cell microgel based modular bioinks for uncoupled cellular micro-and macroenvironments. Adv Healthc Mater 6. https://doi.org/10.1002/adhm.201600913

	Kane RS, Takayama S, Ostuni E, Ingber DE, Whitesides GM (1999) Patterning proteins and cells using soft lithography. Biomaterials 20(23–24):2363–2376. https://doi.org/10.1016/S0142-9612(99)00165-9
Article 
    
                    Google Scholar 
                

	Kang B, Shin J, Park HJ, Rhyou C, Kang D, Lee SJ, … Lee H (2018) High-resolution acoustophoretic 3D cell patterning to construct functional collateral cylindroids for ischemia therapy. Nat Commun, 9(1):1–13. https://doi.org/10.1038/s41467-018-07823-5

	Kerk NM, Ceserani T, Tausta SL, Sussex IM, Nelson TM (2016) Laser capture microdissection of cells from plant. Plant Physiol 132:27–35. https://doi.org/10.1104/pp.102.018127.1
Article 
    
                    Google Scholar 
                

	Khadpekar AJ, Khan M, Sose A, Majumder A (2019) Low cost and lithography-free stamp fabrication for microcontact printing. Sci Rep 9(1):1–8. https://doi.org/10.1038/s41598-018-36521-x
Article 
    
                    Google Scholar 
                

	Kim JH, Lee DY, Hwang J, Jung HI (2009) Direct pattern formation of bacterial cells using micro-droplets generated by electrohydrodynamic forces. Microfluid Nanofluid 7(6):829–839. https://doi.org/10.1007/s10404-009-0441-6
Article 
    
                    Google Scholar 
                

	Kirdponpattara S, Khamkeaw A, Sanchavanakit N, Pavasant P, Phisalaphong M (2015) Structural modification and characterization of bacterial cellulose–alginate composite scaffolds for tissue engineering. Carbohydr Polym 132:146–155
Article 
    
                    Google Scholar 
                

	Kolodziejczyk AA, Kim JK, Svensson V, Marioni JC, Teichmann SA (2015) The technology and biology of single-cell RNA sequencing. Mol Cell 58:610–620. https://doi.org/10.1016/j.molcel.2015.04.005
Article 
    
                    Google Scholar 
                

	Kudo LC, Vi N, Ma Z, Fields T, Avliyakulov NK, Haykinson MJ, … Karsten SL (2012) Novel cell and tissue acquisition system (CTAS): microdissection of live and frozen brain tissues. PLoS ONE 7(7):e41564. https://doi.org/10.1371/journal.pone.0041564

	Kumar A, Whitesides GM (1993) Features of gold having micrometer to centimeter dimensions can be formed through a combination of stamping with an elastomeric stamp and an alkanethiol “ink” followed by chemical etching. Appl Phys Lett 63(14):2002–2004. https://doi.org/10.1063/1.110628
Article 
    
                    Google Scholar 
                

	Kumar A, Biebuyck HA, Whitesides GM (1994) Patterning self-assembled monolayers: applications in materials science. Langmuir 10(5):1498–1511. https://doi.org/10.1021/la00017a030
Article 
    
                    Google Scholar 
                

	Kummer S, Wilichowski E (2018) Combination of microdissection and single cell quantitative real-time PCR revealed intercellular mitochondrial DNA heterogeneities in fibroblasts of Kearns-Sayre syndrome patients. Mitochondrion 43(January):37–42. https://doi.org/10.1016/j.mito.2018.08.004
Article 
    
                    Google Scholar 
                

	Lagraulet A, Foncy J, Berteloite B, Esteve A, Blatche M-C, Malaquin L, Vieu C (2015) InnoStamp 40TM and InnoScan 1100ALTM: a complete automated platform for microstructured cell arrays. Nat Methods 12(9):i–iii. https://doi.org/10.1038/nmeth.f.383
Article 
    
                    Google Scholar 
                

	Li X, Chen Y, Kawazoe N, Chen G (2017) Influence of microporous gelatin hydrogels on chondrocyte functions. J Mater Chem B 5(29):5753–5762. https://doi.org/10.1039/c7tb01350g
Article 
    
                    Google Scholar 
                

	Li W, Lee H, Weitz DA, Zhang L, Ge X, Xu B, … Zhang A (2018) Microfluidic fabrication of microparticles for biomedical applications. Chem Soc Rev 47:5646–5683. https://doi.org/10.1039/c7cs00263g

	Liberski AR, Delaney JT, Schubert US (2011) “One Cell−One Well”: a new approach to inkjet printing single cell microarrays. ACS Comb Sci 13(2):190–195. https://doi.org/10.1021/co100061c
Article 
    
                    Google Scholar 
                

	Lindström S, Andersson-Svahn H (2012) Single-cell culture in microwells. Methods Mol Biol 853:41–52. https://doi.org/10.1007/978-1-61779-567-1_5
Article 
    
                    Google Scholar 
                

	Liu L, Cheung TH, Charville GW, Rando TA (2015) Isolation of skeletal muscle stem cells by fluorescence-activated cell sorting. Nat Protoc 10(10):1612–1624. https://doi.org/10.1038/nprot.2015.110
Article 
    
                    Google Scholar 
                

	López GP, Biebuyck HA, Härter R, Kumar A, Whitesides GM (1993) Fabrication and imaging of two-dimensional patterns of proteins adsorbed on self-assembled monolayers by scanning electron microscopy. J Am Chem Soc 115(23):10774–10781. https://doi.org/10.1021/ja00076a038
Article 
    
                    Google Scholar 
                

	Martinez-Rivas A, González-Quijano GK, Proa-Coronado S, Séverac C, Dague E (2017) Methods of micropatterning and manipulation of cells for biomedical applications. Micromachines 8:347. https://doi.org/10.3390/mi8120347
Article 
    
                    Google Scholar 
                

	McNulty JD, Klann T, Sha J, Salick M, Knight GT, Turng LS, Ashton RS (2014) High-precision robotic microcontact printing (R-μCP) utilizing a vision guided selectively compliant articulated robotic arm. Lab Chip 14(11):1923–1930. https://doi.org/10.1039/c3lc51137e
Article 
    
                    Google Scholar 
                

	McWhorter FY, Wang T, Nguyen P, Chung T, Liu WF (2013) Modulation of macrophage phenotype by cell shape. Proc Natl Acad Sci U S A 110(43):17253–17258. https://doi.org/10.1073/pnas.1308887110
Article 
    
                    Google Scholar 
                

	Minaev NV, Yusupov VI, Zhigarkov VS, Churbanova ES, Cheptsov VS, Gorlenko MV, Bagratashvili VN (2018) Laser printing of gel microdrops with living cells and microorganisms. KnE Energy 3:23–31
Article 
    
                    Google Scholar 
                

	Mohamed MGA, Kheiri S, Islam S, Kumar H, Yang A, Kim K (2019) An integrated microfluidic flow-focusing platform for on-chip fabrication and filtration of cell-laden microgels. Lab Chip 19(9):1621–1632. https://doi.org/10.1039/C9LC00073A
Article 
    
                    Google Scholar 
                

	Mohamed MGA, Ambhorkar P, Samanipour R, Yang A, Ghafoor A, Kim K (2020) Microfluidics-based fabrication of cell-laden microgels. Biomicrofluidics 14:021501. https://doi.org/10.1063/1.5134060
Article 
    
                    Google Scholar 
                

	Nakamura M, Kobayashi A, Takagi F, Watanabe A, Hiruma Y, Ohuchi K, … Takatani S (2005) Biocompatible inkjet printing technique for designed seeding of individual living cells. Tissue Eng 11(11–12):1658–1666. https://doi.org/10.1089/ten.2005.11.1658

	Nisisako T, Tonii T (2007) Formation of biphasic janus droplets in a microfabricated channel for the synthesis of shape-controlled polymer microparticles. Adv Mater 19(11):1489–1493. https://doi.org/10.1002/adma.200700272
Article 
    
                    Google Scholar 
                

	Park JA, Yoon S, Kwon J, Now H, Kim YK, Kim WJ, … Jung S (2017) Freeform micropatterning of living cells into cell culture medium using direct inkjet printing. Sci Rep, 7(1):14610. https://doi.org/10.1038/s41598-017-14726-w

	Parker KK, Brock AL, Brangwynne C, Mannix RJ, Wang N, Ostuni E, … Ingber DE (2002) Directional control of lamellipodia extension by constraining cell shape and orienting cell tractional forces. FASEB J Off Publ Fed Am Soc Exp Biol 16(10):1195–1204. https://doi.org/10.1096/fj.02-0038com

	Popović DM (2013) Current advances in research of cytochrome c oxidase. Amino Acids 45(5):1073–1087. https://doi.org/10.1007/s00726-013-1585-y
Article 
    
                    Google Scholar 
                

	Riba J, Gleichmann T, Zimmermann S, Zengerle R, Koltay P (2016) Label-free isolation and deposition of single bacterial cells from heterogeneous samples for clonal culturing. Sci Rep 6(1):1–9
Article 
    
                    Google Scholar 
                

	Ringeisen BR, Rincon K, Fitzgerald LA, Fulmer PA, Wu PK (2015) Printing soil: a single-step, high-throughput method to isolate micro-organisms and near-neighbour microbial consortia from a complex environmental sample. Methods Ecol Evol 6(2):209–217
Article 
    
                    Google Scholar 
                

	Schoendube J, Wright D, Zengerle R, Koltay P (2015) Single-cell printing based on impedance detection. Biomicrofluidics 9(1):014117. https://doi.org/10.1063/1.4907896
Article 
    
                    Google Scholar 
                

	Sun Y, Song W, Sun X, Zhang S (2018) Inkjet-printing patterned chip on sticky superhydrophobic surface for high-efficiency single-cell array trapping and real-time observation of cellular apoptosis. ACS Appl Mater Interfaces 10:31054–31060. https://doi.org/10.1021/acsami.8b10703
Article 
    
                    Google Scholar 
                

	Sutermaster BA, Darling EM (2019) Considerations for high-yield, high-throughput cell enrichment: fluorescence versus magnetic sorting. Sci Rep 9(1):1–9. https://doi.org/10.1038/s41598-018-36698-1
Article 
    
                    Google Scholar 
                

	Theocharis AD, Skandalis SS, Gialeli C, Karamanos NK (2016) Extracellular matrix structure. Adv Drug Deliv Rev 97:4–27. https://doi.org/10.1016/j.addr.2015.11.001
Article 
    
                    Google Scholar 
                

	Thomas CH, Collier JH, Sfeir CS, Healy KE (2002) Engineering gene expression and protein synthesis by modulation of nuclear shape. Proc Natl Acad Sci U S A 99(4):1972–1977. https://doi.org/10.1073/pnas.032668799
Article 
    
                    Google Scholar 
                

	Torgbo S, Sukyai P (2018) Bacterial cellulose-based scaffold materials for bone tissue engineering. Appl Mater Today 11:34–49
Article 
    
                    Google Scholar 
                

	Ulman A (1996) Formation and structure of self-assembled monolayers. Chem Rev 96(4):1533–1554. https://doi.org/10.1021/cr9502357
Article 
    
                    Google Scholar 
                

	van Steijn V, Korczyk PM, Derzsi L, Abate AR, Weitz DA, Garstecki P (2013) Block-and-break generation of microdroplets with fixed volume. Biomicrofluidics 7(2):24108. https://doi.org/10.1063/1.4801637
Article 
    
                    Google Scholar 
                

	Wang K, Lau TY, Morales M, Mont EK, Straus SE (2005) Laser-capture microdissection: refining estimates of the quantity and distribution of latent herpes simplex virus 1 and varicella-zoster virus DNA in human trigeminal ganglia at the single-cell level. J Virol 79(22):14079–14087. https://doi.org/10.1128/jvi.79.22.14079-14087.2005
Article 
    
                    Google Scholar 
                

	Wang BL, Ghaderi A, Zhou H, Agresti J, Weitz DA, Fink GR, Stephanopoulos G (2014) Microfluidic high-throughput culturing of single cells for selection based on extracellular metabolite production or consumption. Nat Biotechnol 32(5):473
Article 
    
                    Google Scholar 
                

	Wang X, Ao Q, Tian X, Fan J, Wei Y, Hou W, … Bai S (2016) 3D bioprinting technologies for hard tissue and organ engineering. Materials 9:802 https://doi.org/10.3390/ma9100802

	Wang C, Liu W, Tan M, Sun H, Yu Y (2017) An open-pattern droplet-in-oil planar array for single cell analysis based on sequential inkjet printing technology. Biomicrofluidics 11(4):044106. https://doi.org/10.1063/1.4995294
Article 
    
                    Google Scholar 
                

	Wu H, Wu L, Zhou X, Liu B, Zheng B (2018) Patterning hydrophobic surfaces by negative microcontact printing and its applications. Small 14(38):1802128. https://doi.org/10.1002/smll.201802128
Article 
    
                    Google Scholar 
                

	Xu T, Jin J, Gregory C, Hickman JJ, Boland T (2005) Inkjet printing of viable mammalian cells. Biomaterials 26(1):93–99. https://doi.org/10.1016/j.biomaterials.2004.04.011
Article 
    
                    Google Scholar 
                

	Xu L, Robert L, Ouyang Q, Taddei F, Chen Y, Lindner AB, Baigl D (2007) Microcontact printing of living bacteria arrays with cellular resolution. Nano Lett 7(7):2068–2072
Article 
    
                    Google Scholar 
                

	Xu T, Zhao W, Zhu J-M, Albanna MZ, Yoo JJ, Atala A (2013) Complex heterogeneous tissue constructs containing multiple cell types prepared by inkjet printing technology. Biomaterials 34(1):130–139. https://doi.org/10.1016/j.biomaterials.2012.09.035
Article 
    
                    Google Scholar 
                

	Yang CG, Pan RY, Xu ZR (2015) A single-cell encapsulation method based on a microfluidic multi-step droplet splitting system. Chin Chem Lett 26(12):1450–1454. https://doi.org/10.1016/j.cclet.2015.10.016
Article 
    
                    Google Scholar 
                

	Yoon WH, Lee H-R, Kim S, Kim E, Ku JH, Shin K, Jung S (2020) Use of inkjet-printed single cells to quantify intratumoral heterogeneity. Biofabrication 12:035030. https://doi.org/10.1088/1758-5090/ab9491
Article 
    
                    Google Scholar 
                

	Yusof A, Keegan H, Spillane CD, Sheils OM, Martin CM, O’Leary JJ, … Koltay P (2011) Inkjet-like printing of single-cells. Lab Chip 11(14):2447–2454. https://doi.org/10.1039/c1lc20176j

	Yusupov VI, Zhigar’kov VS, Churbanova ES, Chutko EA, Evlashin SA, Gorlenko MV, … Bagratashvili VN (2017) Laser-induced transfer of gel microdroplets for cell printing. Quantum Electron 47(12):1158

                        Google Scholar 
                

	Yusupov VI, Gorlenko MV, Cheptsov VS, Minaev NV, Churbanova ES, Zhigarkov VS, … Bagratashvili VN (2018) Laser engineering of microbial systems. Laser Phys Lett 15(6):65604

                        Google Scholar 
                

	Zhao X, Liu S, Yildirimer L, Zhao H, Ding R, Wang H, … Weitz D (2016) Injectable stem cell-laden photocrosslinkable microspheres fabricated using microfluidics for rapid generation of osteogenic tissue constructs. Adv Funct Mater 26(17):2809–2819. https://doi.org/10.1002/adfm.201504943


Download references




Acknowledgments
This work was supported by the Natural Sciences and Engineering Research Council of Canada (NSERC) Discovery Grants and Canada Foundation for Innovation John R. Evans Leaders Opportunity Fund.


Author information
Author notes	Pranav Ambhorkar and Mahmoud Ahmed Sakr contributed equally with all other contributors.


Authors and Affiliations
	School of Engineering, University of British Columbia, Kelowna, BC, Canada
Pranav Ambhorkar, Mahmoud Ahmed Sakr & Hitendra Kumar

	Department of Mechanical and Manufacturing Engineering, Schulich School of Engineering, University of Calgary, Calgary, AB, Canada
Keekyoung Kim

	Biomedical Engineering Graduate Program, University of Calgary, Calgary, AB, Canada
Keekyoung Kim


Authors	Pranav AmbhorkarView author publications
You can also search for this author in
                        PubMed Google Scholar



	Mahmoud Ahmed SakrView author publications
You can also search for this author in
                        PubMed Google Scholar



	Hitendra KumarView author publications
You can also search for this author in
                        PubMed Google Scholar



	Keekyoung KimView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding author
Correspondence to
                Keekyoung Kim .


Editor information
Editors and Affiliations
	Department of Engineering Design, Indian Institute of Technology Madras, Chennai, India
Tuhin Subhra Santra 

	Department of Engineering and System Science, National Tsing Hua University, Hsinchu, Taiwan
Fan-Gang Tseng 




Rights and permissions
Reprints and permissions


Copyright information
© 2022 Springer Nature Singapore Pte Ltd, part of Springer Nature


About this entry
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this entry
Ambhorkar, P., Sakr, M.A., Kumar, H., Kim, K. (2022).  Technologies for Single-Cell Printing and Patterning.

                     In: Santra, T.S., Tseng, FG. (eds) Handbook of Single-Cell Technologies. Springer, Singapore. https://doi.org/10.1007/978-981-10-8953-4_28
Download citation
	.RIS
	.ENW
	.BIB

	DOI: https://doi.org/10.1007/978-981-10-8953-4_28

	Published: 29 October 2021

	
                            Publisher Name: Springer, Singapore

	
                                Print ISBN: 978-981-10-8952-7

	
                                Online ISBN: 978-981-10-8953-4

	eBook Packages: EngineeringReference Module Computer Science and Engineering


Share this entry
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
                            







Publish with us
Policies and ethics



                            
                            
    

                        

                    
                
                
                    
                        
                            
                                
                                    
                                        
                                            Access via your institution
                                            
                                                
                                            
                                        
                                    

                                
                            
                        
                        
                            
                        


                        
                            
                        


                        
                            

                                
                                    
                                        
                                            
                                        

                                    
                                

                                

                                

                                

                            

                        

                    
                

            
    

        
    


    
        
            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
						
						
					


		
	
	
		
			
				
					
					107.21.139.153
				

				Not affiliated

			

		
	
	
		
			[image: Springer Nature]
		
	
	© 2024 Springer Nature




	





    

    
    
    


