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Streszczenie 

Podstawą niniejszej pracy jest cykl recenzowanych publikacji zawierający artykuły z 

czasopism indeksowanych, referat konferencyjny oraz rozdział monografii specjalistycznej. 

Przewodnik ten podsumowuje tematykę tych prac, opisuje mój wkład w poszczególnych 

publikacjach, a także omawia prace, których realizacja umożliwiła ich powstanie. Pod koniec 

opisujano przyszłe planowane prace, zarówno te będące już na etapie recenzji napisanych 

prac, a także te będące w początkowej fazie. 

Tematem niniejszej rozprawy jest rozwój mikroskopii sił atomowych (ang. Atomic 

Force Microscopy– AFM) w aspekcie opracowania nowych metod badawczych oraz narzędzi 

dla wspierania projektowania mikrosystemów (ang. Microelectromechanical Systems – 

MEMS). Zawarte w tej pracy metody uwzględniają: 

 Nowe procedury badawcze – takie jak modyfikacja techniki wyznaczania

sztywności i sprężystości badanego materiału metodą krzywej zbliżania.

Metoda ta została zastosowana między innymi do próbek biologicznych w celu

opracowania mikro-protezy ucha środkowego. Drugą innowacją jest zmiana

procedury badawczej pętli tarcia oraz krzywej zbliżania w celu wyznaczenia

energii zrywania i ścinania polimerów w celu optymalizacji procesu

wytwarzania za pomocą litografii nanodrukowej.
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 Wytwarzanie nowego typu sond pomiarowych do specjalnych zastosowań,

czyli wytrawianie sond o wymiarach i materiale końcówki dostosowanych do

specyficznych zastosowań, np. do doboru odpowiedniej pary trącej.

 Nowe obszary, w których mikroskopia sił atomowych pozwoliła uzyskać

wyniki o większej wiarygodności niż dotychczas stosowane metody,

przykładowo dzięki badaniu strzemiączka ucha ludzkiego w jego

fizjologicznym zakresie odkształceń, co oznacza stukrotnie mniejsze

przemieszczenia niż podczas wcześniej przeprowadzonych badań opisanych w

literaturze przedmiotu.

 Opracowanie numerycznych modeli symulacyjnych, zarówno ogólnego

modelu tarciowego, który można zastosować dla różnorodnych powierzchni

współpracujących w mikrosystemach (MEMS), a także modeli specyficznych

np. dla zrywania maski w procesie litografii nanodrukowej.

Przedstawiłem także przeglądową analizę metod pomiarowych stosowanych przy 

wyznaczaniu własności mechanicznych dla różnych grup materiałów. Omówiłem też 

zagadnienia dotyczące kalibracji oraz modeli kontaktowych w mikroskopii sił atomowych. 
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Abstract 

The basis of this work is a set of reviewed publications, including papers published in 

JCR journals, one reviewed conference proceedings paper and one co-authored book chapter. 

The presented review sums up the topic of these publications, my contribution to these 

publications and the research that led to its realization. At the end of the review I discuss 

works planned in the future, including both publication that is currently under review and 

projects being at an early stage of development. 

The topic of this review is development of Atomic Force Microscopy (AFM) in terms 

of novel methods and instruments to support design of Microelectromechanical Systems 

(MEMS). The methods included in this work refer to: 

 They include novel testing procedures, such as modification of Force-Distance Curve

(FDC) procedure in order to obtain stiffness and Young modulus of biological samples

in order to develop micro prosthesis of human middle ear. Second modification is

modifying both friction-loop procedure and FDC in order to measure adhesion energy

and shear energy of polymers to optimize the fabrication process of nano-imprint

lithography (NIL).

 Fabrication of new cantilevers for special purposes, which is realized by etching

cantilever beams and attaching spherical tips, with dimensions and tip material

selected for particular purpose, e.g. selection of a friction-pair.
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 New areas of application of atomic force microscopy, which allowed one to achieve

more reliable results than previous methods. For example, while studying human

middle ear AFM allowed measurements to be performed within physiological

deflection range, which is 100 times smaller than it has been done so far.

 Development of simulation models for both general purpos and specific applications.

A universal model that simulates frictional contact between any two surfaces that

could operate within a MEMS device and a specific model which simulates a peel off

during nano-imprint lithography.

A guide to a selection of measurement method to be applied for particular purpose is also 

included, as well as a discussion of a problems of atomic force microscopy such as calibration 

and applications of various contact models. 
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1. Wstęp

1.1. Dotychczasowa praca naukowa

Jestem absolwentem Wydziału Mechatroniki Politechniki Warszawskiej, na którym 

uzyskałem zarówno tytuł zawodowy inżyniera w 2011 r. jak i później magistra w 2012 r. 

Obie prace realizowałem w Zakładzie Konstrukcji Urządzeń Precyzyjnych pod kierunkiem 

prof. Zygmunta Rymuzy. Pierwszym moim kontaktem z mikroskopią sił atomowych był staż 

w Białoruskiej Akademii Nauk w 2009 roku, od kiedy zacząłem też pracować w czystym 

laboratorium na Wydziale Mechatroniki. Prace w czystym laboratorium kontynuuję do dnia 

dzisiejszego. W latach 2010 oraz 2011 skonstruowałem wraz z zespołem własny mikroskop 

sił atomowych, co było tematem mojej pracy inżynierskiej.  

Projekty Europejskie 

W czasie swojej pracy naukowej uczestniczyłem jako wykonawca w kilku projektach 

europejskich: 

1. Creating and disseminating novel nanomechanical characterisation techniques and

standards (Nanoindent), realizowany w latach 2008-2011, z moim udziałem w latach 2010-

2011. W projekcie tym brało udział 15 partnerów z 12 krajów, a polski zespół stanowiły 4 

osoby. 

2. Development of wear resistant coatings based on complex metallic alloys for

functional applications (AppliCMA), realizowany w latach 2008-2011, z moim udziałem w 

latach 2010-2011, z udziałem 18 partnerów z 8 krajów, polski zespół natomiast stanowiły 

dwie osoby pod kierownictwem prof. Zygmunta Rymuzy. 

3. 3-Scale modelling for robust-design of vibrating micro sensors (3SMVIB),

realizowany w latach 2012-2016 przy udziale 6 partnerów z 3 krajów; w zespole z 

Politechniki Warszawskiej było dwóch wykonawców pod kierownictwem prof. Rymuzy. W 

końcowej fazie realizacji projektu przejąłem funkcję kierownika z powodu nagłej śmierci 

prof. Rymuzy (mojego ówczesnego opiekuna naukowego). 

Projekt Nanoindent 

W ramach projektu Nanoindent pracowałem nad opracowaniem standardowej 

procedury badań indentacji przy wykorzystaniu mikro-tryboskopów. W przypadku naszego 

laboratorium był to tryboskop firmy Hysitron umożliwiający testy indentacji oraz badania 
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metodą zarysowania (scratch testing) w zakresie sił od 20 µN do 10 mN. Wyniki tych badań 

umożliwiły analizowę między innymi wpływu chropowatości powierzchni na wyniki pomiaru 

twardości: zarówno wartości średniej oraz rozrzutu wyników. Pozwoliły też ocenić 

mocniejsze i słabsze strony często używanych wgłębników (Berkovitch, CubeCorner, 

Spherical), jak np. fakt, że dla badań metodą zarysowania najbardziej uzasadnione jest 

stosowanie końcówek sferycznych o promieniu zaokrąglenia od 2 do 5 µm, których kalibracja 

może odbywać się poprzez proces nanoindentacji. Projekt ten wpłynął też istotnie na 

końcową postać normy ISO 14577 dotyczącej metod pomiaru twardości materiałów w 

mikroskali. Razem z zespołem w projekcie opracowałem także wiele praktycznych 

wskazówek dotyczących kalibracji, badań indentacyjnych oraz metody zarysowania [1-5].  

Projekt AppliCMA 

Projekt AppliCMA miał na celu opracowanie powłok ze stopów metali (CMA-

Complex Metall Alloys) oraz ich dalszą optymalizację [6-9]. Zakres stosowania tych powłok 

jest bardzo szeroki i projekt dotyczył opracowania rozwiązań dla narzędzi skrawających, 

technik lotniczych oraz w litografii nanodrukowej (NIL-Nano Imprinting Lithography). Mój 

udział w tym projekcie dotyczył oceny przydatności nowo-wytwarzanych powłok dla 

zastosowań w NIL. Praca ta uwzględniała pomiary energii powierzchniowej, tarcia, adhezji, 

topografii powierzchni, odporności na zużycie, twardości oraz modułu sprężystości. Projekt 

ten umożliwił wskazanie tych powłok jako możliwych do zastosowania w rozważanej 

metodzie wytwarzania. Jednak konieczne w tym celu jest obniżenie adhezji i tarcia, ponieważ 

adhezja polimetakrylanu metylu (PMMA - często wykorzystywany w technologii NIL 

polimer) do powłoki CMA jest większa niż siła przyczepności PMMA do podłoża 

wykonanego z krzemu, przez co następuje odrywanie polimeru i powstaje większa liczba 

defektów. W celu zmniejszenia oporów tarcia i adhezji wymagana jest optymalizacja 

topografii powierzchni. Temat ten był dalej rozwijany, czego efektem jest publikacja [10].  

Projekt 3SMVIB 

Celem projektu 3SMVIB było zwiększenie wydajności wytwarzania urządzeń MEMS 

przy zmniejszeniu kosztów produkcji poprzez planowanie procesu wytwarzania w taki 

sposób, aby na podstawie dobranych parametrów znany był rozrzut uzyskanych własności 

końcowego urządzenia. W tym celu konieczne było opracowanie modelu symulacyjnego, 

który pozwoliłby przewidzieć własności mechaniczne i trybologiczne powstającego 

urządzenia, zebranie bazy danych właściwości powierzchni uzyskiwanych w wyniku 
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typowych metod wytwarzania, razem z ich rozrzutem oraz walidacja tego modelu. Do moich 

zadań w ramach tego projektu należał współudział w opracowywaniu modelu symulacyjnego 

i tworzenie bazy niepewności charakteryzujących różne metody wytwarzania, a także 

opracowanie jednej z metod walidacji modelu. W wyniku tego projektu powstały dwa modele 

symulacyjne, duża baza danych oraz liczne publikacje [11-26]. 

Projekty krajowe  

Oprócz projektów europejskich pracowałem także w projektach o zasięgu krajowym, 

takich jak Grafenowe pokrycia specjalnych kół zębatych i łożysk ślizgowych (Graphtrib) w 

ramach programu Graf-tech, którego celem było opracowanie oraz przetestowanie 

grafenowego pokrycia wymienionych w tytule elementów. Był to duży projekt, w którym mój 

udział polegał na weryfikacji jakości nałożenia grafenu oraz na badaniach właściwości 

mechanicznych i trybologicznych powłok urządzeń, czego efektem jest praca mojego 

współautorstwa [P5]. Innymi badaniami w których uczestniczyłem była praca nad protezą 

strzemiączka ucha, przedstawiona w pracy mojego współautorstwa [P6], która realizowana 

była w ramach działalności statutowej uczelni, a kontynuowana poprzez grant dziekański w 

2016 r. „Wykonanie biozgodnej membrany z PDMS dla nowej komorowej protezki 

strzemiączka wraz z pomiarem sztywności membrany” oraz projekt w konkursie NCN 

TANGO „Nowa komorowa protezka strzemiączka”. W ostatnich latach byłem nie tylko 

wykonawcą, ale też podjąłem się kierownictwa własnymi projektami, w tym dwoma 

projektami w ramach grantu dziekana w latach 2014 r. i 2016 r., mającymi na celu 

opracowanie nowego urządzenia do badań własności reologicznych polimerów, a następnie 

modernizację i ulepszenie tego urządzenia. Objąłem też kierownictwo w projekcie 

„Measurements of viscosity of ultrathinfilms: optimization of the method (Nanovisc)”, czyli 

projektu w ramach grantu NCN w konkursie Preludium, którego celem jest weryfikacja 

różnych metod pomiaru lepkości polimerów. Jego zakończenie planowane jest na październik 

2019. W ramach tego projektu prowadzone są badania za pomocą mikroskopu sił atomowych, 

gdzie przy pomocy metody pętli tarcia można uzyskać informację o lepkości cienkiej warstwy 

polimeru, zgodnie z teorią przepływu Couette’a [27]. Ta metoda pomiaru porównywana 

będzie z innymi jak np.: modele lepko-plastyczne wykorzystywane do pomiarów nano-

indentacyjnych z pomocą tryboskopu. Modele te zakładają, że odkształcenie podczas 

indentacji składa się z trzech komponentów: plastycznego, sprężystego oraz lepkościowego, a 

poprzez dopasowywanie krzywej do tej uzyskanej z pomocą indentacji można wyznaczyć 

wszystkie te 3 komponenty, gdzie dwa pierwsze mogą zostać równocześnie potwierdzone 
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modelem Olivera i Pharra [28]. Inną wykorzystywaną metodą będzie zastosowanie masy 

drgającej napędzanej elementem piezoelektrycznym, którego drugi element oddzielony od 

pierwszej okładki piezoelektrycznej mierzy drgania wypadkowe. Metoda ta działa 

analogicznie do badania w makro-skali [29]. 

Współpraca zagraniczna i udział w konferencjach 

W czasie pracy naukowej w Instytucie Mikromechaniki i Fotoniki nawiązywałem 

współpracę z wieloma zagranicznymi ośrodkami, takimi jak np.: Akademia Nauk w Mińsku, 

co zaowocowało wspólną publikacją [30], Uniwersytet w Osace (w ramach kilku projektów, 

które zaowocowały wspólną publikacją [P7]), Uniwersytet w Cork w Irlandii w ramach pracy 

nad nowymi membranami do zastosowań kosmicznych, Uniwersytet w Bukareszcie, 

Uniwersytet w Kluż-Napoce, czy Uniwersytet w Liege. Współpraca ta obejmowała także 

firmy działające w tej branży, jak np. brytyjska firma MicroMaterials. Wyniki moich prac 

prezentowane były na 18 konferencjach naukowych o zasięgu międzynarodowym, w tym 8 

osobiście przeze mnie, przedstawiając różnorodne metody wykorzystywania mikroskopii sił 

atomowych w takich dziedzinach jak otolaryngologia, bioinżynieria, technologie kosmiczne, 

urządzenia MEMS czy trybologia. Ponadto byłem głównym organizatorem konferencji 8th 

International Colloquium on Micro-Tribology, która odbyła się w Warszawie w roku 2017 

(uczestniczyło w niej 23 badaczy z 5 różnych krajów oraz 3 przedstawicieli firm 

specjalistycznych pracujących w tej branży). 

Szkolenia i rozwój dodatkowy 

W ramach rozwijania swoich kompetencji uczestniczyłem w licznych szkoleniach 

specjalistycznych z takich dziedzin jak badania mikroskopowe, m.in. „Błąd pomiaru w 

mikroskopii”, niestandardowe metody w projektowaniu „Design Thinking”, metody 

nauczania „Warsztaty trenerskie” w CSDiZ (Centrum studiów i doradztwa zawodowego) i 

wiele innych. W tym czasie uzyskałem też drugi tytuł zawodowy magistra w dziedzinie 

psychologii pracy oraz stresu. 

Praca dydaktyczna 

Od marca 2016 roku pracuję na stanowisku asystenta badawczo-dydaktycznego na 

Wydziale Mechatroniki Politechniki Warszawskiej. W ramach obowiązków dydaktycznych 

prowadzę zajęcia projektowe oraz laboratoryjne z Podstaw Konstrukcji Urządzeń 

Precyzyjnych (I stopień), a także wykłady z Mikrorządzeń MEMS (I stopień), 
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Mikromechatroniki (I stopień), Nanotechnologii (II stopień, wykład w języku angielskim) 

oraz Zaawansowane Techniki Pomiaru Topografii Powierzchni (II stopień), w ramach 

których jednym z tematów jest mikroskopia sił atomowych oraz jej różne zastosowania. 

Prowadzę także zajęcia z Mikro i Nanotechniki (II stopień), na których zapoznaje studentów z 

różnymi laboratoriami pracującymi w tej dziedzinie w Polsce oraz odwiedzam z nimi te 

placówki. W pracy dydaktycznej zdobytą wiedzę i doświadczenie przekazuję studentom. 

Podsumowanie 

Moją dotychczasową pracę w obszarze badawczo-dydaktycznym można podsumować 

w kilku poniższych punktach: 

 brałem czynny udział w 3 projektach europejskich: Nanoindent, AppliCMA, 3SMVIB,

 brałem czynny udział w projektach krajowych m.in.: Graphtrib,

 kierowałem projektami: Nanovisc, Opracowanie urządzenia do badań reologicznych,

 współpracowałem z zagranicznymi ośrodkami naukowymi: Akademia Nauk w

Mińsku, Uniwersytet w Osace, Uniwersytet w Cork, Uniwersytet w Buchareszcie,

Uniwersytet w Cluj-Napoce, Uniwersytet w Liege, firma MicroMaterials,

 prezentowałem swoje prace na 8 konferencjach międzynarodowych, a wyniki moich

badań prezentowane były łącznie na 18 konferencjach międzynarodowych,

 byłem głównym organizatorem konferencji międzynarodowej 8th International

Colloquium on Micro-Tribology,

 prowadzę zajęcia projektowe, zajęcia laboratoryjne oraz wykłady na Wydziale

Mechatroniki Politechniki Warszawskiej,

 jestem współautorem lub jedynym autorem 11 publikacji (wg. WoS).
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1.2. Wprowadzenie do tematyki 

Mikroskopia sił atomowych od swojego powstania w latach 80. ubiegłego wieku [31] 

prężnie się rozwija pod względem stosowanych urządzeń [32-35], metod badawczych [36-

40], czy obszarów zastosowania [41-45]. Podstawowa zasada działania skaningowej 

mikroskopii sił atomowych pozostaje jednak niezmienna: belka sondy pomiarowej (ang. 

cantilever) najczęściej zakończona ostrą igłą lub kulką (ang. tip) oddziałuje z powierzchnią 

badanej próbki (Rys. 1). Może ona zarówno dotykać próbki w tak zwanym trybie 

kontaktowym lub zostać wprowadzona w drgania ponad powierzchnią w trybie 

bezkontaktowym. Oddziaływanie pomiędzy końcówką pomiarową a powierzchnią 

doprowadza do ugięcia belki sondy pomiarowej, co najczęściej mierzone jest przy pomocy 

odbitego od jej górnej powierzchni promienia lasera, który następnie pada na kilkupolową 

fotodiodę. Dioda ta może być 2-lub 4-polowa, umożliwiając detekcję odkształcenia belki w 1 

lub 2 osiach. Precyzyjne pozycjonowanie sondy względem próbki jest rozwiązywane poprzez 

wykorzystanie elementu piezoelektrycznego o kształcie tulei podzielonej na 4 niezależne 

segmenty piezoelektryczne. W ten sposób można zapewnić precyzyjny ruch układu sonda-

próbka badana w trzech osiach. 

Rysunek 1 Schemat działania mikroskopu sił atomowych

Urządzenie to pozwala na bardziej dokładne obrazowanie powierzchni badanej niż 

mikroskopia optyczna czy mikroskopia elektronowa, dodatkowo nie ma tutaj ograniczenia 

wynikającego z konieczności stosowania powierzchni przewodzących, co pozwoliło na jego 
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wdrożenie w badaniach nad tkankami żywymi [41,43,45]. Oprócz możliwości obrazowania 

powierzchni, kontakt uzyskiwany pomiędzy końcówką sondy pomiarowej a próbką 

umożliwia badania sił z dużą rozdzielczością zarówno w kierunku pionowym [46], jak i 

poziomym [27]. Siły te są mniejsze niż podczas badań nanoindentacyjnych z wykorzystaniem 

typowych komercyjnych wgłębników. Zalety te doprowadziły do częstszego stosowania tej 

aparatury badawczej podczas wspierania procesu projektowania, wytwarzania oraz 

późniejszego badania mikrourządzeń  mechanicznych [47-48]. 

Projektowanie mikrourządzeń mechanicznych obarczone jest licznymi trudnościami, które 

znacznie komplikują uzyskanie dużej trwałości, a czasem także w ogóle możliwość ich 

wytworzenia. Do takich największych trudności możemy zaliczyć: 

 duże zużycie powierzchni [49],

 duże siły adhezji pomiędzy stykającymi się powierzchniami [50, 51],

 brak znajomości współczynnika tarcia, a w efekcie tego sił tarcia pomiędzy

dwoma powierzchniami [52],

 trudności z ustalaniem własności mechanicznych i reologicznych urządzeń, jak np.

sztywność konstrukcji [53],

 technologiczność konstrukcji, czyli ograniczenie metod wytwarzania sprawiające,

że zaprojektowane urządzenia mogą być niemożliwe do wytworzenia przy

obecnym stanie techniki [54].

Brak znajomości dokładnych wartości siły adhezji czy sił tarcia doprowadza do trudności w 

dobieraniu powłok i odpowiednich chropowatości powierzchni w urządzeniach. Duże siły 

tarcia i adhezji doprowadzają do szybkiego zużycia powierzchni, a co za tym idzie małej 

trwałości urządzeń opracowywanych w tej skali. Trudności z pomiarem parametrów 

mechanicznych doprowadzają do takich problemów jak blokowanie się belek MEMS [50] czy 

wytwarzanie membran o niskiej trwałości [53]. Zastosowanie mikroskopii sił atomowych 

może pomóc w projektowaniu mikrourządzeń, jednak istnieją pewne ograniczenia, które 

należy wziąć pod uwagę. Są to między innymi trudności kalibracyjne tego urządzenia. 

Wszystkie pomiary topografii próbki, sił adhezji, energii zrywania, współczynnika tarcia i 

inne wymagają złożonej kalibracji, która do chwili obecnej obciążona jest dużym błędem 

[55]. Innym problemem jest zakres stosowanych obecnie sond pomiarowych, które jako ostre 

igły lub kulki o średnicy pojedynczych mikrometrów symulują nierealistyczny kontakt 

pomiędzy badanymi powierzchniami. Materiały wykorzystywane na końcówki sond 
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pomiarowych oraz obecnie stosowane metody pomiarowe także nie pozwalają na pomiar 

wszystkich parametrów wykorzystywanych przy projektowaniu mikrourządzeń. W ramach 

niniejszej pracy skupiłem się więc na rozwoju mikroskopii sił atomowych w aspekcie 

wspomagania projektowania mikrourządzeń poprzez rozwój metod pomiaru współczynnika 

tarcia, pomiaru poszczególnych parametrów mechanicznych oraz zwiększania 

technologiczności konstrukcji w przypadku urządzeń wytwarzanych metodą litografii 

nanodrukowej. 
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2. Przewodnik po publikacjach

Przewodnik ten obejmuje 5 publikacji z listy JCR, jeden rozdział z monografii

specjalistycznej traktującej o pomiarach własności powierzchni oraz publikację 

pokonferencyjną.  

2.1. Wykaz publikacji stanowiących rozprawę 

Publikacja 

P1 Michałowski M., Łuczak S., Cantilevers with spherical tips of millimeter magnitude, 
Journal of Micromechanics and Microengineering (2019), tom 29, numer 1, no. 
017002  

P2 Michałowski M., Simulation model for frictional contact of two elastic surfaces in 

micro/nano scale and its validation, Nanotechnology Reviews (2018), tom 7, numer 5, 

str. 355-363  

P3 Michałowski M., Voicu R., Obreja C., Baracu A., Muller R., Rymuza Z., Influence of 

deposition temperature during LPCVD on surface properties of ultrathin polysilicon 

films, Microsystem Technologies  (2018), tom 24, str. 537-542 

P4 Jarząbek D., Michałowski M., 11 Surface mechanical properties. W: Tanzi M. C. and 

Farè S. (red.) Characterization of Polymeric Biomaterials, Woodhead Publishing 

(2017), str. 255-282 

P5 Michałowski M., Tomasik J., Wiśniewska M. Impact of graphene coatings on 

nanoscale tribological properties of miniaturized mechanical objects. W: Jabłoński R., 

Brezina T. (red) Advanced Mechatronics Solutions. Advances in Intelligent Systems 

and Computing (2016). Springer, Cham, tom 393, str. 501-507 

P6 Kwacz M., Rymuza Z., Michałowski M., Wysocki J., Elastic Properties of the 

Annular Ligament of the Human Stapes—AFM Measurement, Journal of the 

Association for Research in Otolaryngology (2015). tom 16, numer 4, str. 433-446 

P7 Tochino T., Uemura K., Michalowski M., Fujii K., Yasuda M., Kawata H., Rymuza 

Z., Hirai Y., Computational study of the effect of side wall quality of the template on 

release force in nanoimprint lithography, Japanese Journal of Applied Physics (2015), 

tom 54, Numer 6S1, no. 06FM06 

Tabela 1 Cykl publikacji stanowiących rozprawę 
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Parametry bibliometryczne publikacji mojego autorstwa i współautorstwa 
podsumowane są w tabeli 2. Mój uśredniony wkład własny w wymienione publikacje wynosi 
69%. 

Rok 

wydania 

Udział 

własny 

Impact 

Factor 

2017 

IF z 

uwzględnieniem 

udziału 

własnego 

Impact 

Factor 

5-letni

2017

Punkty 

MNiSW 

max 

2013-

2016 

Cytowania 

wg. WOS 

P1 2019 90% 1.888 1.699 1.954 35 0 

P2 2018 100% 1.904 1.904 1.945 25 0 

P3 2018 80% 1.581 1.265 1.330 20 1 

P4 2017 50% - - - 3 0 

P5 2016 75% - - - 15 0 

P6 2015 45% 2.716 1.222 2.859 35 8 

P7 2015 40% 1.452 0.581 1.149 20 4 

Łącznie 9.541 6.671 9.237 153 13 

Tabela 2 Podsumowanie parametrów bibliometrzycznych cyklu publikacji 

Poniższa tabela natomiast podsumowuje parametry bibliometryczne moich wszystkich 
publikacji. 

Liczba publikacji w WoS 11 
Liczba publikacji w Scopus 11 
Liczba publikacji w Google Scholar 18 
Index Hirsha 3 
Łączna liczba cytowań według WoS 19 
Łączna liczba cytowań według Scopus 21 
Łączna liczba cytowań według Google Scholar 21 
Tabela 3 Parametry bibliometryczne całego dorobku publikacyjnego 
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Tabela 4 zawiera natomiast podsumowanie udziału własnego procentowego wraz z 
rozwiniętym opisem. 

Udział 

własny 

Opis udziału własnego 

P1 90% Moim wkładem w tę publikację było opracowanie technik badawczych, 

wskazanie obszarów zastosowań, a także opracowanie treści 

manuskryptu. Sam pomysł tych sond opracowany został przez innych 

badaczy wymienionych w tym artykule. 

P2 100% Praca monoautortska 

P3 80% Mój udział w tej pracy dotyczył technik badawczych, przeprowadzenia 

badań i analizy wyników. Obejmował także przygotowanie ostatecznej 

treści publikacji. 

P4 50% Moim wkładem w ten rozdział monografii był opis: pomiarów poprzez 

krzywą siła – przemieszczenie; pomiarów tarciowych; analizy metod 

kalibracji pionowej; porównanie modeli kontaktu; opis pomiaru lepkości 

oraz niektórych metod specjalistycznych. 

P5 75% Moim udziałem w tej publikacji był dobór metod pomiaru własności 

mechanicznych i trybologicznych, przeprowadzenie badań oraz ich 

analiza, a także opracowanie treści publikacji. 

P6 45% Mój udział w tym artykule polegał na opracowaniu metodyki badawczej, 

konsultacjach dotyczących przygotowywania próbek, analizie 

otrzymanych wyników, a także napisaniu części treści ostatecznej 

publikacji. 

P7 40% Mój udział w tej publikacji polegał na doborze metodyki realizacji 

pomiarów oraz opracowaniu szczegółowych aspektów nowej metody, 

uwzględniających takie elementy jak wprowadzanie sondy pomiarowej w 

drgania pomiędzy poszczególnymi pomiarami w celu usunięcia 

potencjalnych zanieczyszczeń i fragmentów polimeru. Przeprowadziłem 

też analizę wyników badawczych, konsultacje modelu oraz końcowej 

treści manuskryptu. 

Tabela 4 Podsumowanie wkładu własnego autora w poszczególne publikacje zawarte w cyklu 
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2.2. Sondy badawcze z końcówkami badawczymi sferycznymi milimetrowej średnicy 

W publikacji [P1] opisałem nowy rodzaj sond badawczych do zastosowania w 

mikroskopii sił atomowych. Komercyjnie sprzedawane sondy zakończone są najczęściej ostrą 

igłą, sferą o promieniu kilku mikrometrów lub nie mają żadnej końcówki. Wszystkie te trzy 

rozwiązania cechują się pewnymi ograniczeniami. Symulowanie styku dwóch powierzchni w 

ten sposób stwarza pewne ograniczenia topografii tych powierzchni oraz wymusza bardzo 

małe pole powierzchni styku. Sondy bez końcówki badawczej mogłyby mieć duże pole styku 

z powierzchnią badaną, jednak ze względu na konstrukcję mikroskopu sił atomowych nie 

byłoby możliwe odczytanie siły bocznej skutkiem braku skrętu tej sondy. Drugim problemem 

z komercyjnie stosowanymi sondami jest ograniczona grupa materiałów z jakich są 

wykonywane ich końcówki pomiarowe. O ile podczas badania topografii powierzchni, czy 

własności mechanicznych próbki nie jest to istotne, to do badań własności trybologicznych 

czy adhezyjnych może być potrzebne testowanie konkretnej pary materiałów. Zastosowanie 

zaproponowanych przeze mnie sond umożliwia uniknięcie tych problemów poprzez pomiary 

z wykorzystaniem końcówki pomiarowej o większej średnicy wykonanej z różnorodnych 

materiałów. Ich dodatkowym atutem jest możliwość dobrania różnorodnych materiałów na 

końcówkę sondy, dzięki czemu różne pary materiałowe mogą być badane. Końcówka ta może 

też być w ograniczonym stopniu modyfikowana pod względem topografii, a większy niż 

typowo promień ich zaokrąglenia pozwala zmniejszyć naciski jednostkowe, co jest korzystne 

w badaniach próbek biologicznych. 

Publikacja przedstawia metodę wytwarzania tych sond polegającą na wytrawianiu z 

cienkiej blachy z brązu berylowego struktury składającej się z dużej liczby zróżnicowanych 

sond badawczych przyczepionych do jednej wspólnej bazy. Wytrawianie to można 

przeprowadzać metodą trawienia mokrego z wykorzystaniem odpowiedniej maski. Dzięki 

wytworzeniu belek sond o różnych wymiarach, zarówno długości jak i szerokości, można 

uzyskać sondy o sztywności zarówno skrętnej i zginającej zmiennej w szerokim zakresie. Tak 

wytworzoną strukturę pokrywa się powłoką odbijającą, a poszczególne belki sondy odcina się 

mechanicznie od bazy (Rys. 2).  
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Rysunek 2 Zdjęcie bazy wytrawionej z brązu berylowego z przyczepionymi belkami sond pomiarowych 

Do poszczególnych belek sond przyklejane za pomocą kleju epoksydowego są kulki będące 

końcówkami pomiarowymi. Kulki te najczęściej mają średnicę rzędu 0.1 do 1 mm (Rys. 3). 

Rysunek 3 A) Zdjęcia przykładowej sondy badawczej 1) końcówka sondy w tym przypadku stalowa kulka o średnicy 0,7 mm 
2) spoina klejowa łącząca kulkę z belką sondy 3) belka sondy pomiarowej 4) baza sondy, jej mocowanie w mikroskopie sił
atomowych B) Schemat opracowanej sondy badawczej L‐ długość belki, W‐ szerokość belki, h‐ grubość belki, R‐ promień
kulki pomiarowej
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Rysunek 5 Sumowanie nierówności dwóch powierzchni do jednej, druga interpretowana jest jako idealnie płaska 

Do zamodelowania kontaktu potrzebna była znajomość topografii, energii powierzchniowej, 

sprężystości i współczynnika Poissona obu kontaktujących się powierzchni. Wartości te 

wyznaczyłem wykorzystując mikroskopię sił atomowych, nano-indentację oraz pomiary 

zwilżalności. Badania przy pomocy mikroskopu sił atomowych pozwoliły na poznanie 

dokładnej topografii próbki oraz powierzchni kulki sondy pomiarowej z takim krokiem 

skanowania, jaki docelowo ma być zastosowany w symulacji, w tym przypadku 10 nm. 

Nanoindentacja pozwoliła wyznaczyć moduł Younga próbek poprzez zastosowanie modelu 

Olivera i Pharra [28]. Natomiast energia powierzchniowa uzyskiwana jest poprzez pomiar 

zwilżalności, podczas którego na powierzchni próbki umieszczane są dwie ciecze o różnych 

składowych energii powierzchniowych: polarnej i dyspersyjnej. Następnie mierząc kąt, jaki 

kropla wytworzyła na powierzchni, możliwe jest obliczenie energii powierzchniowej danego 

materiału [27]. Po uzyskaniu tych parametrów przeprowadziłem walidację modelu poprzez 

zamodelowanie kontaktu powierzchni kulki sondy pomiarowej z powierzchnią próbki badanej 

(Rys. 6) dla kilku różnych próbek. Siła tarcia wyliczana jest w tym modelu jako suma tarcia 

adhezyjnego i mechanicznego. W każdym punkcie wyliczana jest siła tarcia adhezyjnego lub 

mechanicznego w zależności od wstępnego kontaktu (w każdym punkcie występuje na raz 

tylko jedna składowa). Następnie jest ona sumowana dla wszystkich modelowanych punktów 

pomiędzy dwiema powierzchniami. Składowa mechaniczna tarcia wyliczana jest jako: 

𝑄
1
𝑑

4𝐶𝐺𝑆
8 △ 𝛾

3
𝜀

2𝑙
𝜀

2𝑙
(1) 

gdzie: 

C α

α
, tanα  △

△
, △ x - bok modelowanego punktu kontaktu (rozdzielczość 

symulacji) G
ν

, S– powierzchnia górna modelowanego elementu, l - odległość 
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Rysunek  7  Zestawienie  wyników  symulacji  i  eksperymentu  w  walidacji  modelu  symulacyjnego,  prostokąty  przedstawiają 
zakres  od  1  do  3  kwartyla,  natomiast  linie  oznaczają  rozstęp  wyników.  Różnice  w  rostępie  poszczególnych  symulacji 
wynikają z większych różnic w chropowatości powierzchni w poszczególnych punktach pomiarowych w próbce 3 niż w 2 i 1 

2.4. Badania energii odrywania maski w procesie NIL 

Litografia nanodrukowa (Nano Imprint Lithography - NIL) [58] jest bardzo obiecującą 

metodą wytwarzania dla systemów MEMS i NEMS ze względu na wysoką rozdzielczość oraz 

niski koszt procesu. Jednak defekty powstające podczas zdejmowania maski wprowadzają 

duże ograniczenia w zastosowaniach [59] tej metody. Opracowywanych zostało wiele metod 

zmniejszania liczby defektów, wykorzystujących np: powłoki anty-adhezyjne [60,61] lub 

odpowiedni sposób przyłożenia siły podczas odrywania [62,63], jednak wszystkie one dają 

ograniczone efekty i usunięcie wszystkich defektów nadal nie jest możliwe w technologii 

NIL. W celu pogłębienia zrozumienia tego problemu opracowany został model MES 

pozwalający symulować proces zrywania maski [P7]. Model ten skupia się na wpływie kątu 

docelowej struktury na siłę potrzebną do oderwania maski od rezystu (Rys. 8). 

Rysunek  8  Naprężenia  pojawiające  się  w  polimerze  podczas  odrywania  maski  w  kształcie  podłużnego  prostokątnego 
elementu,  a)  schematyczne  przedstawienie  naprężeń,  b)  naprężenia  dla  sytuacji,  gdy  naprężenia  ścinające  są  10‐krotnie 
większe od normalnych, c) naprężenia dla sytuacji gdy naprężenia ścinające są 20‐krotnie większe od normalnych 

Do opracowania tego modelu [P7] niezbędne było wyznaczenie parametrów 

podstawowych, takich jak krytyczne naprężania normalne, naprężenia ścinające interfejsu 
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pomocy modelu kontaktowego Johnson-Kendall-Roberts (JKR), który dobrze odzwierciedla 

kontakt z materiałami polimerowymi [P4, 45]. 

Dodatkowo podczas tych badań mierzona była także energia zrywania w postaci całki 

oznaczonej siły zrywania po przemieszczeniu od początku ścinania do momentu poślizgu. 

Rezultaty te zostały wykorzystane do walidacji wstępnych wyników uzyskanych dzięki 

wykorzystaniu modelu symulacyjnego [P7]. 

Rysunek  10  Przykładowy  schemat  wyniku  pomiaru  siły  tarcia  statycznego  podczas  ścinania  pomiędzy  kulką  sondy 
pomiarowej a próbką PMMA, 1‐ skręcanie belki sondy pomiarowej podczas tarcia statycznego, 2‐ rozpoczęcie poślizgu sondy 
po powierzchni próbki, punkt zerwania interfejsu, 3‐ spadek siły tarcia po przejściu z tarcia statycznego na tarcie kinetyczne 

2.5. Badania powierzchni polikrystalicznych uzyskiwanych metodą LPCVD 

W procesie wytwarzania urządzeń MEMS kluczowy jest dobór odpowiednich materiałów 

oraz ich szczegółowych parametrów wytwarzania. Własności materiałowe wpływają na 

niezawodność urządzeń produkowanych, a mechanizmy tych uszkodzeń są nieraz 

zdecydowanie inne niż w makroskali [64, 65]. Na podstawie dotychczasowych badań wiemy, 

iż wpływ struktury powierzchni na urządzenia jest znaczący w mikroskali [64]. 

Przeprowadziłem, więc serię badań mającą na celu ustalenie własności powierzchniowych 

oraz trybologicznych próbek uzyskiwanych przy zmienianiu technologii wytwarzania. 

Pierwsza seria pozwoliła mi wstępnie wybrać optymalny materiał na współpracujące 

powierzchnie MEMS [17, 20], w czym pomocny był model kontaktowy opisany w artykule 

mojego autorstwa [P2]. Kolejne serie badawcze pozwoliły mi na wstępny dobór parametrów 

wytwarzania, czy ocenę zasadności dodatkowych zabiegów takich jak wyżarzanie [13, 24-
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26]. Wstępny dobór materiału oraz zakresu parametrów podczas wytwarzania powłok 

pozwolił mi na bardziej szczegółową analizę próbek uzyskanych metodą chemicznego 

osadzania przy niskim ciśnieniu (LPCVD) przy zmianie temperatury napylania krzemu 

polikrystalicznego [P3]. 

Końcowa analiza parametrów tych próbek uwzględniała pomiar ich dokładnej topografii 

wraz z wyznaczeniem chropowatości oraz kurtozy, która zgodnie z uzyskanymi wynikami 

może mieć wpływ na własności adhezyjne oraz tarciowe przy próbkach o zbliżonej 

chropowatości w rozumieniu najczęściej używanego współczynnika Ra. Uwzględniała ona 

także analizę siły adhezji, mierzonej poprzez siłę odrywania, pomiędzy badaną powierzchnią 

a specjalnie w tym celu przygotowaną sondą pomiarową z brązu berylowego z kulką o 

średnicy 0,35 mm wykonaną z SiO2. Badania te przeprowadzane były dodatkowo w różnych 

warunkach wilgotności powietrza w celu weryfikacji potencjalnego stałego kontaktu dwóch 

powierzchni w takich urządzeniach jak mikro przełączniki działające w paśmie częstotliwości 

radiowej (RF-MEMS). Metoda wykonania sond pomiarowych została opisana w rozdziale 2.2 

oraz publikacji [P1]. Ostatnie z badań dotyczyło wyznaczenia współczynnika tarcia pomiędzy 

daną próbką a kulką wykonaną z SiO2, które przeprowadzane było metodą pętli tarcia. 

Metoda ta polega na poślizgu końcówki sondy pomiarowej po próbce dwukrotnie wzdłuż 

jednej linii zmieniając zwrot ruchu [27]. Podczas tego poślizgu mierzone jest skręcenie belki 

sondy pomiarowej pod wpływem siły tarcia. Siła tarcia wyznaczana jest jako połowa różnicy 

pomiędzy skręceniem sondy podczas przebiegu w dwie strony, pomnożona przez sztywność 

skrętną sondy. 

2.6. Przegląd metod badawczych w badaniach biomateriałów 

W ostatnich latach opracowywane są w dużej liczbie nowe materiały bio-kompozytowe 

[66-68], rozwijane są także nowe obszary zastosowań dla nich [69, 70]. Przy rosnącym ich 

wykorzystaniu w mikro i nano-technologii coraz większy nacisk kładziony jest na ich 

własności powierzchniowe [71], których wpływ w mikroskali jest dobrze znany [72-74]. W 

świetle tego potrzebne jest opracowanie dobrej i powtarzalnej metodologii prowadzenia 

badań powierzchni podczas opracowywania nowych materiałów biokompozytowych. W celu 

zaspokojenia tej potrzeby, w monografii opisującej biokompozyty zawarto rozdział mojego 

współautorstwa dotyczący badań powierzchniowych [P4]. 

W rozdziale tym opisałem najczęściej używane metody do pomiaru adhezji, siły tarcia, 

lepkości, odporności na zużycie, czy sprężystości materiału zarówno w skali mikro jak i nano. 
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Pomiary adhezji czy sprężystości opisane są zarówno poprzez wykonywane krzywej siła-

przemieszczenie (ang. FDC) oraz bardziej specjalistycznych metod jak pomiar metodą 

‘nanowież’, w której przygotowywana jest próbka składająca się z płaskiej powierzchni z 

wystającymi elementami o kształcie walców, a następnie te walce obciążane są siłą 

poprzeczną poprzez końcówkę sondy pomiarowej [75]. Natomiast pomiary siły tarcia czy 

odporności na zużycie przeprowadzane są przy pomocy pętli tarcia. Na podstawie pomiaru 

tarcia możliwe jest także uzyskanie lepkości cienkiej warstwy powierzchniowej. Opisane w 

tym rozdziale są także takie kluczowe aspekty analizy danych jak: 

 różne metody kalibracji sondy pomiarowej w mikroskopie sił atomowych w osi

pionowej: metoda Sadera, metoda sprężyny referencyjnej czy metoda

geometryczna [76-81],

 różne metody kalibracji sondy pomiarowej w mikroskopie sił atomowych w osi

poziomej: metodą klina (ang. wedge) czy z wykorzystaniem specjalistycznych

kalibratorów [82-87],

 różne modele kontaktu wykorzystywane w mikroskali oraz ich mocne i słabsze

strony, modele rozważane: Hertza, JKR’a, Maugisa, DMT [88-90].

Oprócz badań przeprowadzanych na mikroskopie sił atomowych rozdział ten opisuje 

także inne metody pomiaru własności mechanicznych powierzchni takie jak nanoindentacja, 

zarówno w najczęściej wykorzystywanej wersji modelu Olivera i Pharra [28] oraz mniej 

znanych modeli. Metody te przedstawiane są wraz z ich przykładowymi zastosowaniami. 

Podsumowaniem rozdziału jest skrótowy poradnik sugerujący jaką metodę najlepiej wybrać 

w celu wyznaczenia konkretnej właściwości powierzchni (Tabela 5). 
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Metoda 

Materiały Wyznaczanie twardości Wyznaczanie modułu Younga 

Materiały 
twarde (np. 
ceramiczne) 

Mikro- i nano- indentacja za 
pomocą diamentowego 
wgłębnika, np. wgłębnika typu 
Berkovitch 

Mikro- i nano- indentacja za pomocą 
diamentowego wgłębnika, np. 
wgłębnika typu Berkovitch 
Metoda „nanowież” 

Metale Mikro- i nano- indentacja za 
pomocą diamentowego lub 
szafirowego wgłębnika 

Mikro- i nano- indentacja za pomocą 
diamentowego lub szafirowego 
wgłębnika, 

Metoda „nanowież” 
Materiały 
miękkie (np. 
polimery) 

Pomiary krzywej siła-
przemieszczenie (FDC) za 
pomocą AFM, 

Nanoindentacja 

Pomiary krzywej siła-przemieszczenie 
(FDC) za pomocą AFM, 

Metoda „nanowieże” 

Cienkie 
powłoki 
ceramiczne lub 
metaliczne  

Mikro- i nano- indentacja za 
pomocą diamentowego 
wgłębnika, np. wgłębnika typu 
Berkovitch 

Mikro- i nano- indentacja za pomocą 
diamentowego wgłębnika, np. 
wgłębnika typu Berkovitch 

Cienkie 
powłoki 
polimerów  

Pomiary krzywej siła-
przemieszczenie (FDC) za 
pomocą AFM, 

Pomiary krzywej siła-przemieszczenie 
(FDC) za pomocą AFM, 

Wyznaczanie siły tarcia Wyznaczanie siły adhezji 

Wszystkie 
materiały 

Pomiary pętli tarcia za pomocą 
AFM  

Pomiary krzywej siła-przemieszczenie 
(FDC) za pomocą AFM, 

Wyznaczanie lepkości Wyznaczanie własności lepko-
sprężystych 

Materiały 
lepko-sprężyste 
(jednolite oraz 
cienkie 
powłoki) 

Pomiary pętli tarcia za pomocą 
AFM  

Dynamiczna analiza mechaniczna 
poprzez nanoindentację 

Tabela 5 Przegląd metod, jakie należy zastosować w celu poznania właściwości powierzchni w mikro i nano skali 
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2.7. Badania warstwy grafenowej naniesionej na metalowych powierzchniach 

Praca [P5] była związana z realizacją projektu Graphtrib. We wcześniejszych etapach w 

tym projekcie określone zostały podłoża, na które można nakładać warstwy grafenowe do 

zastosowań w kołach zębatych i łożyskach ślizgowych [91] oraz wpływ warunków 

środowiskowych na powstałe warstwy [92]. Etap przedstawiony w publikacji [P5] dotyczył 

własności trybologicznych stalowych próbek z powierzchnią grafenową, z miedzą jako 

materiałem pośrednim, koniecznym ze względu na przyczepność grafenu [91]. Wpływ 

procesu nakładania powłoki na geometrię próbki przedstawiony został w pracy [93]. 

Badania tarcia próbek stal-miedź-grafen przeprowadzone zostały na mikroskopie sił 

atomowych z sondą pomiarową z doczepioną kulką stalową mającą za zadanie odwzorowanie 

kontaktu pomiędzy zębami kół zębatych lub łożysk ślizgowych. Sonda pomiarowa z 

końcówką będącą kulką stalową została wykonana zgodnie z opisem w rozdziale 2.2 oraz 

publikacji [P1]. Badania przy pomocy pętli tarcia pozwoliły zaobserwować niedokładność 

nałożonej warstwy miedzi na stal. Można było ją zaobserwować poprzez dwa rozdzielne 

poziomy tarcia pomiędzy powierzchnią próbki a stalą. Poziomy te zostały ujednolicone po 

nałożeniu warstwy grafenowej. Równolegle przeprowadzane zostały też pomiary twardości i 

modułu Younga. Przeprowadzane były one przy sile nacisku rzędu 1,5 mN, co oznaczało 

głębokość zagłębienia około 200 nm. Przy takiej sile nacisku niezauważalny jest wpływ 

grafenu na własności sprężyste próbki. 

2.8. Badania strzemiączka ucha ludzkiego 

W artykule [P6] przedstawiam opcję wykorzystania mikroskopii sił atomowych w bio-

inżynierii. Otoskleroza, czyli choroba kosteczek ucha środkowego, może doprowadzać do 

utraty słuchu w jednym lub obu uszach. Problem ten dotyczy 1% całej populacji. W celu 

przywrócenia słuchu stosuje się protezę ‘tłoczkową’, jednak słuch nie zostaje przywrócony w 

całym paśmie częstotliwości [94-97] i pogarsza się z biegiem czasu [98-99]. W celu 

opracowania nowej protezy, pozwalającej na przywrócenie słuchu w większym paśmie 

częstotliwości i w bardziej trwały sposób, potrzebna jest dokładna znajomość własności 

mechanicznych ucha środkowego. Kość ucha środkowego, inaczej strzemiączko, 

wprowadzana jest w drgania przez błonę bębenkową. Strzemiączko umieszczone w okienku 

przedsionka przenosi drgania do ucha wewnętrznego, które razem ze strzemiączkiem działa 
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na zasadzie sprężyny płaskiej. W celu odtworzenia tego mechanizmu niezbędne jest poznanie 

jego wymiarów, charakterystyki oraz własności mechanicznych. Wykonane wcześniej 

pomiary na świecie modułu sprężystości więzadełka pierścieniowego, które mocuje 

strzemiączko do okna przedsionka cechowały się bardzo dużym rozrzutem wyników, od 0,01 

MPa do 5,5 MPa [100-102]. 

W celu poznania charakterystyki oraz własności strzemiączka wykorzystałem 

mikroskopię sił atomowych, a dokładniej modyfikację jednej z podstawowych metod 

pomiarowych, jaką jest wykorzystanie krzywej siła-przemieszczenie [46]. Końcówka sondy 

pomiarowej, w tym przypadku kulka, została umieszczona na wyciętej i przygotowanej 

uprzednio kości strzemiączka. Powstał w ten sposób układ dwóch umieszczonych szeregowo 

sprężyn: belki sondy pomiarowej oraz chrząstki okna przedsionka (Rys.11). Analizując układ 

ten w sposób analogiczny do procesu kalibracji belki pomiarowej ze sprężyną wzorcową 

[103], ale traktując tę belkę jako sprężynę o znanych parametrach, natomiast próbkę pod nią 

jako badaną, wyznaczyłem charakterystykę tej sprężyny. 

Rysunek  11  Schemat  układu  podczas  pomiaru  własności  strzemiączka  ucha‐środkowego,  1‐  piezoelement  sterujący 
przemieszczeniem, 2‐ podstawa próbki, 3‐ fotodioda, 4‐belka sondy pomiarowej, 5‐ strzemiączko, 6‐ okienko przedsionka, 7‐
więzadełko pierścieniowe, w‐ ugięcie więzadełka podczas badania, F‐ siła pionowa nacisku sondy pomiarowej na próbkę, d‐
ugięcie  belki  sondy  pomiarowej,  Z‐  przesunięcie  próbki  podczas  badania,  V‐  fotodioda  odpowiadająca  za  pomiar  ugięcia 
belki pomiarowej 

  Analizując uzyskane wyniki wyznaczyłem sztywność tej sprężyny, która w badanym 

zakresie ruchu miała liniowy charakter. Kolejnym parametrem potrzebnym do opracowania 

protezy było wyznaczenie sprężystości materiału. W celu wyznaczenia tej własności 

potrzebne było założenie o jednorodności więzadełka pierścieniowego stanowiącego 

mocowanie strzemiączka, a następnie przy użyciu modelu Kirchhoff–Love’a [104] można 

było wyznaczyć własności mechaniczne materiału, jaki powinna odtwarzać proteza. Po 
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zastosowaniu tego modelu i przeprowadzeniu niezbędnych przekształceń oraz i przyjęciu 

warunków brzegowych dochodzimy do zależności na moduł sprężystości [P6]: 
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gdzie: 

ν – liczba Poissona więzadełka pierścieniowego 

F – siła pionowa nacisku sondy pomiarowej na próbkę (Rys. 11) 

Z – przesunięcie próbki podczas badania (Rys. 11) 

a, b, h – wymiary elementu (Rys. 12) 

Rysunek 12 Uproszczony schemat mocowania strzemiączka w okienku przedsionka opracowany w celu obliczenia podatności 
materiału  więzadełka  pierścieniowego,  1‐  strzemiączko,  2‐więzadełko  pierścieniowe,  3‐  okienko  przedsionka,  
4‐  pojedyncze włókno więzadełka,  5‐amorficzna  substancja  łącząca więzadełka,  a,b,h‐wymiary modelowanego  elementu,  
F‐siła nacisku wywieranego na element, w‐ugięcie więzadełka pierścieniowego 

Uprzednio stosowane metody badawcze w tym obszarze uwzględniały między innymi: 

wykorzystanie maszyny wytrzymałościowej. Jednak w tym przypadku membrany te były 

przemieszczane o około 0,2 mm czyli 2000 razy więcej niż podczas naturalnej pracy [100]. W 

innym przypadku wykorzystano czujnik siły LVS-5GA, a przemieszczenie sprawdzono przy 

użyciu interferometru dopplerowskiego. Metoda ta cechowała się trzema ograniczeniami: 

interferometr wymagał powierzchni odbijającej, więc cała próbka musiała zostać pokryta 
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powłoką refleksyjną; nacisk był nakładany od dolnej strony strzemiączka czyli odwrotnie w 

stosunku do tego jak pracuje ona w organizmie żywym; niska rozdzielczość zastosowanego 

miernika siły. Rozdzielczość ta wynosiła 10 µN, co uwzględniając wyniki z moich badań 

przekłada się na około 85 nm ugięcia strzemiączka, które stanowi 85% całego zakresu 

fizjologicznego przemieszczenia. Ze względu na niewystarczającą rozdzielczość badania te 

były przeprowadzane w zakresie do 50 mN z końcowym uzyskiwanym przemieszczeniem 10 

µm, czyli 100 razy większym niż podczas naturalnej pracy [102]. 

Wykorzystanie do tego zadania mikroskopu sił atomowych umożliwiło dokładny i 

wielokrotny powtarzalny pomiar, zarówno kilku próbek jak i wielokrotny test jednej próbki w 

zakresie fizjologicznego ruchu. Zmniejszyło to niepewność dotyczącą wyznaczenia 

charakterystyki oraz własności strzemiączka, a także pozwoliło zasugerować odpowiedni 

materiał dla przyszłej protezy. Kluczową zmianą było jednak przeprowadzenie po raz 

pierwszy na świecie badań w fizjologicznym zakresie ruchu strzemiączka. 
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3. Przyszłe prace

Moje dalsze plany badawcze uwzględniają realizację kilku projektów. Najważniejsze z nich 

to: 

 badania nad powłokami ochronnymi dla krzemu do zastosowań w urządzeniach

MEMS; wstępnie przeprowadzone badania z wykorzystaniem siarczku molibdenu,

ołowiu, węgla diamentopodobnego i indu dały obiecujące wyniki,

 zaadaptowanie mikroskopii sił atomowych do badań charakterystyki rozruchowej

silnika budowanego w technologii MEMS.

Zamierzam także kontynuować prace nad opracowywaniem protezy strzemiączka ucha 

ludzkiego. W przypadku tego projektu przeprowadziłem już dalsze badania oraz napisałem 

publikację, która jest obecnie recenzowana. Jej szczegółowy opis przedstawiono poniżej. 

Weryfikacja parametrów protezy ucha środkowego oraz jej metody wytwarzania 

Publikacja ta będzie stanowić kontynuację badań przedstawionych w pracy [P6]. Dalszy 

etap prac w tym obszarze dotyczył rozwoju prototypu protezy ucha środkowego. Proteza 

komorowa została wykonana z materiałów o własnościach odpowiadających wynikom badań 

przeprowadzonych podczas doświadczeń na strzemiączku ucha [P6]. Membrana z 

poli(dimetylosiloksan)u (PDMSu) została wykonana metodą rozwirowania (ang. spin-

coating) i zaczepiona do komory wykonanej z poli(akrylonitryl-co-butadien-co-styren)u 

(ABSu). Membrana ta stanowi kluczowy element sprężysty, którego zadaniem jest 

imitowanie zamocowania więzadełka pierścieniowego i odtwarzanie ruchu strzemiączka, 

dlatego też niezbędne jest odtworzenie takiej samej sztywności jak we wcześniej 

przebadanym strzemiączku. Z tego względu wykonanych zostało kilka membran o różnej 

grubości, poprzez nastawianie różnej prędkości obrotowej w czasie rozwirowania polimeru. 

Grubość tych membran została zmierzona, a po zmontowaniu prototypu protezy i 

umieszczeniu go w specjalnie przygotowanej podstawie (Rys. 13) przeprowadzone zostały 

pomiary jej sztywności. 
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przygotowaniu i przeprowadzeniu pomiarów, analizie statystycznej, konsultacji projektu oraz 

przygotowaniu dużej części tekstu artykułu. 

Rysunek 15 Wyniki pomiaru sztywności membran dla kilku próbek wytworzonych metodą wirową przy tej samej prędkości 
(700 obr/min) dla zweryfikowania powtarzalności procesu 
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4. Podsumowanie

W publikacjach [P1-P7] przedstawiłem kilka różnych dróg rozwoju mikroskopii sił

atomowych do zastosowań w różnych dziedzinach nauki. Publikacja [P1] przedstawiła 

koncepcje nowych sond badawczych wraz z opisem metody ich wytwarzania oraz 

przykładowymi zastosowaniami. Sondy te są tańsze w wytwarzaniu od komercyjnych sond i 

umożliwiają prowadzanie badań par materiałów dotychczas niemożliwych za pomocą 

mikroskopii sił atomowych. W publikacji [P2] przedstawiłem sposób na walidacje 

symulacyjnego modelu tarcia pomiędzy dwoma strukturami z wykorzystaniem mikroskopii 

sił atomowych. Ta metoda walidacji pozwala na sprawdzenie różnorodnych materiałów oraz 

bardziej złożonych powierzchni niż dotychczas stosowane ostre igły współpracujące z płaską 

powierzchnią. Ta sama publikacja opisuje model symulacyjny, który można zastosować dla 

różnorodnych powierzchni stykających się ze sobą w urządzeniach MEMS, a jako dane 

wejściowe wykorzystuje parametry możliwe do wyznaczenia przy pomocy mikroskopii sił 

atomowych, między innymi topografię powierzchni. Opisałem także nowe metody 

umożliwiające pomiar energii ścinania oraz zrywania na potrzeby symulacji naprężeń podczas 

wytwarzania struktur metodą litografii nanodrukowej [P7]. Metoda ta umożliwiła między 

innymi przetestowanie różnych powłok antyadhezyjnych oraz dobór parametrów procesu 

zrywania maski w celu zminimalizowania defektów wytwarzanej struktury. W publikacjach 

[P3, P5] opisałem sposób wykorzystania nowych sond badawczych do dobrania pary 

materiałów, jaka była oczekiwana w docelowym mechanizmie, oraz dla zwiększenia sił 

pomiędzy końcówką sondy a próbką. Przedstawiłem także przekrojową analizę metod 

dobieranych do poszczególnych zastosowań [P4]. W rozdziale tym opisuje też różne metody 

kalibracji w mikroskopii sił atomowych, różne metody badawcze oraz ich słabe i mocne 

strony, a także specjalistyczne metody badawcze, wykorzystujące mikroskop sił atomowych. 

W pracy [P6] przedstawiłem modyfikację metody krzywej zbliżania w celu poznania 

kluczowych parametrów, takich jak sztywność oraz moduł Younga próbki biologicznej, jaką 

jest strzemiączko ucha ludzkiego. Poznanie tych parametrów umożliwiło dobranie wymiarów 

oraz materiałów do opracowanej protezy komorowej, która może zapewnić przywrócenie 

słuchu w większym zakresie częstotliwości niż dotychczasowo stosowane metody. Protezy 

zostały przeze mnie przebadane pod kątem sztywności, dzięki czemu można było dobrać 

odpowiednie parametry wytwarzania w celu osiągniecia danej sztywności. 

Rozwój mikroskopii sił atomowych przedstawiony w tej pracy wspomógł projektowanie 

urządzeń takich jak np. proteza komorowa czy przełączniki MEMS. Nowe techniki badawcze 
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wspierały proces wytwarzania metodą litografii nanodrukowej. Natomiast opracowanie 

modelu symulacyjnego tarcia oraz nowych sond badawczych wraz z proponowanymi dla nich 

metodami badawczymi wspomoże przyszłe projektowanie mikrosystemów poprzez 

zapewnienie lepszej znajomości parametrów, takich jak współczynniki tarcia, siła adhezji czy 

sztywność fragmentu urządzenia. Prace w wyniku których powstały te publikacje pozwoliły 

zarówno na rozwój dziedzin do których się one zaliczają, ale także na mój rozwój osobisty 

oraz rozwój mikroskopii sił atomowych jako bardzo wszechstronnego narzędzia badawczego. 

Prace przedstawione w publikacjach [P1-P7] wspomogły projektowanie urządzeń w 

takich zakresach jak: 

 wprowadzenie nowego model symulacji tarcia oraz sposób walidacji takich

modeli,

 wprowadzenie nowych sond pomiarowych do mikroskopii sił atomowych,

 wspomoganie wytwarzania metodą litografii nanodrukowej,

 Wspomoganie opracowywania protezy strzemiączka ucha wewnętrznego.

Praca ta była współfinansowana przez projekt NANOVISC 2014/15/N/ST8/03664 

przyznany w konkursie Preludium przez Narodowe Centrum Nauki. 
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1. Introduction

Nowadays, atomic force microscopy (AFM), which was devel-
oped in the 1980s [1] is considered one of the most important 
tools for measuring and analyzing samples in the micro- and 
nano-scale [2], and has been constantly under development with 
respect to scanning probes [3, 4]. A significant advantage of this 
technique is the possibility of measuring not only the topogra-
phy of samples, but also such forces as adhesion, friction and 
viscosity, which impact the operation of many devices [5].

Along with the development of micro-electro-mechani-
cal systems (MEMS) on a large scale, for example MEMS 
accelerometers, which have been applied in an ever-growing 
number of device types [6, 7], the interest in measuring these 
forces has been increasing due to the larger ratio of the sur-
face area to the volume in those devices, compared to the 
macro-scale.

Since the ratio is high, friction and adhesion forces domi-
nate over inertial and gravitational ones [8, 9]. However, the 

currently used AFM tips simulate a single asperity contact, 
which results in high contact pressures [10] and an unreal-
istic contact, which does not exist in MEMS devices at all. 
These high contact pressures impact friction, adhesion, wear 
and many other parameters. Soft samples, especially biologi-
cal samples, are affected the most.

Another issue connected with the standard AFM measure-
ments is a limitation related to the materials that can be used 
for the tips, what excludes measurements involving various 
pairs of materials. The paper describes the fabrication and 
applications of a new type of cantilever with a tip of a higher 
radius in order to obtain lower contact pressure. This kind of 
tip can be made of various materials.

2. Fabrication procedure

A thin sheet of beryllium copper (Alloy Brush 190 CuBe2; 
Be 1.8%, Co  +  Ni 0.3% by Lamineries Matthey SA, La 
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are presented. The beams of the cantilevers are made from a thin sheet of beryllium copper, 
featuring a bending stiffness in a wide range of 2–1900 N m−1, onto which a ball is cemented, 
whose diameter can be in the range of 0.1–1 mm. The basic properties of the cantilevers 
(longitudinal and torsional rigidity, tip diameter and material) can be easily changed. The cost 
of fabricating the cantilevers is considerably lower compared to their commercial counterparts, 
whereas their quality is approximately the same. Using these cantilevers, it is possible 
to perform measurements of the tribological properties of material pairs such as steel–
molybdenum disulfide (MoS2), steel–lead (Pb) and polymer–polymer. The larger radius of 
the cantilever tip also enables measurements of viscosity, and decreases the contact pressure, 
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Neuveville, Switzerland) with a thickness in the range of 40–
80 μm was used as a base material for the cantilever.

A photoresist was used for masking in order to create the 
beams and holders of the cantilever. Afterwards, the sheet 
was etched by immersion in a solution of H2SO4, K2Cr2O7 
and NaCl. The reverse side of the sheet was coated with a 
reflective layer, in this case made of gold, which was done by 
Physical Vapor Deposition.

The resulting product (figure 1) is a base with multi-
ple cantilevers attached. Dimensions of the presented batch 
are characterized by the standard deviation of ca.  ±18 μm,  
±13 μm, ±18 μm (length, width, straightness). Single canti-
lever beams with holders were mechanically cut out of the 
base using paper scissors—the resultant large error is of no 
concern, since the holder dimensions do not affect the result-
ing stiffness of the beam.

Various spherical elements can be used as the tip. In the 
reported study, SiO2 and stainless steel balls for rolling bear-
ing, with diameters ranging from 0.1 mm to 0.7 mm were 
used. The balls were fixed to the end of the cantilever beam 
by means of epoxy resin (Epicote 1004 by Shell Chemicals, 
London, UK).

The obtained cantilever is shown in figure 2. The width and 
length of the beam can be controlled during the etching pro-
cess. The thickness of the beam can be changed by using metal 
sheets of different thicknesses. Controlling those parameters 
allows both the bending and the torsional stiffness to be changed 
over a wide range for each cantilever, for example, from 2 to  
1900 N m−1, and 80 to 32 000 N m−1, respectively. A single 
base can therefore be used to produce cantilevers with various 
properties. Due to the large diameter of the sphere, as compared 
to typical cantilever tips, a wide range of materials such as steel, 
aluminum, SiO2, polymers (e.g. PETP, PS, PC) is available.

3. Applications

After fabrication, stiffness of the cantilevers must be cali-
brated. Owing to the calibration, errors of the geometrical 

dimensions do not impact the measurements. Due to the 
dimensions being larger than in the case of typical cantilevers, 
it is easier to apply some approaches such as geometric cali-
bration [11] and nanoindenter torsional calibration [12]; at the 
same time, higher accuracy can be obtained.

Standard methods of calibration, such as the use of a refer-
ence spring [13] or MEMS microforce sensors [14], are also 
applicable for these cantilevers.

The larger radius of the tip increases the contact area 
between the tip and the surface being studied, what magnifies 
the pull-off force. Increasing the pull-off force and minimizing 
the stiffness of the beam, owing to the optimization of its geo-
metrical dimensions, allows adhesion to be measured in cases 
where its magnitude is too small to be determined, or when 
the pull-off force should be increased in order to decrease the 
related error while measuring its small values [15].

The larger radius of the tip also decreases the maximum 
pressure exerted during contact, which in turn diminishes any 
deformation of the sample under the tip. This makes it pos-
sible to measure the mechanical properties of some biological 
samples, such as annular ligament, with decreased impact of 
sample deformation [16]. In the case of such measurements, 
the possibility of changing the stiffness of the cantilever 
allows for it to be made almost equal to the stiffness of the 
sample, what can result in a decrease in measurement errors 
connected with uncertainty of the cantilever stiffness.

Owing to the larger diameters of the tip, it is easier to coat 
it with various layers, making it possible to measure the tribo-
logical properties between different materials, such as various 
anti-adhesive coatings in contact with polymers to potentially 
be used in nano-imprint lithography [17]. Such measurements, 
as well as those mentioned below, were performed using a 
commercial NT-206 AFM system.

The presented cantilevers were also used to determine the 
viscosity of a PDMS film deposited on a silicon dioxide (SiO2) 
substrate. The Couette flow model was used after appropriate 
adaptation to the AFM technique [18]. Assuming a viscous 
film between two surfaces, one of which is the substrate and 
the second is the cantilever tip, the viscosity can be calculated 
as follows:

Figure 1. Multiple cantilever beams attached to a common base, 
fabricated by etching from a thin sheet of beryllium–copper.

Figure 2. Exemplary cantilever made of beryllium–copper with a 
steel ball tip: length 2500 μm, width 400 μm, thickness 50 μm, ball 
diameter 400 μm; 1—cantilever tip, 2—epoxy resin, 3—cantilever 
beam, 4—cantilever holder.
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η =
Ft · D
A · v

 (1)

where: η is the viscosity of the film, Ft is the friction force, D 
is the film thickness and v is the sliding speed.

The measured values of viscosity are similar to the value 
reported by the manufacturer of the PDMS, as shown in 
figure 3.

A larger spectrum of materials used for AFM tips makes 
it possible to perform measurements of friction for pairs of 
materials such as steel–molybdenum disulfide (MoS2), steel-
lead (Pb), and polymer–polymer.

A cantilever with a steel ball (diameter of 0.7 mm) as the 
tip was used to create a sliding pair with a silicon wafer and 
molybdenum disulfide film on the wafer. At a sliding speed 
of 3.5 μm per second and a load of 30 μN, a friction coef-
ficient of 0.88 was determined for steel–Si, which proves that 
the result reported by Qing [19] can be obtained in an easier 
way—without the need to build a dedicated micro-friction test 
apparatus. Under the same load and sliding speed, a steel–
MoS2 pair (measurements performed in the air at a humidity 
of 50%) yielded a friction coefficient of 0.22, which agrees 
with the results of previous research realized at the macro-
scale [20, 21].

The presented cantilevers were also used to obtain the fric-
tion coefficients of material pairs such as steel–lead film on a 
Si wafer and steel–indium film on a Si wafer. Both of these 
films were obtained by physical vapor deposition: evaporative 
deposition. The results of friction measurements are illus-
trated in figure 4.

4. Conclusions

A new type of AFM cantilever is presented. The applied 
fabrication process makes it possible to obtain cantilevers fea-
turing various bending and torsional stiffnesses, for example, 
2–1900 N m−1, and 80–32 000 N m−1, respectively.

Even though the large diameters of the spheres used for the 
tips (in the range of 0.1–0.7 mm) exclude a high resolution of 
topography scanning, resolution of force measurements can 
still be increased.

A wide range of materials can be used for the tip, including 
steel, silicon dioxide, zirconium silicate, zirconium dioxide, 
and polymers such as polystyrene, and such a tip can easily be 
machined in order to change its shape or roughness, according 
to specific demands. This enables performing measurements 
adequate to the frictional mating of a real pair of materials, for 
example in MEMS devices.

The presented cantilevers can be installed in commercial 
AFM systems such as the NT-206. While applied in other sys-
tems, the holding part may have to be manufactured with a 
different shape.

Another noteworthy feature of the new cantilevers is their 
dramatically lower cost compared to their commercially avail-
able counterparts with spherical tips.
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Abstract: A numerical model is suggested and validated 
for simulating frictional forces between two samples. The 
model employs knowledge of surface topographies and 
values of surface properties provided in the relevant liter-
ature and can be applied to contact between complex sur-
faces. It employs the Lennard-Jones molecular force theory 
and applies it to a surface segmented into cuboids, which 
represent separate springs in a Winkler layer. In order to 
model a contact of two rough surfaces, their asperities 
are merged into one surface that is put into contact with 
a perfectly flat surface. Validation, done by atomic force 
microscopy (AFM), shows that the model can be applied 
for contacts of rigid samples in the elastic regime of forces.

Keywords: atomic force microscopy; friction; simulation.

Abbreviations: AFM, atomic force microscopy; LPCVD, 
low-pressure chemical vapor deposition; MEMS, micro-
electromechanical systems; NEMS, nanoelectromechani-
cal systems

1   Introduction
Reliability is always a significant issue in micro- and nano-
electromechanical systems (MEMS and NEMS). Because of 
scaling effects, volumetric properties of MEMS/NEMS are 
not the main focus of failure mode analysis [1–6]. In micro-
scale, surface properties and surface-surface contact 
mostly affect performance and reliability [7]. Adhesion of 
surfaces and friction between two sliding surfaces result 
in stiction (sometimes permanent due to low elastic restor-
ing forces) and wear of mechanisms [8–10]. Adhesion of 

two surfaces can be modeled based on contact theories 
such as the Johnson, Kendall, and Roberts (JKR) [11] or 
Maugis model [12]. With detailed knowledge of both con-
tacting surface topographies, it is possible to predict the 
adhesion forces between them [13]. Prediction of friction 
is, however, a more complex issue, and even the measure-
ment of friction forces between two surfaces in microscale 
is a difficult task [14]. That leads toward a need to develop 
a way to accurately simulate friction contact of two sur-
faces. A respective contact model was suggested and vali-
dated in this paper.

Previously developed friction models present accu-
rate predictions within limited areas. For example, the 
Greenwood-Wiliamson statistical approach with Weibull 
distribution [15] is a good predictor of contact between 
two surfaces with very limited number of contacting 
asperities, which comes to very rough surfaces under low 
loads. Those limitations make it hard to use this model 
while developing contact surfaces in MEMS and NEMS 
for minimal friction. There are also models for specific 
situations such as numerical simulations of rigid body 
dispersions, which predict frictional behavior during dis-
persion in solvents [16]; however, they are not applicable 
to this scale. Molecular dynamics models are also a pos-
sibility for predicting contact, but their complexity is still 
very high. Numerous parameters affect those models, and 
due to still high error of the results and long computation 
time, these models still need significant work in order to 
be applied to the design of MEMS/NEMS devices [17, 18]. 
Validation of friction models is also a complex task as it 
might require development of special apparatus to accu-
rately measure nanoscale contact [19]. However, it is pos-
sible to use atomic force microscope (AFM) to measure 
contact parameters with high accuracy, as it was done for 
other types of simulation models [20–22].

2   Simulation model
In this simulation, the Tabor’s theory [23], developed 
further by McClelland [24], is assumed to be a good 
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356  M. Michałowski: Simulation model for frictional contact of elastic surfaces

description of two contacting surfaces. This theory sug-
gests that friction can be divided into adhesive friction 
and mechanical friction. The adhesive part is caused by 
molecular bonds between atoms of two surfaces moving 
relatively to each other. The mechanical part, also called 
load-controlled or deformation component, describes 
the force needed for those surfaces to deform each other. 
Another assumption taken in this model is a simplifica-
tion of elastic deformation by considering the material as 
a set of parallel springs as in the Winkler mattress model. 
Each spring in the Winkler layer is a separate point in the 
simulation approximating area S. Asperities of two con-
tacting surface topographies are summed to form one 
rough surface (Figure 1), which is in contact with a flat 
surface. Additionally, the flat sample is assumed to be 
rigid, and the Young’s modulus of the rough surface is cal-
culated according to Eq. (1) [25].

2 2
1 2

1 2

1 
(1 ) (1 )

E

E E
ν ν

=
− −

+
 (1)

where E1, E2, ν1, ν2 are Young’s modulus and Poisson’s ratio 
of material surfaces 1 and 2, respectively.

Deformation of the elastic layer can be derived from 
the force equilibrium Eq. (2):

1 1

  (( ) )
m n

i i i
i i

P z F l NΔ
= =

+ =∑ ∑  (2)

where Pi is the contact deformation force acting on the 
surface layer deforming it elastically over Δzi [26]. F(li) 

is the molecular force described by the Lennard-Jones 
theory, li is the distance between the two surfaces in point i 
and can be described as li = d − zi. N is the external force, m 
is the number of springs being in mechanical contact, and 
n is the number of springs in strictly adhesive contact. The 
elementary force opposing the elastic deformation can be 
described as [26]:

 ( )i i i
EP z z
kh

Δ Δ= (3)

where h is the height of the Winkler’s layer, and k is:

1 2 1 2

1 2

(1 ) (1 2 )
1

k
ν ν ν ν

ν ν

+ ⋅ −
=

−
(4)

The molecular force F(li) can be derived from the Len-
nard-Jones potential energy equation [27]:

 p n m
i i

A BE
l l

= − (5)

Powers n and m are taken as 2 and 8 due to the assump-
tion of two half-spaces interacting with each other [28]. 
Afterward, we differentiate Eq. (5) with respect to distance 
and calculate constants A and B assuming that the force 
equals 0 when the distance is ε and the adhesion energy 
to be equal to the integral of the force with respect to the 
distance over ε to  ∞.

( )  iF l dl
ε

γ
∞

= ∫� (6)

After these transformations, the force can be calcu-
lated as:

3 9
8( )
3i

i i

F l
l l

Δγ ε ε
ε

⎛ ⎞ ⎛ ⎞
= −⎜ ⎟ ⎜ ⎟

⎛ ⎞
⎜ ⎟⎜⎝⎝ ⎝ ⎠ ⎠⎠ ⎟ (7)

where ε is the intermolecular distance at which poten-
tial energy is minimal, Δγ is the adhesion energy equal to 

1 2 ,Δγ γ γ=  where γ1 and γ2 are surface energies of samples 
1 and 2. For points with no initial mechanical contact li > ε, 
we can calculate the deformation of the elastic layer by 
assuming a force equilibrium F(li) = Pi(Δzi) and using 
Eqs. (3) and (7),

2 8

3 9( ) (3 )
8

i
i i

z kh
E d z d z

ε ε
Δ Δγ

⎛ ⎞
= −⎜ ⎟− −⎝ ⎠

(8)

where d is the distance between the flat surface and the 
base of the rough surface, and zi is the height of the asper-
ity at point i from the base level, as can be seen in Figure 2.

Figure 1: An example of a rough surface used for simulation, 
modeled in contact with a perfectly smooth surface. This rough 
surface is created by summing of the asperities of two real surfaces 
into one.
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M. Michałowski: Simulation model for frictional contact of elastic surfaces 357

Each spring in the model is a cuboid of the surface 
material with its height being the height of the Winkler’s 
layer and its upper area is equal to S. When two sur-
faces: “rough surface” and “flat and rigid surface” are 
moving laterally with respect to each other, each cuboid 
is sheared. A schematic of a sheared element is shown in 
Figure 3. The work of the shear force is:

1
2 i iW Q sΔ=  (9)

An extension of the diagonal of the cuboid resulting 
from the shear can be calculated in two ways. Strictly geo-
metrical under an assumption that the angle between the 
diagonal and the top side (α in Figure 3) does not change 
with the shear of the top, due to a low deformation of the 
cuboid:

i

i i

sl C
z z

Δ
Δ

Δ
= ⋅

+
(10)

where 2
tan ,

tan 1
C α=

α +
 tan   ,i iz z

x
Δ

Δ

+
α =  Δx is the side of the 

upper square of the cuboid.
The second way of denoting an extension is to use a 

well-known equation, due to stretching of the material in 
the direction and contracts in the direction traverse of the 
stretching:

1 2l
E E
σ σ

Δ ν= − (11)

where 1   ,Q
S

σ =  and 2   .Q
S

σ = −

From Eqs. (10) and (11), we can calculate:
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where ,
2(1 )

EG
ν
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+

 S is the upper surface area of one calcu-

lated cuboid. Substituting Eq. (12) into Eq. (9), we get an 
equation for work of the shear force:

2 (1 1
4

)i i iW Q z z
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The energy needed to break contact can be derived 
from Eq. (7) by assuming the separation of surfaces from 
distance lia to ∞
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where lia = d–(zi + Δzi).
Assuming that the work of the shear force has to be 

equal to the energy needed to break contact, we can use 
Eqs. (13) and (14) to calculate the lateral force needed to 
destroy the adhesion bonding at point i:
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Contact due to
deformation under

normal load

Contact due to
adhesion forces

acting between two
surfaces

Flat and rigid surface

Reference z = 0

Original rough surface
(sum of asperities of two

surfaces)

Rough surface after
elastic deformation

(sum of asperities of
two surfaces)

d
Zi

ΔZi

Figure 2: Schematic of contact between two real surfaces. 
Asperities of two real surfaces are merged into one surface called 
“rough surface”, and the second is presumed to be ideally “flat and 
rigid surface”. The figure shows deformation of the “rough surface” 
under load and due to adhesion forces.

Δx

Qi

Pi
Fi

Δsi

α

Z
i +

 Δ
 Z

i
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Figure 3: With a surface modeled as collection of parallel springs, 
one spring representing a cuboid of the surface material is shown. Δx 
and Δy are the dimensions of the cuboid in this model, assumed to be 
the size of the step set during surface topography measurement. Zi is 
the height of the layer, Q is the shearing force, while P and F are the 
load and adhesion forces that could stretch or compress zi.
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The lateral force is summed for all points, where adhe-
sive contact occurs. The contact component is calculated 
using the previously determined force Pi. Knowing the 
external force N, it is possible to calculate the distance d 
from Eq. (2) and then Pi from Eq. (3). Then, we can calculate 
the distance lim at which the molecular force F(li) is equal to 
Pi. Afterward, the energy needed to break contact is calcu-
lated as the energy needed to separate the initial contact 
from the distance lim to ε and from that point to  ∞. The cal-
culation of energy needed is similar to that of Eq. (14).

3 9
8
3

im

i
l i i

Enm dl
l l

Δγ ε ε
ε

∞ ⎛ ⎞ ⎛⎛ ⎞
⎜ ⎟⎜ ⎟⎝

⎞
= −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠⎠∫  (16)

The lateral force needed to break the contact can be 
calculated in a similar way as Eq. (15):
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The force required to separate a contact is summed 
for every cuboid in the model, both while in contact due 
to the deformation of the surface under normal load and 
while in contact due to adhesion forces.

It is also possible to calculate those values for a situ-
ation, where the two contacting surfaces were held in 
contact for some time prior to movement by assuming a 
time-dependent elastic modulus [29]. This model for the 
time being was implemented in Delphi; however, owing to 
a fairly simple algorithm (Figure 4), it can be transferred to 
other programming languages.

3   Simulation studies
In order to simulate the contact of two surfaces with this 
method, some parameters of the samples have to meas-
ured or assumed. In the model, we assume the intermo-
lecular distance ε to be 2 nm [27] and the Winklers layer 
thickness as the thickness of the measured layer. The area 
of a single spring in the model is important as well; it was 
assumed to be the step of scanning during the AFM meas-
urement of the surface, which was 20  nm × 20  nm. The 
AFM was used because it is a widely available and com-
monly used instrument [30–34]. This could allow for an 
easy acquisition of model inputs.

Other inputs of the model are surface free energy of 
samples, elastic modulus, and Poisson’s ratio of both 
materials and detailed topography of surfaces.

3.1   Validation method

The validation of the model was done by assuming one 
of the contacting surfaces to be a sphere sliding over a 
flat surface (Figure 5). Because of this assumption, the 
outputs of the model can be compared with the AFM fric-
tion loop measurements. A cantilever with a spherical 
tip was used on various samples to measure the lateral 
force and, as the result, the coefficient of friction. One 
additional simplification was added at this point: the tip 
sphere was not modeled as a whole sphere, but rather 

Summing of surface
asperities to one rough

surface

Calculation of resulting
theoretical young’s

modulus of rough surface

Distance ‘d’ between flat surface and
base of rough surface assumed to be

the highest asperity

Calculation of the nominal load by 
summing of contact pressure per
area and adhesion force per area 

Is calculated
nominal load within
2% of applied load?

Yes

Calculation of energy needed to
break contact in each area

Calculation of lateral force needed
to break contact and friction force

No

Change
distance ‘d’

Figure 4: Block schematic of the friction simulation algorithm.
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as a half sphere. During the test, no sample with rough-
ness higher than 70 nm Ra was used; therefore, the force 
between the higher parts of the sphere and the surface 
sample are negligible. As the exact point of initial contact 
will, in most cases, not be known in nanometer resolu-
tion, validation was done by numerous measurements of 
topography and friction on the same samples but over dif-
ferent areas, and averaging of both values: measurement 
of friction and simulated friction for multiple sample 
surface with the AFM tip.

4   Measurements
In order to validate the model, a cantilever with a SiO2 
tip with a diameter of 2 μm was used. This cantilever was 
CP-NCH-SiO-A from sQube. Calibration of the cantilever in 
the z axis was realized by a reference spring with a stiff-
ness of 35.5  N/m and the Si wafer as the hard material 
for photodiode calibration [35]. In the torsional axis, the 
calibration was done on the basis of the measurements of 
the geometrical dimensions of the beam and the assump-
tion of the AFM manufacturer that photodiode sensitiv-
ity is equal in both directions. An NT-206 AFM system 
was used during this study. Friction loop measurements 
were done on polysilicon samples (Figure 6) produced by 
low-pressure chemical vapor deposition (LPCVD) with 

different deposition temperatures, by thermal decom-
position of silane in temperatures of 580°C, 610°C, and 
630°C. Layers were produced on SiO2, which was attained 
through thermal oxidation of <100> -oriented silicon sub-
strate. The SiO2 film thickness manufactured in that way 
was 1.7 μm. Various temperatures of polysilicon deposi-
tion resulted in change in the roughness and the grain 
size of the top layer. The duration of the deposition was 
controlled in order to achieve a constant thickness of the 
polysilicon layer of 50 nm for all samples.

The topography of both cantilever tip and samples 
was measured by the AFM with a step of data acquisition 

Figure 5: Schematics of the simulation validation method. A 
spherical surface that comes into contact with the sample is moved 
laterally. The spherical surface in the experiment is a cantilever tip; 
from the top, we can see a cantilever with a spherical tip; part of the 
sphere used to calculate the contact; polysilicon sample surface 
(with 20:1 ratio in the axis z with respect to x and y).
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of 20 nm × 20 nm, using a sharp tip CSC17-No Al-15 from 
MikroMasch. The topography was measured in contact 
mode with low loads. For polysilicon samples, the meas-
urements were done over an area of 5 μm × 5 μm at seven 
separate spots. No significant deformations or differences 
were spotted between scans. Additionally, scans over a 
larger area of 20 μm × 20 μm were done to check if larger 
deformations exist on the surface of the sample. In the 
case of the spherical tip CP-NCH-SiO-A, its topography 
was acquired by repeated scans on the AFM and combin-
ing the resulted areas.

Young’s modulus of the polysilicon samples was meas-
ured on a Tryboscope using the indentation procedure 
with the application of the Oliver and Pharr model [36]. 
For these measurements, the Berkovitch tip was used. A 
trapezoidal loading curve with both loading and unload-
ing time of 5  s and a holding time of 2  s was used. The 
maximum load during those measurements was 1500 μN. 
In order to avoid the impact of the substrate during the 
measurements, samples with a 2-μm polysilicon layer 
were prepared utilizing the same fabrication process. The 
value obtained was 110 GPa. During this study, a Hysitron 
Tryboscope was used. For the purpose of simulation, it 
was accepted that the Young’s modulus of SiO2 is 70 GPa, 
according to Ref. [37]. For both samples, literature values 
of Poisson’s ratio were used: 0.22 [38] for polysilicon and 
0.17 [37] for SiO2, respectively.

Surface free energy of the LPCVD-prepared samples 
was measured according to a wettability method [39]. 
Five microliters of droplets of water and diiodomethane 
were placed on samples, and their angle with the surface 
was measured. Afterward, the surface free energy of the 
samples was calculated [39]. Because of the spherical 
shape of the cantilever, the wettability procedure was not 
used for the cantilever tip; in this case, a value of 72 mJ/m2 
[40] was used in the model.

Friction loop measurements with the use of the
 simulated cantilever were done on each of these 
samples seven times at various locations on the sample, 
and the average value was accepted to be compared with 
the simulation results. The friction measurements were 
done under a constant load of 10 μN and a sliding speed 
of 3.5 μm/s. The constant load was achieved by a feedback 
loop system with the AFM piezo-element controlling the 
deflection of the cantilever to be constant at the level at 
which 10 μN load is exacted on the surface. A 10-μN load 
was selected in order to be certain that the contact stays 
in the elastic regime. The Hertz contact model for a ball 
with 2 μN in contact with a flat surface for these materi-
als shows that in order to exceed the polysilicon yield 
strength, a load of 70 μN would have to be applied. Kin-
ematic friction was used for comparison with the simula-
tion. The measurement devices and example results are 
depicted in Figure 7. All of these measurements were done 
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in a clean room with controlled environment, with a tem-
perature of 22.3°C and a humidity of 53.1–56.2%.

5   Results
In the simulated samples, the adhesive component of 
friction is dominating the mechanical part and is roughly 
40 times greater for all the SiO2-polysilicon contacts. In 
both friction measurements and simulation, the same 
normal load of 10 μN was applied; therefore, the com-
parison of the friction coefficient is equivalent to the 
comparison of the lateral force. The average values of the 
friction coefficient from seven measurements and from 
seven simulations, one for each topography scan of poly-
silicon in contact with the cantilever plane, are depicted 
in Figure 8.

A two-sample t-test was done on each surface pair 
resulting in p values of 0.13, 0.12, and 0.79 for roughness 
values of 1.45, 1.49, and 1.7 μm; each of these values is 
greater than the assumed threshold of 0.1. Additionally, 
the R-Pearson correlation between averages was cal-
culated to be 0.96, which is a high strength correlation. 
Simulation is in line with the measurements giving a good 
prediction of the values.

Figure 9 depicts the range of friction coefficient 
values for each simulation compared to the range of 
values obtained from the measurements. We can see that 
the scatter of both simulation and experimental values 

is similar, which further suggests the accuracy of the 
model.

6   Discussion
The simulation model is a good predictor for contacts of 
two smooth samples. The influence of change in rough-
ness of one surface on the friction is predicted accu-
rately. At this point, the model is accurate for contact 
between samples when the adhesion contact is domi-
nant as no mechanical locking of two surfaces is taken 
into account. The adhesive part of friction will be greater 
than the mechanical one for smooth samples and during 
low loads. For example, for a simulated sample (Ra of 
1.7  nm) in contact with the 2-μm diameter ball tip, the 
mechanical part exceeds the adhesive part at about 
600  μN of load. This model assumes the surface to 
consist of cuboids with x and y dimensions according to 
the scan size. This assumption has a negligible effect on 
smooth surfaces, but surfaces with higher kurtosis, with 
more spiked asperities, will be affected more by this 
simplification. By assuming the top of the asperity to be 
a cuboid of x,y dimensions instead of a sharp end, the 
contact area will be significantly overestimated at this 
point, resulting in overestimation of the force needed to 
break contact, which in turn overestimates the friction 
force. This was tested on samples with higher roughness 
and kurtosis (Ra ∼50  nm and Rku ∼3), and the step of 
data acquisition for topography had to be 5  nm × 5  nm 
or less to correctly simulate the friction force. As this 
model is meant to be used in conjunction with the 
topography measured by the AFM, which scans the 
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sample in particular points and not the highest points 
of the asperities, the flat cuboid should be statistically 
indistinguishable from the actual surface for a small-
enough measuring mesh. One more noteworthy limita-
tion of the model is that it assumes an elastic contact 
and no plastic deformation. That means that simulation 
is only accurate when loads do not exceed the elastic 
regime of the measured surface material. This limita-
tion is, however, met for majority of the loads existing 
in MEMS/NEMS and materials such as polymers, silicon, 
silicon dioxide, or polysilicon [41, 42]. Calculation of 
friction based on topography and more easily measured 
properties such as surface free energy can lead toward 
easier prediction of surface interaction than either 
uncertain off-chip measurement methods or expensive 
and time-consuming on-chip measurements [43].

7   Summary
A simulation model for the contact of two surfaces is dis-
cussed. The model allows the prediction of friction forces 
with the separation for adhesion friction and mechanical 
friction. The model uses the Winkler’s layer model, Len-
nard-Jones energy of contact, and Tabor’s friction theory 
as its base. This is a numerical model with a simulation 
step size possible to be set according to the resolution, 
with which we measured the simulated surfaces. The 
inputs of the model are both surface topographies, and 
their properties such as elasticity, surface free energy, 
and Poisson’s ratio. Simulation outputs were validated 
for smooth surfaces in which the adhesive part of the 
friction is dominant. Further validation of rough samples 
and plastic range of deformation are required to specify 
the exact range of model application. It is planned to 
continue the validation of other materials in order to 
confirm the effects of surface energy and elastic proper-
ties on friction results, to ensure accurate prediction over 
a wide range of values. The proposed model is simpler 
and faster in calculation than the molecular dynamics 
models and can be applied to highly patterned surfaces 
of elements within the elastic regime. The prediction of 
friction forces in MEMS and NEMS devices can possibly 
lead toward a more optimized development of NEMS 
actuators.
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Abstract The selection of the proper materials for the

fabrication of the micro electro mechanical systems

(MEMS) is a very important issue in the MEMS research.

The materials should be adequate for the fabrication pro-

cess as well as they have to demonstrate in particular good

adhesive (to avoid stiction between contacting/sliding

components) and frictional/tribological properties. We

fabricated ultrathin (50 nm thick) polysilicon films on

single crystal silicon wafers at various deposition process

conditions and observed the effect of the process parame-

ters on surface topography and adhesive as well as fric-

tional properties of the produced films. The atomic force

microscope was used in these studies equipped with special

cantilevers. We identified interesting correlations between

the process parameters and adhesive/frictional properties of

the studied films which enable to optimize the process to

decrease adhesion (stiction) and friction between sliding

components of MEMS devices and compared them to

previous research done at samples with thicker layer.

Topography of both samples and cantilevers has been

studied in depth to allow later simulation of the interface.

Additional measurements of friction in various humidites

should be done next in order to assess the influence of its

impact on friction coefficient. Further comparison of

adhesion to friction in particular environmental properties

might also increase our understanding of MEMS surface

interactions.

1 Introduction

The use of the polysilicon films in micro/nanotechnologies is

important for the fabrication of the structural elements of

micro electro mechanical systems (MEMS) as well as nano

electro mechanical systems (NEMS) (Madou 2012; Brand

2005; Hartzell et al. 2011). Such components are critical

when they are performing also tribological functions such as

sliding components, e.g. in MEMS micromotors or mecha-

nisms. The adhesive/sticking and frictional properties are

deciding on the reliability and lifetime of such systems

(Zhang et al. 2005; Achanta and Celis 2015; Sinha et al. 2013;

Yang et al. 2013). The need for systematic studies of the

influence of the fabrication process of polysilicon structural

films on their adhesive, nanotribological and nanomechanical

properties results from the growing interest of industrial

fabrication of such structures. Despite the fact that measuring

techniques in this area are known (Jarzabek et al. 2009, 2014),

there are no systematic studies performed in this field. Thus, it

is important to find the fabrication process parameters, that

result in particular tribological properties whether it is mini-

mum or high friction. Those parameters can be used during

production of rubbing components ofMEMSmicromotors as

well as other types of MEMS devices.

2 Fabrication process

The polysilicon films have been deposited on a\100[—

oriented silicon substrate. The wafers were first thermally

oxidized at a temperature of 1000 �C, in order to obtain a
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SiO2 thickness of 1.7 lm. Over this insulator, there were

deposited the polysilicon thin films using low-pressure

chemical vapor deposition (LPCVD) method. In order to

investigate the effect of temperature on grain size and

deposition rate, the films have been obtained by thermal

decomposition of silane at three different temperatures:

580, 610 and 630 �C. In all our tests the polysilicon

thickness was constant, 50 nm (Voicu et al. 2015).

A pattern has been used for the test samples configura-

tion (Fig. 1), one mask has been used for all of the samples.

This mask has been prepared for further practical appli-

cation in MEMS devices. The fabrication process of the

samples is described in Fig. 2.

3 Experimental details

After fabrication, the samples were tested on scanning

electron microscope (SEM) (Fig. 3) and atomic force

microscope (AFM) in order to investigate their surface

topography. Figures 3 and 4 show examples of SEM and

AFM scans. AFM experiments were done with three types

of cantilevers depending on the measurement performed.

Cantilever with sharp tip has been used for topography

scans (CSC17-No Al-15m MikroMasch with a nominal tip

radius of \8 nm), the scans were done on a 5 9 5 lm
range. A colloidal tip (CP-NCH-SiO-A, sQube) with a ball

diameter of 2 lm has been used for friction measurements.

This cantilever has been calibrated in both z (vertical) and

x (torsional) axis. Calibration in y has not been done as

scans were done along x axis of the cantilever and y axis

tilt is negligible in this situation. In order to calibrate the

cantilever vertically, a special membrane (12Z00073,

Nanoidea) has been used along with TGZ03 step-calibrat-

ing structure, while torsional stiffness has been obtained by

mathematical calculation, they have been as following

Cver = 80 N/m and Ctor = 16,000 N/m. For the adhesion

measurements a custom-made (fabricated in Warsaw

Institute of Micromechanics and Photonics) beryllium

bronze cantilever with a SiO2 ball of 0.35 mm diameter has

been used. This cantilever has been calibrated vertically in

the same way as the one with colloidal tip to be

Cver2 = 49 N/m. In order to have a greater understanding

of the interface during adhesion of the tip to the sample, the

SiO2 ball has been measured by AFM. This allows also

usage of simulation models for surface–surface interface.

Crucial parameters of the measurements are summed up

below.

For friction measurements, the applied normal force

(contact load) during the friction measurement was 10 lN.
The sliding speed during friction measurements was about

3.5 lm/s. For the adhesion measurements, maximum con-

tact pressure did not exceed 0.5 N/mm2. The surface

topography and friction measurements were performed in a

clean room at the following ambient conditions: tempera-

ture 22.3 �C, humidity 53.1–56.2%. In order to attain the

adhesion in various humidities, the pull-off force tests have

been carried out at 20, 40 and 60% to identify the influence

of the humidity on the pull-off forces between the probe

and the film during detachment of the probe from the tested

film.

4 Results and discussion

The roughness of the sample deposited at different tem-

peratures varied slightly with the temperature changes. The

AFM images of the surface topography of the samples are

shown in Fig. 4.

The surface of the films was uniform for all tested

samples in various scanning locations. The roughness of

the films fabricated at various temperatures is expressed by

the Ra and its kurtosis is indicated by Rku parameter and it

is presented in comparison for the set of the tested samples

in Fig. 5.

The roughness of the polysilicon films is increasing at

the increase of the temperature of the deposition. What we

can also see from both the cross-sections and the kurtosis,

with the rise of the temperature the spikiness of the surface

increases. The differences here are more significant sta-

tistically than in Ra. The difference in roughness and kur-

tosis among all tested films has been minor for particular

samples in different locations of scanning. The standard

deviation of the identification of the Ra was 0.16, 0.14 and

0.08 nm for the films deposited at 580, 610 and 630 �C,
respectively, while kurtosis error was about 12% of the

measured value. This measurements show that with the

increase of the temperature the surface roughness is caused

by higher spikeness instead of waviness.

The adhesive properties of the films were strongly

dependent on the surface topography and the humidity. The

pull-off force for the tested films is presented in Fig. 6.
Fig. 1 Geometry of MEMS sample with islands patterned on silicon

chip with 4 9 4 mm in size (central island is 1 9 1 mm in size)
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This results compared to samples with 2 lm thickness

layer, which were conducted previously (Voicu et al.

2014), are significantly higher. Both sample sets were

produces in the same manner, with the same method and

the same fabrication temperature. Different thickness has

been achieved by manipulating the deposition time and

silane flow, also the same cantilevers were used to avoid

any potential impact of tip size or radius (Voicu et al.

2014). The values for 2 lm thick samples were about

600–1000 nN which is about ten times lower than in cur-

rently measured samples. Research conducted by Voicu

et al. were done in medium humidity environment of about

40%, also the same type of cantilever (beryllium bronze

beam with a SiO2 ball of 0.35 mm diameter) has been used.

Different fabrication process resulted in difference in

sample roughness, in case of the thicker samples the

roughness has been in range of Ra 30–70 nm, in compar-

ison to 1.45–1.7 nm Ra for thinner samples.

Multiple scans of the cantilever tip have shown the

roughness of about 6.7 nmwith standard deviation of 1.7 nm.

Topography of the cantilever has been shown on Fig. 7.

The friction is strongly dependent on the roughness of

the films. The interdependence of those parameters is

illustrated by Fig. 8.

The decrease of the friction coefficient with the increase

of the roughness can be explained by the decrease of the

real area of contact, which strongly influence the adhesive

component of friction force. Also, it is in good correlation

with the adhesive properties of the film which can be

Fig. 2 Technological process of the test sample configuration: a thermal oxidation of the substrate; b polysilicon thin films deposition; c the

photolithographic process; d dry etching of the polysilicon thin films; e SiO2 wet etching; f photoresist removal

Fig. 3 SEM image of 50 nm undoped polysilicon deposited at

610 �C
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observed in Fig. 7. The correlation states here that the

lower the adhesion, the lower the friction coefficient as

well, while both are presumably connected to the lower

real contact area. Previous measurements on thicker sam-

ples showed higher friction coefficient of samples that had

higher thickness and higher roughness (Voicu et al. 2014).

Those measurement found friction coefficient of about

0.12, which is 1.5 higher than of current samples.

The adhesion and friction for the deposited ultrathin

films with the thickness 50 nm is governed mainly by the

Fig. 4 Images and cross-sections done using atomic force micro-

scope. a, c, e Topography views of samples with surface layer

deposited at 580, 610 and 630 �C accordingly. b, d, f Cross-sections

of surface topography of polysilicon film deposited at temperature

580, 610 and 630 �C accordingly
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roughness of the films which is relatively small when the

polysilicon films are deposited at the temperature 580, 610

and 630 �C. The differences between surface properties are

not very big, but might be significant in production of

MEMS and NEMS devices.

5 Conclusions

The adhesive and frictional properties of the ultrathin

polysilicon films depend on the temperature of their

deposition. At higher temperature the roughness of the

films is increasing, which influences strongly the adhesion

and friction properties of the surface. The roughness’s of

the tested ultrathin films were relatively small. Roughness

and spikiness of the surface have been increasing along

with the increase of the fabrication temperature.

The fact that friction decreases with the increase of

roughness and spikiness of the surface suggests that in this

range of operation the friction force is governed mainly by

the adhesive component of the friction force. To decrease

friction and adhesion it is necessary to fabricate the films at

higher temperatures which will increase the roughness of

the surface and in turn decrease the area of contact. Lower

friction coefficient and higher pull off-force in thinner

Fig. 5 Surface parameters of

fabricated samples: a Ra

roughness parameter of

polysilicon films vs.

temperature (in �C) of their
deposition b Rku kurtosis

parameter of polysilicon films

vs. temperature (in �C) of their
deposition

Fig. 6 Pull-off force (adhesive force) vs. temperature of fabrication

(which influenced on roughness, see Fig. 4) and humidity

Fig. 7 Topography of

cantilever ball used for pull-off

force measurements in three

different locations

Fig. 8 Friction coefficient vs. roughness (which depends on temper-

ature of deposition). Points on the chart are samples with surface

deposited at various temperatures (marked with labels)
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samples, with lower roughness, strongly suggests that

adhesive component is dominant in new thin samples, but

mechanical part of friction is important with samples over

30 nm of Ra. In high roughness contacts the mechanical

component of friction is large enough to dominate the

friction while at low roughness the real contact area

increases and high adhesion occurs which dramatically

increasing friction (Rabinowicz 1995). Since at low

roughness (up to 1.7 nm Ra) the friction is decreasing with

the increasing roughness and at high roughness the friction

is increasing with the increase of roughness (Voicu et al.

2014), then it is possible that the minimum of friction

coefficient can be achieved with roughness in between 1.7

and 30 nm.

The tested films seem to be good candidates to be used

for the fabrication of MEMS devices with sliding compo-

nents, e.g. vibrating, such as MEMS RF switches. Addi-

tional measurements of friction in various humidites should

be done in the future in order to assess the influence of its

impact on friction coefficient. Further comparison of

adhesion to friction in particular environmental properties

might also increase our understanding of MEMS surface

interactions.
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11.1 Atomic force microscope

Numerous mechanical properties of the surface at the nanoscale can be obtained by the

atomic force microscope (AFM). In recent years this measurement device has been

widely used in various researches on both classical materials [1–3] and biomaterials

[4–6]. AFM allows measuring of surface properties of materials via numerous tech-

niques such as force-distance curves (FDCs), lateral scanning, wearmeasurements, etc.

11.1.1 Force-distance curves

The acquisition of the first FDCwasmade inorder to compare a layeredmaterial such as

highly oriented pyrolytic graphite (HOPG) and single crystals such as lithium fluoride

(LiF) in 1988 [7]. Since then the procedure has been developed both in approach and

mathematical analysis. This technique is also called force calibration mode. Its base

principle is that the AFM cantilever moves vertically, along the axis perpendicular to

the investigated surface, then the contact between the measured sample and cantilever

tip occurs and the cantilever retracts from the contact afterward (Fig. 11.1). Vertical

movement isgovernedusuallybyapiezo-elementcalledpiezotube,whichallowsmove-

ment in x-, y-, and z-axis. It should be noted that the range of piezoelement displacement

is limited tomicrometer scale, therefore theroughpositioningof the tipabove thesample

is done mostly by step motors or a feedback loop controlled constant voltage motors.

After the course positioning the piezo extends which decreases the distance between

the sample and the tip. An example of an FDC can be seen in Fig. 11.2. At the x-axis
of the graph there is the piezo displacement and at the y-axis the cantilever’s deflection.
The first part of the curve is called zero line—from point 1 to point 2. It is clear that the

cantilever tip is still separated fromthesample surfaceand there isnodeflectionof the tip

with the displacement of the piezo. The next part is noncontact region during which

“jump-to-contact”during loadingand“jump-off-contact”duringunloadingoccurs, this

part is located between points 2 and 3. Knowledge of the cantilever stiffness allows to

determine so-called pull-on force and pull-off force. The last part (from 3 to 5) of the

curve is the contact line during which the distance between the sample and tip is zero

and the deflection of the cantilever and sample deformation occurs. Point 4 is the max-

imum deflection of the cantilever and point 5 marks the jump-off-contact moment.
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Jump-to-contact and jump-off-contact mark the points when the force between the tip

and the sample surface is greater than effective elastic constant of the cantilever.

Analysis of the zero line, noncontact region, and contact line of the FDC allows to draw

numerous information about the tested sample. This procedure has been used in numer-

ous studies on biological samples such as tissues [8], platelets [9], and microbial cells
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Fig. 11.2 Sample FDC between a silicon tip and a surface of a silicon wafer. At part from 1 to 2

cantilever’s deflection is equal to zero—the approach, 2–3 is the noncontact region during

which force between sample surface and cantilever tip exceeds effective elastic constant of

the cantilever and the jump-to-contact can be observed. 3–4 is the contact region during which

the cantilever deflection rises with the displacement of the piezoelement. The last part is the

jump-off-contact at point 5.
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Fig. 11.1 Schematic of AFM cantilever with a sharp tip during a FDC procedure.
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[10].Multiplevarietiesof thisprocedurehavebeendeveloped resulting invariousappli-

cationpossibilities ofmeasuredvalues. For example, there is anewlydevelopedmethod

of determining surface charge of solid-liquid interface [11].

When one would like to measure FDC, one must perform proper calibration in

order to calculate signal from the detector (in volts) to the proper value of a force.

The normal force FN applied by the cantilever to the measured surface is related to

the cantilever’s deflection through Hook’s law.

FN ¼ k � α �Vnorm (11.1)

where Vnorm is the normal deflection of the AFM cantilever expressed in [V] measured

by position sensitive diode (PSD), α is the deflection sensitivity determined from FDC

in [V/μm], and k is a spring constant of the cantilever in [N/m], which could be deter-

mined using one of the methods described further. Deflection sensitivity α should be

determined as an average of several measurements of the slope in section 3–4
(Fig. 11.2). In order to measure this slope, FDCs should be performed on a rigid sam-

ple with high hardness to avoid indentation of the sample’s surface. Polished silicon or

silicon carbide can be used. In many AFM systems it is possible to adjust the gain of

the signal and set the value of sensitivity to 1 V/μm. It makes the calculations easier

and the values of the voltage (in [mV]) at y-axis correspond to nanometers.

It is also worth mentioning that under FDC measurements one can also understand

dynamic measurements, in which the cantilever is vibrated by a piezoelement in the

AFM head with the known amplitude (A) and its oscillations frequency is analyzed.

This approach allows to omit some of the problems of the static measurement, for

example, the blank spot during jump-to-sample. During the oscillation the effective

spring force F¼ kA allows to come closer to the sample than during static mode,

in which very stiff cantilevers are required, which in turn decreases the horizontal res-

olution of the measurement. This causes the dynamic modes of surface scanning to

give topographies with better resolution, and during FDC measurements allows more

detailed measurement of force in the close proximity with the surface, which is

important, i.e., during studying of meniscus forces [12]. This procedure, however,

requires an additional piezoelement in the head of the AFM that allows vibration

of the cantilever. Also the measured output is not a force but a force gradient, which

can be calculated into a force afterward. Additionally it is believed that dynamic FDC

measurements provide more artifacts than static procedure [12].

11.1.1.1 Adhesion measurement

With the use of the FDC technique it is possible to directly measure the adhesion

between the surface and the tip of the cantilever (Fig. 11.3). Adhesion is the force that

binds the cantilever tip to the sample while retracting and holding it on the surface

forcing the cantilever to bend downward (to the sample) until the spring restoring

force of the cantilever will not exceed the adhesion force. Therefore adhesion is cal-

culated as a jump-off-contact in the horizontal scale multiplied by a cantilever spring

constant Fadh ¼ kc�δc. Adhesion energy is related to the adhesion force by E¼ F

2πR
where R is the radius of the sphere in contact with a surface. However, the actual
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contact area is not as simple to determine as at the macroscale. In order to get the

actual contact, we need to use one of the contact models such as Hertz [13];

Johnson-Kendall-Roberts [14]; or Derjaguin, Muller, and Toporov [15]. These models

are described further in more details. Additionally, hysteresis can be observed as the

distance between the approach and retraction curve. Adhesion measurements have

been used with multiple biomaterials studies such as leukocytes [16], cell surface

receptors [17], and human endothelial cells [18]. Thin layers of materials such as

graphene [19] can be measured as well. Furthermore, the adhesion measurements

are performed often in the biomaterials field, for example, adhesion has been found

to be influenced by surface roughness of wood surface and natural fiber [20]. Adhe-

sion measurements were conducted in liquid environments as well, which allowed to

produce adhesive materials working underwater [21]. Detail protocol has been devel-

oped for quantifying cell adhesion forces by AFM measurements [22]. Liu [19] and

others have measured the adhesive properties of thin layers of grapheme (FLG—few-

layer graphene) by this method and found that the adhesive properties are independent

of the number of graphene layers and equal to 0.23�0.11 J/m2. They have also

researched if there is a correlation between number of layers and adhesive force of

contact. Interestingly, there has been no correlation for pull-off forces in situations

when there has been no previous sliding movement of tip over the surface. However,

for thinner layers sliding movement caused an increase in adhesive forces of about

15%. This effect is caused due to the delamination of surface under tensile load.

11.1.1.2 Contact models

The contact radius at the nanoscale is not a direct relation of contacting surfaces like at

the macroscale. The actual contact takes place only at a few asperities from both of the

surfaces. Those surfaces are deformed by forces that appear between them. The
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Fig. 11.3 Chart depicts the adhesion measurement done by FDC. Adhesion force is measured as

the jump-off-contact multiplied by cantilever spring constant, during a FDC procedure.
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question of what are those forces is answered differently in various contact models.

In the case of AFM measurements, where there is a small, mostly spherically ended

tip interacting with a flat surface, it is reasonable to analyze different models for a

situation of a sphere in contact with a flat surface.

The most basic contact model was introduced in 1881 by Hertz (Fig. 11.4). It con-

siders two surfaces that elastically deform under an outside force F. It does not take
into account any surface forces or adhesion between two elements. Without these

inputs it takes a base point of contact radius a0 at zero load equal to 0. The crucial

parameters can be summed up to:

a¼
ffiffiffiffiffiffiffiffiffi
3RF

4E∗

3

r
(11.2)

δc ¼ a2

R
(11.3)

P xð Þ¼ 3F
ffiffiffiffiffiffiffiffiffiffiffiffi
1� x2

p

2πa2
(11.4)

Sphere
prior to

deformation

JKR model—contact radius due to
deformation under pressure and

adhesion forces

Hertz model—contact radius
due to deformation under

contact pressure

Flat surface

Fig. 11.4 Schematic shows the actual contact area of a sphere contacting with a flat surface.

Deformation and contact radius are presented by calculation with two contact models Hertz

(without the impact of adhesion forces) and Johnson-Kendall-Roberts (with the effect of

adhesion on contact area).

Surface mechanical properties 259

79



where a is the contact radius, R is the radius of the sphere, x¼ y

a
and y is the distance

from the center of the contact circle, E* is the effective Young’s modulus, which is

defined by the following equation:

1

E*
¼ 1� v21

E1

+
1� v22
E2

(11.5)

where E1, E2, ν1, and ν2 are Young’s moduli and Poisson’s ratios of the surface and the

indenter, respectively. In the case of AFM measurement the cantilever tip is the

indenter. In the case of an assumption of a rigid tip with a deformable surface Sneddon

analysis has to be employed [23] and Oliver-Pharr method can be used [24]. Since the

Hertz model does not take into account surface forces and adhesion it is accurate only

for situations when these forces are negligible, for example, in the case of very high

loads and materials with low surface energy. Unfortunately, it is rarely the case in

AFM measurements, hence, more complex models have to be applied.

There are three more complex models that are currently used in order to calculate

the actual contact area from AFM FDC, namely, Johnson-Kendall-Roberts (JKR)

[14]; Derjaguin, Muller, Toporov (DMT) [15]; and Maugis [25] model (Fig. 11.4).

The DMT model assumes the deformation according to Hertz model but also takes

into account the forces acting between two bodies outside of the contact region.

The summarized crucial parameters are as follows [15]:

Fad ¼ 2πRW (11.6)

a¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F+ 2πRWð Þ 3R

4E∗

3

r
(11.7)

δc ¼ a2

R
(11.8)

P xð Þ¼ 3F
ffiffiffiffiffiffiffiffiffiffiffiffi
1� x2

p

2πa2
(11.9)

where Fad is the adhesion force and W stands for the adhesion work at the contact.

Taking into account only the forces outside of the contact region, the DMT is accurate

for situations of low adhesion and small tip radii, which corresponds to sharp needle

tips. In the case of a larger radius of contact and highly adhesive materials, JKRmodel

[14] is more accurate. On the other hand, it neglects the forces outside of the contact

area [14]:

Fad ¼ 3

2
πRW (11.10)

a¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F + 3πRW +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6πRWF + 3πRWð Þ2

q
3R

4E∗

� �
3

s
(11.11)
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δc ¼ a2

R
�2

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6πWað Þ
E∗

r
(11.12)

P xð Þ¼ 2E∗a

πR
1� x2

a2

� �1=2

�
ffiffiffiffiffiffiffiffiffiffiffiffi
2E∗W

πa

r
1� x2

a2

� ��1=2

(11.13)

Since this two models are suitable for two extreme situations a question arises what to

do in the situations in between these two and also where the boundary between them

should be set. In this case the Maugis model [25] can be helpful. It introduces a dimen-

sionless parameter λ given by the following equation:

λ¼ 2:06

ξ0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RW2

π
4

3

� �2

E∗2

3

vuuuut (11.14)

where ξ0 is the interatomic distance. λ is larger for more compliant, adhesive bodies

and smaller for rigid materials with low surface energies. In the case of this model the

contact equations are as follows:

h¼ a2

R
�4λa

3

ffiffiffiffiffiffiffiffiffiffiffi
πW
4

3
RE∗

3

vuut ffiffiffiffiffiffiffiffiffiffiffiffiffi
m2�1

p
(11.15)

F¼
4

3
E∗a3

R
� λa2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πW

4

3

� �2

E∗2

R

0
BBB@

1
CCCA

2

3

vuuuuuut �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
m2�1

p
+m2 arctan

ffiffiffiffiffiffiffiffiffiffiffiffiffi
m2�1

p� �
(11.16)

1¼ λa2

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4

3
E∗

πWR2

0
B@

1
CA

2

3

vuuuut �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
m2�1

p
+ m2�2
� �

arctan
ffiffiffiffiffiffiffiffiffiffiffiffiffi
m2�1

p� �

+
4λa2

3

ffiffiffiffiffiffiffiffiffiffiffiffi
4

3
E∗

πWR2

3

vuut
� 1�m +

ffiffiffiffiffiffiffiffiffiffiffiffiffi
m2�1

p
� arctan

ffiffiffiffiffiffiffiffiffiffiffiffiffi
m2�1

p� �
(11.17)

where m¼ c

a
and c is the area to which the adhesive forces are extended, and a is the

contact radius. It is worth to note that the value of contact radius is different than

calculated in other models. From Eqs. (11.15) to (11.17) it is possible to calculate

crucial parameters of the contact. Assuming λ is equal to 0, after some algebraic

transformations one can obtain the DMT model and when λ goes to the infinity the

Maugis model results in JKR model. Having that in mind, it is possible to use Maugis
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model for all situations of contact. Unfortunately, due to the fact that it is themost com-

plex and one can apply simpler models in many situations: Hertz for high load and low

adhesion,DMTfor low radius of contactwith rigidmaterials, and JKR for high radius of

contact with high surface energies. For value λ below 0.1 the DMTmodel is suggested,

between 0.1 and 10 Maugis model, while above 10 the JKR model [26].

Calculation of the contact area plays a significant role in numerous experiments

such as the adhesionmeasurement of graphene [27] or a study of onion abaxial epidermis

walls [28]. Its application with cells has also been studied [29]. During the measure-

ments of cells by the FDC procedure Efremov et al. studied the applicability of contact

models for biological samples. Theyhaveused a tipless cantileverwith glued spherewith

diameter of 5 μm. Low stiffness of the cantilever which was equal to about 0.03 N/m

allowed the detection of extremely low forces with high resolution. The indentation cur-

ves showed that measurements on cells are done in nonequilibrium conditions due to the

local interfacial viscoelasticity andcomplexnatureof surface interactions.Theydidhow-

ever state that the JKR model can be used to calculate the retraction curve during

low holding times (under 10 s). This allows to study cell mechanical properties such

as adhesion forces, elastic properties, and the point of zero indentation of cells.

11.1.1.3 Young’s modulus and hardness measurement

Due to the acquisition of FDC it is also possible to evaluate mechanical properties of

the surfaces. Both hardness and elastic modulus can be calculated from the FDC.

There are a few methods to determine the elasticity of the sample with the use of

AFM. One of them is to use the previously described contact models. Sometimes it

is also possible to use the unloading curve and apply the Oliver-Pharr approach used

in the nanoindentation method described in the following chapter and in Ref. [24].

In both cases, one should obtain a force-depth (P–h curve) from FDCs. In order to

obtain the P-h curve one must compare FDC obtained at a rigid material (i.e., curves

from sensitivity measurement) with FDC obtained at an investigated sample. Then the

depth h, which corresponds to a particular value of force is determined according to

Fig. 11.5. Finally, in the case of purely elastic contact one can fit one of the previously

described contact models (i.e., Hertz or JKR) to the plot of P-h curve. On the other

hand, in the case of an elastic-plastic contact, one should apply Oliver-Pharr method,

Piezo displacement

Rigid sample h

Investigated
sampleFo

rc
e 

(P
)

Fig. 11.5 P-h curve is obtained

by subtraction of both plots:

FDC performed at rigid,

reference sample and FDC

performed at an investigated

sample.
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in which in order to establish the contact area, a contact area function A(h) must be

known. The contact area function needs to be calibrated for each cantilever tip before

measurements, which in the case of AFM measurement may be difficult. The most

popular method for determination of A(h) for AFM tips was proposed by Villarrubia

[30]. It is also described in details in Ref. [31] where AFM was applied for determin-

ing the micromechanical properties of EPDM elastomers. Firstly, one should perform

a topography measurement at the reference sample. It is popular to use special cali-

bration grids, i.e., TGX series. Next, one should apply the theory described in Ref.

[30]. One can try to write his own script for determination of the contact area function

or it is also possible to use ready scripts (i.e., provided by Image Nanometrology).

However, it must be remembered that the small radius of the tip may change over

the time of use. One should then calibrate the tip shape as often as possible, especially

in the case of hard samples measurement.

Another approach toward establishment of Young’s modulus in the case of

elastic-plastic contact has been proposed by Hoffman et al. [32]. Similar to Oliver

and Pharr method, it uses the slope of the unloading curve. However, in this approach

a tip without shape calibration can be used. Vertical tip deflection δc can be related to
the electrical signal from AFM photodiode D, by the following equation:

δc ¼A D�D0ð Þ (11.18)

where A is cantilever sensitivity and D0 is the initial deflection signal. Due to the fact

that the interaction is modeled as a spring, the deflection is directly related to the

applied force P by Hook’s Law. For the tip:

P¼ kcδc (11.19)

and for the sample:

P¼ S δp�δc
� �

(11.20)

where k is the cantilever spring constant, S is the contact stiffness, and δp is the vertical
change in the piezo actuator. Combination of these equations gives:

δc ¼A D�D0ð Þ 1 +
k

S

� �
(11.21)

Using Sneddon definition of contact [23]:

S¼ 2E∗a (11.22)

We get:

E∗ ¼ α
K

A
�1

(11.23)

where K¼A 1 +
k

S

� �
and α¼ k

2a
.
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It is possible to obtain parameters A and α by measuring two samples with a known

elasticity. This method allows to determine the Young’s modulus without the contact

area function calibration. On the other hand, it requires the measurements of two

samples with known Young’s modulus. Similarly to other methods, it requires also

the knowledge of the Poisson’s ratio of the measured sample.

It should be noted that there are many different, nontrivial applications of the mea-

surement of elastic properties by AFM in biomaterials and biology. For instance, it has

been used to find the glass transition temperature of polymers [33] or to recognize two

different dendriticmolecules [34,35] duringwhich researchersmapped the stiffness and

elasticity of the molecules. This procedure allowed to state that the generation 4

(G4) dendritic molecules are much more elastic (350�70 MPa) than generation 3

(G3) molecules (190�30 MPa) which reflects the higher molecular stiffness of G4.

Elastic properties of cells are alsomeasuredveryoften [36–38]. For example, FDCmea-

surements were used to show that cancer cells can be distinguished by nanomechanical

testing due to the fact that they display a lower stiffness than benign cells [37].

There are also less popular methods that use more sophisticated models, finite ele-

mentmodeling, or sampleswith specially designed geometry. For example, inRef. [39]

researchers used FDC procedure to load and unload the stapes annular ligament which

attaches the stapes footplate in thehumanmiddle ear (Fig. 11.6).Cantileverwith a stain-

less steel ball as a tip was used in order to measure the stiffness of the annular ligament

whichoperates as a flat spring.Duringnormaloperation stapes footplateoscillations are

within 100-nm amplitude, which makes it impossible to measure with macroscale

devices. AFM cantilever allowed measuring its stiffness in physiological range of dis-

placement. Measurements found that the system response is linear in this range and its

stiffness,which canbe calculatedbyanalysis of a two-spring system (oneofwhich is the

cantilever and the second is the annular ligament), is about 120 N/m. From the stiffness

of the annular ligament with the knowledge of its dimensions its elastic properties have

been derived by assumption that the annular ligament is a homogenous material [39].

This experiment allowed the further work on inner ear prosthetics. The knowledge of

1

2
4

3

Fig. 11.6 Figure depicts measurement setup for annular ligament of stapes footplate

measurement, where (1) is the cantilever with spherical tip, (2) is the stapes, (3) is the annular

ligament, and (4) is the oval window.
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elastic properties of the real annular ligament allowed selection of a propermaterial for

the prosthetics and the knowledge of stiffness selects the proper dimensions.

11.1.1.4 Calibration of normal load

Most of the research conducted on AFM requires the knowledge of forces used in the

experiment. In order to know the vertical force applied, one canmeasure the deflection

of the cantilever tip. Unfortunately, the exact value of cantilever’s normal stiffness is

required. Measurement of stiffness or calibration of normal load is one of the first and

also one of the most discussed topic in AFM measurement methodology. Numerous

papers have been published on various methods of calibration [40–45] and still in dif-
ferent laboratories different methods are used. We will discuss only four of the most

popular of them.

The earliest and most basic method of calibration is the calculation of the normal

stiffness of the cantilever directly from its dimensions. Normal stiffness is derived

from the following equation:

k¼Eh3w

4l3
(11.24)

where h, w, and l are dimensions of the cantilever as shown in Fig. 11.7.

This equation is valid only for a rectangular cantilever. However, more complex

equations can be derived for V-shaped cantilevers as well. The method is very simple

and easy—dimensions can be easily measured by optical or electron microscope, or

they are given by the manufacturer. Furthermore, most of the cantilevers are made

from materials, which Young’s modulus is well known. Therefore it is easy to deter-

mine the required calibration constant. Unfortunately, this method makes an assump-

tion that the cantilever is uniform and that the Young’s modulus of the thin layer of the

material (in this case a thin cantilever) is the same as that of the bulk and has not been

influenced by the process of production. Moreover, the most often used technologies

of cantilever production do not offer very precise control of the cantilever’s dimen-

sions. In particular, thickness h, which is cubed in the equation, cannot be uniform

along the cantilever’s length. These problems result in a high error of this

calibration method.

Furthermore, an often used method of calibration is performing an FDC measure-

ment on reference probe sample. Various samples are used for this purpose, for

w

l

h

Fig. 11.7 Cantilever dimensions diagram, h is the height or thickness of the cantilever, w is the

width, and l is the length.
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instance, piezoelectric cantilevers [46], cantilevers previously calibrated by other

means [43] or specifically prepared for this purpose, reference sample which usually

is a flat spring [47]. In this approach we consider the whole setup as two sequentially

connected springs and we derive the spring constant from the slope of the FDC curve

after contact of the two samples. An example of the reference sample is shown in

Fig. 11.8.

First advantage of this method is it can be used to calibrate cantilevers without the

knowledge of its dimensions and regardless of its shape. Most of the commercially

used cantilevers are rectangular shape, however V-shaped are also produced and

any cantilevers made with a special geometry for particular purposes can be calibrated

by this approach. Second advantage is that it is not necessary to assume uniformity of

the cantilever structure. The main disadvantage of this method is the need to use a

reference sample and that the measurement error depends strongly on the difference

between the spring constant of the cantilever and the reference sample. That requires

usage of multiple samples for wide range of different cantilevers.

Another method has been developed by Hutter and Bechhoefer [37] and this

approach is based on the fact that cantilever oscillates due to thermal noise. These

oscillations can be measured by means of laser interferometry and it is used to calcu-

late the normal stiffness of the cantilever. For rectangular cantilevers the equation is as

follows:

k¼ kbT

q2h i (11.25)

where kb is the Boltzmann’s constant, T is the temperature of the cantilever in kelvins,

and hq2i is the mean squared displacement of the end of the cantilever. This approach

is very fast and does not require any dimensions of the measured cantilever.

Unfortunately, a very precise method of cantilever displacement determination is

necessary. The amplitude of oscillations is in pico-meter range, and while the laser

photodiode system has high accuracy, in most cases, it is not able to measure the

Fig. 11.8 Example of a reference

spring used to calibrate normal load

of a cantilever used in atomic force

microscopy. The spring is made of

brass and designed as a flat spring

with dimensions such as its spring

constant would be stable at the

middle of the spring, in this case

equal to 35.5 N/m.
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oscillations with so small amplitude. Therefore costly laser interferometry is required,

which can significantly increase the cost of purchasing AFM. Furthermore, the ther-

mal noise is assumed to be the only source of noise in the system, which is not always

true and can produce additional error [38].

The most popular method, which is standardly available in most of AFMs, has been

developed by Sader [41,42]. This method enables the normal spring constant to be

determined using only the plain view dimensions of the cantilever, its fundamental

resonant frequency and quality factor in air. The plain dimensions are easy to measure

even by an optical microscope.

kz ¼ 0:1906ρb2LQfω
2
f Γ

f
i ωf

� �
(11.26)

where L and b are the length and width of the cantilever, respectively; ρ is the density
of the fluid (usually air); ωf andQf are the radial resonant frequency and quality factor

of the fundamental resonance peak, respectively, and Γ i
f is the imaginary part of the

hydrodynamic function given by Eq. (20) of Ref. [48].

To sum up it should be noted that numerous methods of normal stiffness calibration

are available and the choice of which one to use is mostly that of available equipment

and time spent on calibration procedure.

Force-distance curves step by step

1. Perform a few force-distance curves at a rigid sample (i.e., polished silicon)

2. Calculate sensitivity, if possible set it to 1 V/μm
3. Determine the normal stiffness coefficient (Sader method or other)

4. Perform force-distance curves at your sample

5. If you are interested in adhesion:

a. Measure the height of the jump-off-contact according to Fig. 11.3

b. Apply one of the contact models, in the case of polymers JKR is the most popular

6. If you are interested in Young’s modulus or hardness:

a. Perform the tip shape calibration in order to obtain A(h) function
b. Perform FDC at the investigated sample

c. Obtain P-h curves from FDC performed at the investigated sample and at a rigid sample

(i.e., those obtained at point 1)

d. Fit the suitable contact model to P-h curve or apply Oliver-Pharr method or Hoffman’s

method. In the case of Hoffman’s method, point c is not necessary. However, one must

perform FDC at two other samples with known Young’s modulus

e. Determine the Young’s modulus and hardness from the applied model

11.1.2 Friction and wear

Since the development of lateral force microscope (LFM) mode of AFM it has been

possible to measure friction forces at the nanoscale. The base procedure involves con-

tact scanning with a known load of the cantilever tip on the measured surface.
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Direction of this scan is perpendicular to the length of the cantilever. In order to mea-

sure the friction typically a spherical tip is used in order to minimize the scratching of

the sample. A spherical tip also allows for a more controlled contact area since its wear

affects the contact radius less significantly than the wear of low radius tip. After

calibration of the torsional stiffness (methods are described further) it is possible to

measure the force that twists the cantilever during scanning; however, the torsion

of the cantilever during the scan is not only the result of friction forces but also the

topography influences the results. In order to avoid this influence, a scan in both

directions along the same line is done. The torsion of the cantilever recorded in both

directions is called the friction loop (Fig. 11.9). The distance between the lines cor-

responds to the sum of the cantilever’s torsions in both directions, which in turn means

that the friction force is proportional to
dUfr

2
, where Ufr is the distance between

forward scanning line and backward scanning line on the friction loop chart.

Moreover, both the static friction and the dynamic friction can be determined from

a friction loop. In order to measure strictly dynamic friction only the middle part of the

loop has to be used (Ufr at Fig. 11.9). The beginning of a friction loop (Ust at Fig. 11.9)

depicts the static friction after which a short slip of the cantilever can be seen as a drop

in the friction force which occurs when the dynamic friction begins. This procedure

measures the total friction between two elements without separation to mechanical
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Fig. 11.9 Chart presents a friction loop, x-axis is the horizontal displacement of the

piezoelement in the scanning direction, y-axis is the cantilever tilt. dUst represents the double

static friction, while dUfr represents the double dynamic friction. Point is the starting moment of

the measurement, cantilever tilts without sliding until point 2, when the tip slips along the

surface until its spring constant is in equilibrium with the dynamic friction in point 3. After that

dynamic friction occurs until point 4, when measurement in the second direction starts.
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friction and adhesive friction. Due to the low load applied by AFM cantilever it is

possible to measure friction at extremely thin films even monolayers [49]. There

has been also a method proposed recently to measure friction and elastic properties

simultaneously [50].

11.1.2.1 Viscosity measurements

AFM can be also used to measure rheological properties (viscosity) of thin films and

other samples. There are methods for determination of viscosity of fluids or viscoelas-

tic and viscoplastic solids, i.e., polymers such as PDMS. Here, a simple method which

allows to calculate the viscosity from friction loop is shown. Basically, in order to

calculate the effective viscosity from friction loop we use the equation for friction

of a Newtonian liquid:

Ff ¼ ηAν

D
(11.27)

where Ff is the friction force; ν is the scanning velocity; D is the measured film thick-

ness; andA is the actual contact area described as A¼ πa2, where a is the actual contact
radius of the contacting asperity. The radius of contact can be estimated according to

one of the contact models. If the contact is elastic-plastic then the tip shape calibration

should be performed. In the case of viscoelastic solids it is reasonable to assume that the

surface forces are significant and the JKR model can be applied. According to this

model, a can be derived according to the following equation:

a3 ¼ R

K
F + 6πRγ +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πRγF + 6πRγð Þ2

q� �
(11.28)

where K is the bulk elastic modulus given as K¼ 4

3
E; γ is the surface energy that can

be calculated from FDC measurements as γ¼ Fadh

�3Rπ
, where Fadh is the pull-off force;

and R is the reduced radius defined as R¼ R1R2

R1 +R2ð Þ, where R1 and R2 are radii of two

contacting surfaces. It should be noted that the method is valid only for Newtonian

liquids.

11.1.2.2 Torsional stiffness calibration

During the precise measurements of lateral forces by AFM it is particularly important

to know an accurate value of the cantilever’s torsional spring constant and the PSD

lateral sensitivity. The combination of these two parameters gives the AFM lateral

force calibration constant (LFCC). There are many different methods described in

the literature, which can be used to determine LFCC. Unfortunately, it is still challeng-

ing to calibrate an AFM system to interpret an LFM signal as a quantifiable surface

force (i.e., friction force).
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Many LFM calibration methods have been proposed but unfortunately none of

them have become the leading method widely accepted by the community. One

key reason for this is that straightforward determination of the calibration constant

is pretty difficult. Hence, many proposed methods apply some assumptions and sim-

plifications. Therefore the comparison of the different methods and the results

obtained due to them is hard or almost impossible. Furthermore, it is even more

challenging to produce an agreed methodology for LFM calibration. Basically, due

to the fact that it is relatively difficult to implement certain methods weighed against

their perceived accuracy. In addition, some methods can exhibit undesirable side

effects during implementation, for example, damage to the AFM tip and/or surface.

First methods for LFCC determination were based on the geometry of cantilever

[51]. They determine LFCC from precisely measured cantilever’s dimensions.

Unfortunately, classic geometrical approximations can be highly erroneous, partially

due to large variances in the materials used for cantilevers.

Modern LFCC determination methods can be grouped into two categories. In the

first approach, the lateral sensitivity of PSD and the torsional spring constant of the

cantilever are determined separately. For example, in Ref. [52] the nanoindentation

tester was used to determine the torsional spring constant of the investigated

cantilevers. They were then mounted in AFM and a special calibration grid was

applied to calibrate the lateral sensitivity of PSD. On the other hand, in a more

common approach LFCC is measured directly, without any separation [53–56].
One of the most accepted methods for LFCC determination is the wedge method

developed by Ogletree et al. [53], which was further modified by Varenberg et al.

[54]. In this method, LFCC is obtained by analyzing the lateral response of AFM

cantilever when scanned across a commercially available trapezoidal calibration

grating (Fig. 11.10A). Two chemically identical surfaces at the grating, which are

arranged by a given angle θ (in radians) to each other, are scanned (Fig. 11.10B).

For each surface the friction loop is obtained. In this case, friction loops are not

centered so for both of them offsets can be evaluated. According to Ref. [54] the fol-

lowing expression can be used:

sinθ L cosθ +Að Þμ2s �
Δs�Δf

Ws
L + cos θð Þμs + L sinθ cosθ¼ 0 (11.29)

where L stands for the load; A for adhesion; and Δs, Δf, and Ws are illustrated in

Fig. 11.10C. The quadratic equation has two solutions but only the one that satisfies

the μ< tan θ condition is usable. With the derived friction coefficient for the sloped

surface, LFCC can then be calculated according to the following equation:

LFCC¼ μs L+Acosθð Þ
Ws cos2θ�μ2s sin

2θ
� � (11.30)

With LFCC every single scan point signal can be converted into a friction force FL as

long as the setup was not changed. It should be noted that obtained LFCC is valid only
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for the currently used setup, i.e., the used cantilever and the position of the laser spot

on it. If the scanning setup has changed, the system must be calibrated again.

Although, the wedge method is one of the most popular and accepted methods, it

still has some disadvantages and inaccuracies. Systematic errors are typically prob-

lematic. For example, an often made assumption is that the load exerted on a sloped

facet of the calibration grating during trace and retrace scans is the same. However, the

feedback system of the AFM can lead to differences in trace and retrace loads. One

should then realize that the LFCC is usually determined with inaccuracy equal to

about 10%.

It is also possible to purchase a special calibration device for LFCC (i.e., TetraX

provided by Tridec). It is costly, but it gives the inaccuracy equal to less than 5% (usu-

ally about 1%).
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Fig. 11.10 Calibration grating for the wedge method. Lateral force calibration method.

(A) TGZ11 calibration structure, which provides two chemically identical surfaces, one flat and

one angled. (B) Forces and moments, which act on AFM tip while scanning the angled surface.

(C) Schematic of friction loops gained from the calibration experiment.
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Friction loops step by step

1. Perform the calibration of the normal load (points 1–3 from FDC table)

2. Perform the calibration of the lateral force according to one of the described methods

(i.e., Varenbergh method or apply a LFCC calibration device)

3. Set the AFM into lateral force mode and perform friction loops at the investigated samples

4. If you are interested in the coefficient of friction:

a. Use a dedicated computer program or a simple spreadsheet program to determine dU.
Then in order to determine the friction force it must be multiplied by LFCC. Finally, the

coefficient of friction is determined by division of the friction force by the normal load

5. If you are interested in viscosity:

a. Perform the tip shape calibration and determine the penetration depth according to points

6a–6c from FDC table or use the JKR model

b. Use a dedicated computer program or a simple spreadsheet program to determine dU.
Then in order to determine the friction force it must be multiplied by LFCC. Finally, the

viscosity can be determined from Eq. (11.28)

6. If you are interested in wear, you should perform a few friction loops at the same place, with

high normal load, and then measure the wear trace in a topography mode with low normal

load (or in the tapping mode)

11.1.3 Nanopillars

One of the newest techniques, which allows the determination of mechanical

properties, i.e., Young’s modulus and interface strength at the nanoscale is the method

described in Ref. [3]. Authors used AFM to exert forces by the cantilever tip onto

sample pillars with dimensions of a few tens of nanometers. In this method the can-

tilever deformations are monitored quantitatively by AFM (Fig. 11.11A). It is then

possible to bend the pillars and determine the Young’s modulus of the pillars material.

Furthermore, force can be raised until the threshold for triggering fracture is reached,

which allows the determination of the fracture strength. In Ref. [3] the authors have

used this technique to determine the Young’s modulus of nanopillars made of single

crystal silicon and to measure the interface strength between silicon and silicon diox-

ide made by LPCVD technique.

During the experiments with nanopillars the cantilever moves across the sample

surface along a line forming a 90 degree angle with the cantilever axis—exactly as

in the LFM mode. In this method the cantilever exerts the vertical force to the pillars.

Due to the third law of dynamics the force bends the cantilever which undergoes tor-

sion flexure during the scanning motion of the cantilever tip across the sample.

The force exerted by the cantilever is the predominant cause of nanopillar deformation

and fracture. Hence, the accurate calibration of the perpendicular and lateral forces

exerted and measured by the AFM is of particular importance for reproducible exper-

iments. It is possible to adjust the normal force via the set point controlled by the feed-

back which holds the cantilever deflection constant. Unfortunately it is not possible to

set the constant lateral force. It is influenced by the value of the normal force as well as
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the scan velocity and feedback parameters. The scanning parameters should be then

obtained empirically and optimized by studying the effect of their variation. The

proper calibration of the normal and torsional stiffness should also be performed.

The experiments with nanopillars allow determining two important mechanical

properties of materials: Young’s modulus and fracture strength. The Young’s modulus

can be measured from the spring constant associated to cantilever’s bending. It can be

extracted from the slope of the bending curve. Furthermore, the fracture strength can

be determined from the threshold values for the fracture force—the highest force

sustained by the pillar. Due to the fact that the aspect ratio of the nanopillars usually

is lower than 10 the deflection δ of bottom-fixed pillar in response to a lateral force F
at the pillar top can be described by the equation obtained from Timoshenko beam

theory [3]:

δ¼ 64FL3

3EπD4
+
4 7 + 6vð ÞFL

E3πD2
(11.31)

where E stands for the Young’s modulus of the pillar’s material and D and L for its

diameter and height, respectively. ν is the Poisson’s ratio. In order to increase the accu-
racy of the results, one should measure as many pillars as possible. In Fig. 11.11B, a

field of fractured nanopillars (100�100) is shown. The statistical analysis allows the

accurate determination of the Young’s modulus and the fracture strength.

The previously described technique was used in Ref. [3], in order to measure frac-

ture strength and Young’s modulus of nanopillars made of silicon. Themeasuredmod-

ulus was equal to 130 GPa. Furthermore, the fracture strength of nanopillars made of

Fig. 11.11 The method of fracture strength examination by AFM. (A) Sketch of the

experimental approach and setup. (Not drawn to scale.) The AFM tip exerts well-defined forces

on nanometer scale pillars. The pillars are bent until fracture occurs. (B) A 10�10 μm2 field

with one hundred nanopillars is depicted in AFM and SEMmicrographs. Some nanopillar debris

can be recognized in the SEM micrograph outside of the border of the AFM scan field [3].
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pure silicon and containing Si/SiO2 interface was investigated. Nanopillars of differ-

ent sizes between 100 and 300 nm in diameter, 200 nm in height, and the interface at

50 nm above the base have been studied in this work. The experimentally determined

threshold stress to induce fracture in silicon nanopillars was about 8 GPa, similar to

the fracture strength of bulk silicon of about 7 GPa as it has been determined from

macroscopic experiments [32,33]. In the case of the fracture strength measurements

for the second experimentally probed system, the Si/SiO2 nanopillars, the fracture ini-

tiation always occurs at threshold stresses of about 3 GPa, which is significantly lower

than observed for bulk silicon nanopillars of similar diameter. Furthermore, the break-

age always occurred at the interface and not, as in the case of crystalline Si pillars, at

the pillar base. It is also possible to produce the pillars made of other materials, i.e.,

polymers and apply this method [57].

11.2 Classical instrumented nanoindentation

11.2.1 Basics of instrumented nanoindentation

During a well-established, traditional indentation test (macro or micro indentation), a

hard tip penetrates into a sample. The tips are often made of a very hard material, i.e.,

diamond and the tip’s properties are known. The test allows to determine the mechan-

ical properties (hardness, Young’s modulus) of the investigated sample. The load

exerted on the indenter tip is increased and due to this load the tip penetrates into

the sample until it reaches a user-defined value. The maximum load may be held

constant for some time or removed with accurately set velocity. Next, the area of

the residual indentation in the sample is measured and the hardness, H, is defined
as the maximum load, Pmax, divided by the residual indentation area, Ar:

H¼Pmax

Ar
(11.32)

The residual indentation area (projected area) can be measured directly using optical

microscopy.

With the progress of the miniaturization, different methods have been developed to

measure hardness and Young’s modulus at the nanometer scale (i.e., surface layers

less than a few micrometers thick). The most common is the nanoindentation tech-

nique developed by Oliver and Pharr [24]. Similarly to the classical indentation, an

indenter, usually a diamond of known geometry, is pressed into the tested surface.

As a result of the nanoindentation the drawing of a loading and unloading curve of

the applied load as a function of the penetration depth is obtained (so-called P-h
curve). From the slope of the unloading curve so-called stiffness can be determined:

S¼ dP

dh
(11.33)
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This value includes a contribution from the material being tested as well as the

response of the test device. It is possible then to determine the reduced Young’s

modulus E* from the stiffness of the contact:

E∗ ¼ 1

β

ffiffiffi
π

p
2

Sffiffiffiffiffiffiffiffiffiffiffiffiffi
Ap hcð Þp (11.34)

where Ap(hc) is the projected area of the indentation at the contact depth hc, and β is a

geometrical constant on the order of unity. Ap(hc) is often approximated by a fitting

polynomial, i.e., for a Berkovich tip:

Ap hcð Þ¼C0h
2
c +C1h

1
c +C2h

1=2
c +C3h

1=4
c +⋯+C8h

1=128
c (11.35)

where C0 for a Berkovich tip is equal to 24.5. The tip shape calibration should be per-

formed in order to obtain Ap(hc) function. One should use a sample with a known

Young’s modulus (i.e., fused silica) and perform indentations for different penetration

depths. Then from the reversed Oliver-Pharr method equations one should calculate

the value of Ap for a particular penetration depth. Finally, Eq. (11.35) should be fitted

to the obtained data. In most modern nanoindentation devices the tip shape calibration

can be performed automatically. The reduced modulus E* is related to Young’s mod-

ulus ES of the test specimen through Eq. (11.5).

In order to determine hardness, the area can be measured after the indentation by

AFM, optical or electron microscope. An example indentation image is shown in

Fig. 11.12. Some indenters use an area function based on the geometry of the tip, com-

pensating for elastic load during the test. Use of this area function provides a method

gaining real-time nanohardness values from a P-h curve.

0

(A) (B)

0

2

4

6

8

200

Pmax

hmax

dP
dh

S =

400

Penetration depth [nm]

Fo
rc

e 
[m

N
]

600 800

9
8
7
6
5
4
3
2
1
0

0 2 4 6 8

350

300

250

200

150

100

50

0

μm

μm

nm

Fig. 11.12 (A) A force-depth curve obtained from nanoindentation in copper single crystal.

(B) A micrograph of a nanoindentation imprint obtained with atomic force microscope.
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11.2.2 Oliver-Pharr method

From P-h curves one can determine three important quantities: the maximum load

Pmax, the maximum displacement hmax, and the elastic unloading stiffness S. From
these parameters it is possible to determine hardness and Young’s modulus of the

investigated surface without measuring the indentation imprint. The most often used

method for determination of the mechanical properties of surfaces by nanoindentation

without imaging was developed by Oliver and Pharr in their famous paper [24]. They

have modified the method described by Doerner and Nix [58]. Basically, in the Oliver-

Pharr (O-F) method, the unloading curves are approximated by the power law relation:

P¼ α h�hf
� �m

(11.36)

where α andm are power law fitting constants. The value ofm usually ranges from 1.2

to 1.6. Then, assuming that the effect of pileups is negligible, O-F method determines

the contact depth hc from the following equation:

hc ¼ hmax � E
Pmax

S
(11.37)

where є is a constant that depends upon the geometry of the indenter. The projected

area can be then determined from Eq. (11.35). Due to O-F method, nanoindentation is

a fast, simple, fully automated, and independent of human bias method for determi-

nation of hardness and Young’s modulus of the surface layer and thin coatings.

11.2.3 Indentation size effect and experimental practice

Mechanical properties of materials at the nanoscale have generated considerable

recent research interest because of the fact that some of these properties, i.e., hardness

can change significantly when the dimensions of the samples decrease toward the

atomistic scale. One should be aware that this effect has been also observed in numer-

ous nano andmicroindentation experiments—hardness increases usuallywith decreas-

ing penetration depth. This phenomenon is known as the indentation size effect (ISE).

It has been reported that ISE is easily observed for single crystals. The significant

increase of hardness in these materials occurs for depths less than 1 μm [59]. The

model for ISE was developed by Nix and Gao. It is based on geometrically necessary

dislocations (GND). According to this model, the dependence between the hardness

and the indentation depth can be described as follows:

H2 ¼H2
0 1 +

h0
h

� �
(11.38)

where H0 is the hardness for the indefinitely large indentation depth h and h0 is a

length scale, which depends on the indenter geometry and the dislocation structure.
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It should be noted that if one would like to perform nanoindentation tests, in

particular, ISE investigation, the surface layer of samples must be properly prepared.

For instance in Ref. [60,61], where copper single crystals were investigated, in order to

achieve surface with low roughness (Ra<10 nm), the samples were polished and then

carefully electropolished. Electropolishing is necessary due to the fact that cutting and

polishing the sample can significantly influence the surface layer, i.e., it may intro-

duce stress. It should be noted that even cutting by spark erosion or a precise wire

saw may introduce stress into a thin surface layer of an investigated sample, which

can significantly influence the nanoindentation results. Finally one should carefully

and rigorously clean the samples before nanoindentation. Distilled water, alcohol,

and acetone should be used in order to remove any organic and inorganic impurities

(i.e., fats). This procedure can be applied to any metal or ceramic samples. On the

other hand, in the case of polymers the surface is usually ready for indentation without

any additional steps. It is due to the fact that thin polymer films are usually prepared by

spin coating, which results in low roughness. Polymers and polymer-matrix compos-

ites are also usually much softer than metals or ceramics, therefore roughness can be

higher because of the fact that indentation depths are much deeper. For example in

Ref. [62], where particle-reinforced silicone-rubber matrix composites were investi-

gated, it was possible to indent samples as they were obtained from production.

11.2.4 Dynamic mechanical analysis by nanoindenters

At the macroscale it is possible to evaluate rapidly complex, storage, and loss modulus

as well as phase angle or damping ratio of viscoelastic samples by special dynamic

mechanical analysis (DMA). Basically, viscoelastic properties are determined with

steady-state oscillation or vibration tests using small tensile (compressive) bars,

cylinders, beams in bending or strips in torsion. A modification of this method can

be introduced at the nanoscale due to nanoindentation devices. It is usually called

dynamic nanoindentation (Fig. 11.13).

In this method a quasi-static force is applied to the indenter probe (like in a classical

nanoindentation) while simultaneously a small oscillatory force is superimposed. The

dynamic mechanical response of the material can be then modeled by Kelvin-Voigt,

Maxwell, or other models of viscoelasticity. For example in Ref. [62] a flat-ended,

Sample

Indenter F = F0+ F1 sin w t

Fig. 11.13 A scheme of

dynamic nanoindentation.

A small oscillatory force is

superimposed to quasi-static

force applied to the indenter.
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100-μm-radius tip was used to apply 5-μmpretest compression and a 50-nm oscillation

amplitude to particle-reinforced silicone-rubber matrix composites. The oscillation

frequency ranged from 1 up to 45 Hz. In this case a complex modulus Ec, which

describes the capacity of storing and consuming energy was defined as follows:

Ec ¼E0 + iE00 (11.39)

where the real part E0 is the storage modulus that represents the stiffness and it

quantifies the ability to store energy elastically, and the imaginary part E00 is the loss
modulus that quantifies the ability to dissipate energy. According to Ref. [63] the stor-

age modulus and the loss modulus can be determined from the following equations:

E0 ¼ k

2

ffiffiffi
π

A

r
(11.40)

E00 ¼ωC

2

ffiffiffi
π

A

r
(11.41)

where k and C are the stiffness and the damping coefficients of investigated sample,

respectively, andω is the loading frequency. A denotes the projected contact area. This

technique has been applied in many different papers. For example in Ref. [64] the vis-

coelastic properties of epoxy were investigated with a Berkovich and a conospherical

tip. Furthermore, in Ref. [65] cellulose nanocrystals were applied in order to reinforce

electrospun fibers made of PMMA. The dynamic mechanical properties of the fibers

were measured by dynamic indentation.

Nanoindentation step by step

1. Prepare the sample surface. In the case of metals, the samples should be polished and

electropolished. Other samples should also be polished to reduce the roughness if necessary

2. Perform the tip shape calibration with, i.e., fused silica

3. Perform nanoindentation at the investigated samples

4. Measure the imprints with AFM or in the case of bigger imprints with profilometer or optical

microscope

11.3 Conclusion

Surface mechanical properties play an essential role in the development of nanotech-

nology and novel materials, i.e., biocomposites. Hardness, Young’s modulus, adhe-

sion friction, and wear resistance determine in many cases the possible applications

of a newmaterial. Therefore it is of particular importance to measure these parameters

qualitatively and quantitatively. It is possible due to modern techniques, i.e., AFM and

nanoindentation described in this chapter. However, it should be noted that this topic

is extremely broad and also it is developing immensely fast. For instance, new, more
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precise AFM calibration techniques are being constantly developed. Therefore the

knowledge described here is just a basis for further investigation. Table 11.1 sums

up the information described in this chapter.
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ABSTRACT

Elastic properties of the human stapes annular
ligament were determined in the physiological range
of the ligament deflection using atomic force micros-
copy and temporal bone specimens. The annular
ligament stiffness was determined based on the
experimental load-deflection curves. The elastic mod-
ulus (Young’s modulus) for a simplified geometry was
calculated using the Kirchhoff–Love theory for thin
plates. The results obtained in this study showed that
the annular ligament is a linear elastic material up to
deflections of about 100 nm, with a stiffness of about
120 N/m and a calculated elastic modulus of about
1.1 MPa. These parameters can be used in numerical
and physical models of the middle and/or inner ear.

Keywords: annular ligament, stapes, elastic
modulus, atomic force microscopy

Abbreviations: A, b, h –Dimensions of the annular
ligament circular plate (outer radius, inner radius,
and thickness, respectively); AFM – Atomic force
microscope; AL – Annular ligament; deflc –Deflection
of the cantilever; E – Elastic (Young’s) modulus of the
annular ligament of the human stapes; F – Force
acting between the sample and the tip; F-d – Force-
distance curve; FE – Finite element; K –Deflection
sensitivity factor; kc – Real spring constant (stiffness)
of the cantilever; kc –Nominal spring constant of the
cantilever; kref – Spring constant of the reference

cantilever; LOW, WOW – Length and width of the oval
window; LSF, WSF – Length and width of the stapes
footplate; ν – The Poisson ’s ratio; SF – Stapes
footplate; SPL – Sound pressure level; SVJ – Stapedio-
vestibular joint; V – Voltage of the photodiode; Vrigid –
Voltage of the photodiode for the rigid sample; w –

Deflection of the annular ligament plate; z –Displace-
ment of the piezoactuator; zAL –Displacement of the
piezoactuator on the AL sample; zrigid –Displacement
of the piezoactuator on the rigid sample

INTRODUCTION

The annular ligament (AL) of the stapes attaches the
stapes footplate (SF) to the vestibular window
(Brunner 1954, Bolz and Lim 1972). This attachment
is known as the stapedio-vestibular joint (SVJ). The
SVJ enables the stapes to vibrate (Wolff and Bellucci
1956, Whyte et al. 2002). The movement of the SF
causes pressure changes within the fluid, consequent-
ly stimulating the cochlea’s sensory hair cells. The
bending of the hair cells leads to the conversion of
mechanical vibration to action potentials in the
auditory nerve fibers. Transmission electron micros-
copy has shown that the AL of the SVJ is mainly
composed of thicker elastic fibers and thinner trans-
verse micro-fibrils (Ohashi et al. 2006). The elastic
ligament fibers are regularly arranged in a parallel
array and inserted into the cartilaginous matrices. The
fibers transversely cross the SVJ between the SF and
the vestibular window. The elastic properties of the
AL affect the SF displacement amplitude and thus
directly affect the middle ear transfer function. It is
well known that the vibration amplitude of the SF is
dependent on both the frequency and the sound
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pressure level (SPL) at the tympanic membrane.
Several authors have observed linear growth of the
SF displacement with the SPL, which indicates that
the system is linear (Merchant et al. 1996, Asai et al.
1999). Experiments in healthy human ears have also
shown that the SF displacement rises slowly from the
low frequencies to near the peak (∼10–20 nm at
about 0.8–1.0 kHz for 80 dB SPL) (Asai et al. 1999,
Heiland et al. 1999, Hato et al. 2001, Huber et al.
2001, 2003; Stenfelt et al. 2004, Chien et al. 2009) and
falls off as frequency increases above the peak.

Knowledge of the mechanical properties of the AL
is necessary for modeling sound transmission from
the middle ear to the cochlear fluid. Theoretical
modeling approaches have been reported for the
middle ear mechanics in normal (e.g., Wada et al.
1992, Sun et al. 2002, Gan et al. 2006, Gentil et al.
2011), diseased (e.g. Dai et al. 2007, Gan and Wang
2007, Gan et al. 2009, Zhao et al. 2009) and
reconstructed (e.g., Ladak and Funnell 1996, Zahnert
et al. 1997, Prendergast et al. 1999, Koike et al. 2000,
Ferris and Prendergast 2000, Kelly et al. 2003, Yao
et al. 2012) states. However, it is difficult to validate
these models. In particular, development of an
accurate finite element (FE) model requires assuming
a specific value for the stiffness of the AL. Researchers
generally estimate the value using a cross-calibration
process. However, this has resulted in large differ-
ences in the obtained values: for example, Young’s
moduli of 0.01 MPa (Sun et al. 2002), 0.065 MPa
(Wada et al. 1992, Kelly et al. 2003), 0.2 MPa (Gan
et al. 2006), and 5.5 MPa (Gan et al. 2007).

The mechanical properties of the AL have been
investigated directly by an electromagnetic probe
(Cancura 1979, human temporal bones), the
Mössbauer technique (Lynch et al. 1982, living cats),
an image analysis system (Gan et al. 2011, fresh
human temporal bones), and a laser Doppler
vibrometer (Lauxmann et al. 2014, human temporal
bone). Although these methods allow the measure-
ment of displacement at the nanometer level, the
experiments in temporal bones were conducted for
forces above 1 mN. Therefore, the measured displace-
ment of the stapes was significantly larger than the
normal displacement induced in healthy ears at, e.g.,
100 dB SPL. This means that the AL stiffness obtained
from the force-displacement curves may differ from
the actual AL stiffness during normal sound transmis-
sion.

Thus, there is a need to develop a new technique
allowing the measurement of the stiffness of the AL at
much smaller displacements. The measurements
should be conducted in the physiological range of
elongations of the AL elastic fibers, i.e., for SF
displacements from 0 to ∼100 nm. Such small
displacements are extremely difficult to achieve using

a conventional micro-mechanical testing system (e.g.,
MTS with SMT-1 capacity load cell developed by
Interface Inc. or FemtoTools FT–FS100 by
Nanoscience Instruments, Inc.).

Atomic force microscopy (AFM) (Binnig et al.
1986) is nowadays commonly used for measuring the
mechanical properties of biological samples at the
nanoscale (Radmacher 1997, Sugawara et al. 2002,
Ikai et al. 2003, Takai 2005, Darling et al. 2006,
Murakoshi et al. 2006, Thurner 2009). The AFM
technique enables the manipulation of the samples
by a precisely controlled piezo-scanner and a micro-
cantilever probe. The piezo-scanner can be designed
for nanomanipulation with about 50 picometers
resolution. The micro-cantilever probe is composed
of a soft beam with reflective coating and a tip
attached to the end of the beam. In the contact
AFM mode, force between the tip and the sample
causes the beam to bend. A laser beam is reflected off
the beam, small changes in beam deflection are
detected by a sensitive photodetector. The analysis of
the force-displacement curve recorded by the AFM
allows the calculation of the stiffness (Doerner and
Nix 1986, Oliver and Pharr 1992). During the analysis,
deflection of the cantilever and the tip-sample inter-
action are treated as two springs in series. So far, the
AFM technique has not been used to measure the
stiffness of the AL.

The aim of this study is to develop new experimen-
tal method for determining the elastic properties of
the stapes AL in the physiological range of its
deflection. To this end, the AFM technique and fresh
human temporal bone specimens were used.

MATERIALS AND METHODS

Measurement System

The measurements were performed in two human
temporal bone specimens of the stapes AL. Neither
ethics nor IRB approval was required for the use of
cadaveric temporal bones under Polish law. In each
specimen, we repeated the measurement 30 times.
The AFM instrument was used to mechanically load
the AL and quantitatively characterize its elastic
properties in the physiological range of deformations.
In the measurements, the maximum deflection of the
AL was limited to 100 nm. The force-displacement
curves were recorded by an AFM NT-206 system
(Microtestmachines Ltd, Gomel, Belarus). The system
consists of a scanning unit, a controller, and software
for AFM-data processing, visualization, and analysis.

The scanning unit comprises a base platform and a
detachable measuring head. A piezo-mechanism and
motors, mounted inside the base platform, provide
both approach (loading) and withdrawal (unloading)
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actions of the sample platform. The range of the
vertical motion is 20 mm with steps down to about
200 nm. The measuring head allows high-precision
movement (vertical resolution of about 0.3 nm) of the
removable cantilever holder. The laser source, the
photodiode, and the video camera are integrated with
the measuring head. The video camera is focused on
the cantilever beam and connected to the controller.
The controller allows the control of laser beam
placement and positioning on the sample.

The AFM system was equipped with a rectangular
cantilever (Fig. 1) made especially for our measure-
ments in the Institute of Micromechanics and
Photonics at the Warsaw University of Technology.
The cantilever beam was etched out of a thin
(60 μm) beryllium copper plate (Alloy Brush 190
CuBe2; Be 1.8 %, Co+Ni 0.3 %, Lamineries Matthey
SA, La Neuveville, Switzerland) with a polished
reflective upper surface. The nominal spring con-
stant kc_nom of the cantilever was 186 N/m (see
Section 2.3). As a tip, a stainless steel bearing ball
with a diameter of 0.7 mm was used. The ball was
glued with epoxy resin (Epicote 1004, Shell
Chemicals, London UK) onto the end of the
cantilever beam. The real spring constant (kc) of
the cantilever was measured using the calibration
method described by Ekwińska and Rymuza (2009).
After the calibration, the cantilever was mounted in
the cantilever holder of the measuring head.

Data Acquisition

The AFM optical system consists of a digital camera
with an attached lens focused on the cantilever. The
output of the camera is sent to the computer to allow
viewing of the sample during measurement. Using the
manual drive, the sample was brought closer to the
cantilever until a distance of about 1 mm between the
sample and the cantilever was reached. Next, remote-

controlled displacements were used to bring the
sample into contact with the cantilever. Finally,
force-distance (F-d) curves were acquired using the
closed-loop force mode with a maximum displace-
ment of ∼100 nm applied at a rate of about 100 nm/s.
For each AL specimen, we performed the measure-
ments at different locations on the specimen surface.
At the beginning, the tip was placed above the middle
of the stapes head (Fig. 2C) and the first curve was
recorded. Then, the cantilever was lifted and subse-
quent measurements were done at 28 other locations
in a regular pattern of 5-μm steps within a 15-μm
radius around the starting point. The horizontal
displacement between measurement points was con-
trolled by the AFM piezo-scanner. Each curve was
recorded over 3 s. Finally, the measurement results
were calibrated to get the data in nN/nm.

Sample Preparation

Two fresh cadaveric temporal bones, obtained from
donors with ages of 24 and 32 years, were used in this
study. The donors had no evidence of otologic
disease. The temporal bones were removed from
human corpses selected in the Forensic Medicine
Institute of Warsaw Medical University no later than
on the third day following death. The bodies were
stored at 4 °C. The bones were harvested according
the standard practice developed by Schuknecht
(1968) with the use of a Stryker oscillating saw. During
preparation of the specimen, the condition of the AL
of the stapes was examined to confirm that otosclero-
sis in the oval window niche was absent. After being
collected, the bones were kept in normal saline at
5 °C until the following day.

The Procedure for Preparation

Temporal bones were dissected under an operating
microscope using a standard set of micro-otosurgical
equipment and a saw blade mounted on dentist drill
tool. First, the temporal bone was washed and wax was
removed from the external ear. Then, an anterior
tympanotomy was performed and the oval window
location was identified relative to the external struc-
tures of the temporal bone. The tympanic membrane
was carefully removed to expose the ossicles. The
incudo-stapedial joint was disarticulated with the use
of surgical micro-scissors, and the malleus-incus
complex was removed. Subsequently, much of the
petrous portion of the temporal bone, including the
semicircular canals and the cochlea, was cut off. After
size reduction, only the whole stapes and the SVJ with
a thin bony rim of the oval window niche were left
intact. The bony block also included the beginning of
both scala vestibuli and scala tympani as well as the

FIG. 1. The cantilever used in our measurement. 1 cantilever beam
(length 2.54 mm, width 0.41 mm, thickness 0.061 mm), 2 tip of the
cantilever (a steel ball of 0.7-mm diameter).
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proximal portions of the semicircular canals. The
total volume of the specimen was approximately
1 cm3. Finally, the specimens were glued to thin glass
coverslips using universal instant adhesive (Loctite
401, Henkel Ltd., UK). The AL specimen is schemat-
ically shown in Figure 2C. To prevent drying, the
specimens were wrapped in gauze moistened with
saline solution. The AFM measurements were per-
formed on the same day.

AFM-Based Nanomechanics Measurements

In AFM measurements (Fig. 2), the cantilever (4) is
the element that converts the force (F) acting between

sample and tip to the deflection (deflc) at the tip. For
small forces, the relationship between F and the
optically measured deflc is given by Hooke’s law:

F ¼ −kc ⋅de f l c ð1Þ

where kc is the spring constant of the cantilever, deflc is
the deflection at the cantilever tip, and F is the force
acting between the sample and the tip. The same
force (F) causes deflection (defls) of the sample
depending on the stiffness (ks) of the sample:

de f l s ¼ −
F
ks

ð2Þ

FIG. 2. AFM-based nanomechanics measurements. F force acting
between the sample and the tip, V voltage of the photodiode, deflc
deflection of the cantilever, defls deflection of the sample, w
deflection of the AL of the stapes, z displacement of the
piezoactuator. A Measurements on a rigid reference sample. The
rigid surface acted as an infinitely stiff sample, i.e., a sample that
cannot deform and only the cantilever bends. The resulting
cantilever deflection is the same as the piezoactuator displacement

(deflc=zrigid). 1 piezoactuator, 2 sample, 3 photodiode, 4 cantilever. B
Measurements on a non-rigid sample. For the non-rigid samples, the
measured deflection (deflc) of the cantilever is not the same as the
piezoactuator displacement (znon-rigid), but deflc=znon‐rigid−defls. 1
piezoactuator, 2 sample, 3 photodiode, 4 cantilever. C Measure-
ments on the AL sample. 1 piezoactuator, 2 glass cover slip, 3
photodiode, 4 cantilever, 5 stapes, 6 oval window bone, 7 annular
ligament of the stapes.
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where ks is the stiffness of the sample, defls is the
deflection of the sample, and F is the force acting
between the sample and the tip.

Calibration and Real Stiffness (Spring Constant)
of the Cantilever

Knowledge of the real spring constant kc of the
cantilever is essential for quantitative measurements.
Nominal spring constants estimated from the dimen-
sions are not accurate enough since the real value can
vary drastically with small variations in the thickness
and due to defects in the material. For this reason, it is
better to measure rather than calculate this constant.
To determine kc, we conducted a series of calibration
tests on two reference samples.

First, we performed the calibration of the sensitivity
of the deflection sensor using the AFM NT-206
control software BSurfaceScan^. To that end, the
force-displacement curves were recorded on a rigid
reference sample (2 in Fig. 2A). This sample was
made of a polished silicon wafer. We assumed that the
silicon surface acted as an infinitely stiff sample
(ks=∞), i.e., the sample cannot deform and only the
cantilever bends. In that case, the cantilever deflec-
tion is equal to the piezoactuator (1) displacement
(deflc=zrigid). From the curve slope obtained for the
region of linear compliance, we determined the
deflection sensitivity factor K (in nm/V) as

K ¼ Δzrigid
ΔV rigid

ð3Þ

where K is the deflection sensitivity factor (in nm/V),
zrigid is the displacement of the piezoactuator (1, in
nm), and Vrigid is the voltage of the photodiode (3, in
V) recorded for the rigid reference sample (2).

Subsequently, we performed the calibration of the
cantilever stiffness. To that end, the force-
displacement curves were recorded on a non-rigid
reference sample with known stiffness (ks-ref) (2 in
Fig. 2B). As a reference sample, we used the calibra-
tion structure 12Z00010 (Nanoidea Ltd., Warsaw,
Poland, http://www.nanoidea.pl) with a stiffness of
35 N/m (traceability certificate attached to the
structure). After determining the sensitivity factor K,
the deflection (deflc) of the cantilever can be calculat-
ed as

de f l c ¼ K ⋅ΔV non−rigid ð4Þ

In Eq. 4, the ΔVnon-rigid is equal to the difference
between the photodiode output voltage at the first
contact point and the voltage at any location in the

contact region of the force-distance curve. It should
be noted that for the non-rigid samples, the measured
deflection (deflc) of the cantilever is not the same as
the piezoactuator (1) displacement (znon-rigid), but

de f l c ¼ znon−rigid−de f l s ð5Þ

Data Analysis and Elastic Modulus Calculation

For the AL sample, the measured deflection (deflc) of
the cantilever depends on both the kc of the cantilever
and the E of the AL. We neglected the indentation of
the stapes head caused by the cantilever tip. This is
justified because the bone stiffness is much higher
than the AL stiffness. In order to calculate the
deflection of the AL (w), the deflection of the
cantilever (deflc) should be subtracted from the
piezoactuator displacement (znon-rigid=zAL) (Fig. 2C).
Using Eqs. 5 and 1, the AL deflection (w) can be
calculated as

w ¼ de f l s ¼ zAL−de f l c ¼ zAL þ F =kc ð7Þ

where w is the AL deflection, zAL is the piezoactuator
displacement for the AL sample, deflc is the measured
cantilever deflection (on the AL sample), F is the
force applied, and kc is the cantilever spring constant.

Note that F/kc corresponds to the deflection of the
cantilever on a hard surface at the same force F. Thus,
the force-displacement (F-d) curves are converted to
the force-deflection (F-w) curves.

Our measurement method requires that the stapes
head should not be deformed. To that end, we used a
stainless sphere with an extremely large diameter
(0.7 mm), as mentioned above. Calculations based on
Hertz theory (Young and Budynas 2002, p. 702)
showed that the indentation depth (at the maximal
force F=22 μN) is about 1.2 nm. This value corre-
sponds to about 1.2 % of the AL deflection. There-
fore, the data analysis based on Eq. 7 is justified.

To estimate a value of E for the AL, we used the
Kirchhoff–Love theory for small deformations of thin
plates under pure bending (Reddy 2007). For a
circular, isotropic, and transversely loaded plate of
constant thickness, the governing differential equa-
tion in cylindrical coordinates (r, θ, z) can be written
in the form

d
dr

1
r
d
dr

r
dw
dr

� �� �
¼ −

t rð Þ
B

ð8Þ

where w is the plate deflection (in m), t is the shear
force (in N/m), B ¼ Eh3

12 1−ν2ð Þ is the bending stiffness of
the plate, h is the thickness of the plate, and ν is the
Poisson’s ratio.
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The AL plate was assumed to be simply supported
on the outer periphery and subjected to a uniformly
distributed load F around the edge of a central hole
(Fig. 3). For this load, the shear force is

t rð Þ ¼ F
2πr

ð9Þ

Substituting Eq. 9 into Eq. 8, the solution for the
deflection function w(r) is

w rð Þ ¼ F ⋅r 2

8πB
lnr−1ð Þ− C1r 2

4
−C2lnr þ C3 ð10Þ

The constants C1, C2, and C3 in Eq. 10 can be
determined from the boundary conditions at the
outer (r=a) and inner (r=b) edges. For analytical
simplicity, we assume that the boundary conditions
can be written as

w r ¼ að Þ ¼ 0;Mr r ¼ að Þ ¼ 0;Mr r ¼ bð Þ ¼ 0 ð11Þ

where Mr rð Þ ¼ B d2w
dr 2 þ ν 1

r
dw
dr

� �
is the radial bending

moment.
Using the above boundary conditions (Eq. 11) and

the expressions for w(r) and Mr(r), we have calculated
the constants C1, C2, and C3 to be

C1 ¼ P
4πB

1−ν
1þ ν

−
2b2

a2−b2
ln

b
a

� �

C 2 ¼ −
P

4πB
1þ ν

1−ν
a2b2

a2−b2
ln

b
a

C3 ¼ Pa2

8πB
1þ 1

2
1−ν
1þ ν

−
b2

a2−b2
ln

b
a

� �
ð12Þ

Substituting the above constants C1, C2, and C3 in
Eq. 10 and then simplifying, the AL plate deflection at
r=b can be written in the form

w ¼ w r ¼ bð Þ ¼ 3F ⋅ 1−ν2ð Þ
4πEh3

⋅
a2−b2
� 	

⋅ 3þ νð Þ
1þ ν

þ 4a2b2 1þ νð Þ
a2−b2
� 	

⋅ 1−νð Þ ln
a
b

� �2
" #

¼ C ⋅
F
E

ð13Þ

where C is a constant, given by

C ¼ 3⋅ 1−ν2ð Þ
4πh3

⋅
a2−b2
� 	

⋅ 3þ νð Þ
1þ ν

þ 4a2b2 1þ νð Þ
a2−b2
� 	

⋅ 1−νð Þ ln
a
b

� �2
" #

ð14Þ

where a, b, and h are the dimensions of the AL plate
and ν is the Poisson’s ratio of the AL plate.

Comparing Eq. 13 with Eq. 7, the elastic modulus
(E) of the AL can be obtained as

E ¼ C ⋅

F
zAL

⋅kc

kc þ F
zAL

¼ C ⋅
α⋅kc
kc þ α

ð15Þ

where α ¼ F
zAL

is the slope of the force-deflection curve
recorded for the AL sample and kc is the real spring
constant of the cantilever.

Measurements of AL Dimensions

The AL dimensions are needed to calculate the E of
the AL based on Eq. 15. Therefore, after the AFM
measurements, we scanned the AL samples using a
SkyScan 1076 micro-CT System (Bruker–microCT,
formerly Skyscan, Kontich, Belgium, www.skyscan.be)
according to the methodology described in detail in
Kwacz et al. (2012). Briefly, the voxel size was 9 μm
and the scans were performed with a source voltage
and source current of 100 kV and 100 μA, respective-
ly. An aluminum filter with a thickness of 1 mm was
used to reduce the low-energy content of the X-ray
energy spectrum, thus reducing beam hardening. The
scanning exposure time per frame was 220 ms. The
images were acquired at a step angle of 0.7° for a total
circular orbit of 360°. In order to improve the quality
of the final images, averaging of five frames collected
at each angular position was done. The cone beam
acquisitions save all of the projection images as 16-bit
TIFF files. The SkyScan’s volumetric reconstruction
software BNRecon 1.5.1.1^ was used to create a set of
cross section slices through the object. The output
files were saved in 8-bit grayscale BMP format with a

FIG. 3. The AL plate. The AL plate is a circular plate of diameter 2a
with a central hole of diameter 2b. The AL plate is composed of n
elastic fiber plates separated by amorphous substance. On the outer
periphery, the AL plate is simply supported. The AL plate is subjected
to a uniformly distributed load F/2πb (in N/m) around the edge of the
central hole. 1 central hole (where the SF is placed), 2 annular
ligament plate, 3 oval window bone, 4 single elastic fiber plate, 5
amorphous substance.
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size of 2000×2000 pixels. The stack of slice images was
then used for segmentation and 3D volume recon-
struction of the AL using the ScanIP software
(Simpleware Ltd, UK, www.simpleware.com). Because
the grayscale differences between the AL and the SF
were small, the automatic contouring could not be
used, and manual segmentation was required. The
morphological and smoothing filters, available in the
ScanIP software, were used to reduce the noise in the
images. After smoothing and segmentation, 3D recon-
struction and morphometric measurements of the AL,
the SF, and the OW were performed (Fig. 4). The
following dimensions were measured: (1) the OW
length (LOW), (2) the OW width (WOW), (3) the SF
length (LSF), (4) the SF width (WSF), and (5) the SF
thickness at the outer edge. The thickness of the AL
was taken to be as the same as the SF thickness on the
outer edge (Ohashi et al. 2006).

RESULTS

Dimensions of the AL Plate

The results of the morphometric measurements
(Fig. 4) for two temporal bone specimens are listed
in Table 1.

Based on the measured dimensions, we calculated
the outer radius (a) and inner radius (b) of the
assumed AL circular plate model as a=1/4 (LOW+
WOW) and b=1/4 (LSF+WSF). For Specimen 1 and

Specimen 2, respectively, the outer radius is a1=
1.09 mm and a2=1.03 mm, and the inner radius is
b1=0.99 mm and b2=0.94 mm. The thickness at points
1 to 4 for Specimens 1 and 2 ranged from 0.16 to
0.31 mm and from 0.15 to 0.28 mm, respectively. For
use as the constant thickness (h) of the AL circular
plate model, we calculated the averages of the
measurements at point 1 to 4 for Specimens 1 and 2,
giving h1=0.24 mm and h2=0.22 mm, respectively.

Calibration of Deflection Sensor and Cantilever
Stiffness

The two reference samples mentioned in Section 2.3
(Calibration and real stiffness (spring constant) of the
cantilever) are a rigid sample (Si) and a calibration
membrane 12Z00010 (Nanoidea Ltd.). Both Si and
membrane were tested 15 times, and the standard
deviations of the slopes from the multiple curves were
less than 3 % of the average values.

Figure 5A shows the calibration curves recorded on
the rigid sample (Si) as described in Section 2.3. At
the beginning (point 1), we start the measurement
and the cantilever approaches the sample. At point 2,
the cantilever comes into contact with the sample and
then applies a load to it. The maximum load is at
point 3. After that, we reduce the load until the
cantilever comes out of contact (point 4). The slope of
deflc/zrigid is 1 for the range of cantilever displacement
up to 1000 nm. Higher displacement than 1 μm might

FIG. 4. Morphometric measurements of the stapes footplate (SF)
and the oval window (OW) based on micro-CT imaging with the use
of the Measure Tool in ScanIP software (Simpleware Ltd, UK). 1

stapes footplate (SF), 2 annular ligament (AL), 3 oval window (OW)
bone. LOW length of the OW, WOW width of the OW, LSF length of
the SF, WSF width of the SF (dimensions are listed in Table 1).
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result in nonlinearity of the photodiode. The shift
between the unloading and loading curve is caused by
the elastic hysteresis of the cantilever beam. Never-
theless, the slope is similar to the one of loading
phase. At the end of the measurement, the tip is
pulled off from the surface.

Figure 5B shows the calibration curves obtained
with a calibration structure as described in
Section 2.3. The shapes of the curves are actually
quite different, exhibiting not just a change of slope
due to non-rigidity of the calibration structure, but
also force drift during unloading. The force drift

TABLE 1
Dimensions of the AL measured in two human specimens (Specimen 1 and Specimen 2) used in our study. The LSF, WSF, LOW,

and WOW dimensions and the measurement points 1–4 are shown in Figure 4

Specimen 1 Specimen 2

Length of the SF, LSF (mm) 2.76 2.58
Width of the SF, WSF (mm) 1.22 1.18
Length of the oval window, LOW (mm) 2.95 2.82
Width of the oval window, WOW (mm) 1.41 1.31
Thickness of the AL, h (mm)
At measurement point 1 0.31 0.28
At measurement point 2 0.16 0.15
At measurement point 3 0.23 0.22
At measurement point 4 0.25 0.23

FIG. 5. A Calibration curves (the calibration of the deflection
sensor) recorded on the rigid reference sample (silicon wafer). 1 start
point, 2 contact point, 3 maximum load, 4 out of contact. B Force-
distance curves recorded on the reference sample (calibration
structure 12Z00010, Nanoidea Ltd., Piaseczno nearby Warsaw,
Poland, http://www.nanoidea.pl). C Measurement curves recorded

on the AL sample. D Real spring constant (kc) of the self-made
cantilever determined based on the calibration curves. The cantile-
ver beam (length 2.54 mm, width 0.41 mm) etched out of the 60-μm
beryllium copper plate (Alloy Brush 190 CuBe2, Lamineries Matthey
SA, La Neuveville, Switzerland).
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causes the cantilever displacement to decrease during
the short hold between loading and unloading, which
results in a vertical segment. During unloading, the
deflected calibration structure interacts with the
cantilever, which results a smaller slope of the
unloading curve. The slopes of the curves were
calculated by the method of least squares. Based on
the calibration curves, the real spring constant (kc) of
the self-made cantilever used in our study (Fig. 1) was
found to be 200.0 N/m (Fig. 5D). The standard
deviation was less than 3 % of the average value. The
slope was always calculated after the first 30 nm to
avoid the early irregularities and up to 1000 nm or till
the end of the measurement.

Spring Constant of the AL of the Human Stapes

Figure 5C shows one set of loading and unloading
curves recorded on the AL sample (see Fig. 2C). The
curve shape is similar to those of the curves recorded on
the calibration samples. This indicates that a similar
process occurs during the measurement of the AL
sample. Please note that the curves shown in Figure 5C
were recorded for piezoactuator displacements less than
200 nm. Therefore, the lower smoothness and depar-
tures from straight lines are more obvious than in
Figure 5A, B. It can also be seen that the AL sample has a
higher adhesion force than the calibration membrane.
At the end of unloading on the AL sample, there is a
large pull-off force (notation Badhesion to the tip^ in
Fig. 5C), which is caused by adhesion to the sample. This
force is significantly larger than the pull-off force on the
calibration samples (Fig. 5A, B). The higher adhesion of
the AL sample is caused by the fact that the specimen
was kept moist until the measurement, which was
necessary to prevent drying and stiffening of the AL.
The damp surface had some surface tension effects that
were not seen in the dry calibration loads.

Based on the measurement curves (Fig. 5C) and
the calibration data, we determined the force-

deflection (F-w) curves for the AL (Fig. 6). The
colored lines correspond to single measurements,
and each black line represents the average slope for
that sample. Most of the curves do not pass through
the origin because the surface of the stapes head is
not flat. For this reason, the value of zAL in Eq. 7 at
F=0 N is different in each of the measurement points
on the stapes head. The slope of the average F-w curve
is almost the same for the two specimens. This slope
corresponds to the AL stiffness (kAL). Our measure-
ment results (Table 2) showed that for Specimen 1
and Specimen 2, the kAL was 115.8 N/m (SD 30.4)
and 124.6 N/m (SD 24.5), respectively.

Elastic Modulus of the AL

Finally, we determined the elastic modulus (E) of the
AL based on Eq. 13 and the measurement data. In
Eq. 13, we adopted the dimensions of the AL plate
given in Section 3.1, a Poisson’s ratio ν=0.4, the real
spring constant of the cantilever kc=200 N/m (see
Section 3.2), and the slope of the force-deflection
curve α1=115.8 N/m and α2=124.6 N/m. The calcula-
tions for Specimen 1 and Specimen 2 gave values for E
of 1.05 and 1.22 MPa, respectively.

Additionally, to demonstrate the strong effect of
the AL thickness (h) on the AL elastic modulus (E),
we calculated E not only for the average values of h
but also for values ranging from 0.15 to 0.31 mm. The
results of this calculation are shown in Figure 7.

DISCUSSION

The objective of this study was to develop a new
experimental method for determining the elastic
properties of the stapes AL in the physiological range
of its deflection. To this end, the AFM technique and
fresh human temporal bone specimens were used.
One of the major applications of AFM is the

FIG. 6. The force-deflection (F-w) curves for the two AL specimens. F force acting between the sample and the cantilever, w the AL deflection
(where w=zAL−deflc according to Eq. 7 and Figure 5C). Colored lines—the curves for single measurements, black lines—the approximated curves.
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quantitative measurement of interaction forces be-
tween the sample and the probe tip. This technique

has been widely employed to examine the mechanical
properties of materials in both the micro- and the

TABLE 2
Stiffness (kAL) and elastic modulus (E) for the two AL specimens (Specimen 1 and Specimen 2) determined in this study

Measurement no.

Specimen 1 Specimen 2

Stiffness, kAL (N/m) Elastic modulus, E (MPa) Stiffness, kAL (N/m) Elastic modulus, E (MPa)

1 67.5 0.72 115.0 1.16
2 92.5 0.91 102.5 1.08
3 69.0 0.74 106.5 1.10
4 117.0 1.06 117.0 1.17
5 147.5 1.22 167.5 1.45
6 137.5 1.17 137.5 1.29
7 102.5 0.97 177.5 1.49
8 77.0 0.80 137.0 1.29
9 103.0 0.98 102.5 1.08
10 103.0 0.98 98.0 1.04
11 125.0 1.10 97.0 1.04
12 137.0 1.17 125.0 1.22
13 82.5 0.84 167.5 1.45
14 107.0 1.00 83.0 0.93
15 92.0 0.90 150.0 1.36
16 94.0 0.92 168.0 1.45
17 90.0 0.89 155.0 1.39
18 102.5 0.97 134.5 1.28
19 129.0 1.13 114.0 1.15
20 101.0 0.96 104.5 1.09
21 155.0 1.25 142.5 1.32
22 142.5 1.19 129.0 1.25
23 167.5 1.31 101.0 1.07
24 177.5 1.35 114.0 1.15
25 142.5 1.19 114.0 1.15
26 140.0 1.18 197.5 1.58
27 134.5 1.15 105.0 1.09
28 73.0 0.77 114.0 1.15
29 98.0 0.94 122.5 1.21
30 168.0 1.31 110.0 1.13
Mean 115.8 1.05 124.6 1.22
Standard deviation 30.4 0.17 24.5 0.26

FIG. 7. The AL elastic modulus (E) calculated for various values of the AL
thickness (h from 0.2 to 0.3 mm). The calculations based on Eq. 12. For
Specimen 1 and Specimen 2, the following valueswere adopted: a1=1.09mm,

b1=0.99 mm, α1=115.8 N/m and a2=1.03 mm, b2=0.94 mm, α1=124.6 N/m,
respectively. On the graph, the E values for the average h1=0.24 mm and
h2=0.22 mm are shown.
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nanoscale. However, to measure the elastic modulus
of the annular ligament of the human stapes, AFM
has not been used until now.

Sample Preparation and the Measurement
Technique

The measurements were performed in two human
cadaveric temporal bone specimens of the stapes AL.
Fresh cadaveric temporal bones have been commonly
used in experimental measurements of middle- and
inner-ear mechanics. It has been experimentally
shown that the functioning of the middle ear struc-
tures is similar between live and cadaveric ears
(Rosowski et al. 1990). In our study, we have used
specimens harvested from human cadavers within
48 h after death, protected from drying, and stored
without freezing until the measurement. We have
performed the AFM measurement in the fourth day
after death. The same procedure is widely used by
many researchers.

Cantilever Stiffness and Tip Geometry

Proper choice of both cantilever stiffness and tip
geometry are necessary to obtain accurate measure-
ment results by AFM. For the measurement of the AL
elastic modulus, we have chosen a cantilever with a
nominal spring constant of about 200 N/m. However,
because the thickness of AFM cantilevers is difficult to
control during manufacture, the nominal spring
constant for cantilevers from two different batches
can vary by almost a factor of two (Cumpson et al.
2003). Therefore, the accurate calibration of the real
spring constant of the cantilever is essential for
limiting uncertainties and achieving reliable measure-
ment results.

In the literature, a number of different calibration
methods have been described. These methods can be
divided into three principal classes: dynamic response
methods, theoretical methods, and static response
methods. Typical accuracies, advantages, and disad-
vantages of these methods were discussed by Myhra
(1998).

Elastic Modulus of the AL of the Human Stapes

Our estimation of the AL elastic modulus was based
on a number of simplifying assumptions. In fact, the
real FP is not circular, the thickness and width of the
AL are not uniform, and the ligament itself does not
appear to be either homogeneous or isotropic, having
highly oriented fibers and having thicker bands on
the medial and lateral sides (Whyte et al. 2002,
Ohashi et al. 2006, 2008). Therefore, the resulting

Young’s modulus is applicable only if the same
simplified model is used.

In our model, the boundary conditions for the AL
plate were chosen assuming that the plate is simply
supported at the outer periphery (the connection
between the AL and OW bone) and the load is axially
applied and uniformly distributed at the inner
periphery (the connection between the AL and the
SF). This allowed us to use plate-bending theory for
deriving the load-deflection (F-w) relationship (Eq. 13,
Section 2.3). Then, the F-w relationship can be
compared with the experimentally obtained force-
deflection characteristics (Fig. 6). This comparison
allowed us to obtain Eq. 15 for the calculation of the
AL elastic modulus.

The boundary conditions (Eq. 11) result from our
assumption that the AL fibers act like springs and
remain straight when the stapes moves, that is, the AL
fibers do not become curved either close to the SF or
close to the OW bone. However, there is no literature
clearly showing how the AL fibers are deformed
during stapes movement. Thus, it is also possible to
adopt other boundary conditions, for example, w(a)=
0, Mr(a)=0, dw

dr r ¼ bð Þ ¼ 0 or w(a)=0, dw
dr r ¼ að Þ ¼ 0,

dw
dr r ¼ bð Þ ¼ 0. In this work, we did not repeat our
modeling for different boundary conditions.

In this study, the deflections were up to only
100 nm, much less than the plate thickness, thus
justifying the use of the Kirchhoff–Love theory for
thin plates.

The shapes of both the OW niche and the SF are
very irregular and vary among individuals (e.g., Hagr
et al. 2004; Sim et al. 2013). Numerous authors have
treated the AL as an elliptical ring in finite element
modeling of the middle ear (Ladak and Funnell 1996;
Sun et al. 2002, Gan et al. 2011, Gentil et al. 2011).
However, an elliptical shape for the AL plate leads to
considerable difficulties in finding an analytical solu-
tion for the differential equation describing the plate
bending. Therefore, in this study, we have replaced
the elliptical shape of the AL rim with a circular
shape. Such an approach will certainly affect the
calculation of the AL elastic modulus.

It is known that the stapes AL contains a collection
of individual elastic fibers that are Bregularly arranged
in a linear fashion and form a laminated array parallel
to the horizontal plane of the SVJ^ (Ohashi et al.
2006). Therefore, the AL may display direction-
dependent properties caused by structural anisotropy.
Due to the radial arrangement of the elastic fibers
running from the SF toward the OW, the radial elastic
modulus could be smaller than the circumferential
elastic modulus. Nevertheless, in this study, we treated
the AL as a homogeneous and isotropic structure.
The same assumption was made by Lynch et al. (1982)
to estimate the AL elastic modulus based on a
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measured AL compliance. Moreover, AL isotropy has
been assumed in most FE models (Sun et al. 2002,
Wada et al. 1992, Kelly et al. 2003, Gan et al. 2006,
2007, Kwacz 2013). In this study, we obtained a value
for the AL elastic modulus of approximately 1.1 MPa.
This value is much higher than the value of 0.01 MPa
obtained by Lynch et al. (1982) and lower than the
value of 5.5 MPa estimated by Gan et al. (2007).
Presumably, the enormous discrepancy between the
values given by individual researchers reflects, at least
in part, the differences among the models used to
make the estimates, which are useful only in the
context of their own models.

Spring Constant of the AL of the Human Stapes

Our measurement results indicate that the AL is a
linear elastic material, at least up to static deflections
of 100 nm. A similar conclusion was reported by
Lynch et al. (1982) for stimuli up to 140 dB SPL.
Other measurements of stapes motion (Guinan and
Peake 1967; Goode et al. 1994) suggest that stapes
motions as large as 1 μm are still within the linear
regime. The individual lines in Figure 6A, B seem to
belong to two different families, one with a slope
similar to the average slope and another with a
steeper slope. This may be related to the inhomoge-
neous stiffness distribution of the AL around the SF
(Lauxmann et al. 2014), caused by variation in both
the AL thickness and the gap width between the SF
and the OW. Near point 1 (Fig. 4, Table 1), the elastic
fibers of the AL are significantly shorter than those
near point 2. Moreover, the AL thickness near point 1
is almost twice as large as the thickness near point 2.
This is consistent with the literature (Hagr et al. 2004;
Ohashi et al. 2006; Sim et al. 2013). Such an
anatomical structure leads to a higher AL stiffness at
the SF posterior edge (point 1) than at the anterior
edge (point 2). This causes a force applied to the
stapes head to induce not only piston-like movement
of the SF, but also rotations about its short and long
axes (Huber et al. 2008; Sim et al. 2010, Eiber et al.
2012). It may be expected that the SF rotation affects
the value of the force recorded by the AFM (Fig. 4).
Since the rotation angle depends on the location of
the measurement point, the individual F-w curves
(Fig. 6) could have different slopes.

We measured a AL spring constant of approxi-
mately 120 N/m for SF displacements from 0 to
100 nm, comparable to the range of displacements
observed during stapes vibration in normal human
ears. Because of measurement difficulties, the AL
stiffness in the range below 100 nm has never been
reported in the literature.

Cancura (1979) described static measurements of
the AL stiffness in nine human temporal bone

preparations. He showed that the force-displacement
characteristic is linear in the 5–20 mN range with an
average stiffness of about 250 N/m. However, the
smallest force (5 mN) used by Cancura induces
displacements of 20–40 μm (see Cancura 1979,
Fig. 5), which is about 200–400 times larger than the
largest displacement that we used. This may cause the
difference between the AL stiffnesses reported by
Cancura and by us.

Lynch et al. (1982) reported dynamic measure-
ments in anesthetized cats with the Mössbauer meth-
od. The AL stiffness derived from their data is 430 N/
m. This value is about 3.5 times higher than the AL
stiffness resulting from our measurement. However,
the differences in anatomy between the cat and
human ears may explain the difference in the
obtained values.

Gan et al. (2011) described measurements in nine
fresh human specimens. They applied the load to the
stapes head using a 10-N load cell. In their measure-
ment, a preload of 1 mN was used and then the load
cell was moved to the maximum displacement of
0.2 mm. They used a constant displacement rate of
2.0 μm/s. Based on the stress–strain relationship (Gan
et al. 2011, Fig. 7b, mean value), the AL displacement
of 70 μm (recalculated for the shear strain of 1)
corresponds to the loading force of 17.5 mN. The AL
stiffness derived from this data is 250 N/m, which is
about 2 times higher than the value determined in
our study. However, both the displacement and the
displacement rate are significantly higher than those
used in our AFM measurement.

Recently, the AL stiffness in a human temporal
bone was reported by Lauxmann et al. (2014). They
applied a force from 1 to 50 mN at different points
on the SF and measured the induced SF displace-
ment using a laser Doppler vibrometer (LDV). Based
on the force-displacement curve (Lauxmann et al.
2014, Fig. 11, green line), the AL stiffness deter-
mined from the slope of the curve is 1050 N/m. This
value is much higher than the stiffness of 120 N/m
obtained in our measurements. A reason for this
discrepancy may be differences in measurement
procedures. In Lauxmann’s measurement, the force
is applied at the center of the SF and an initial force
of 1 mN is used at the starting position. In our
measurement, the force is applied at the stapes head
and it does not exceed the value of 20 μN (Fig. 6).
For forces below 20 μN, a lower stiffness may be
expected than for forces above 1000 μN. Lauxmann
et al. (2014) measured the spatial displacement of
the stapes head using a LDV, which required
velocities above 0.5 μm/s. The loading velocity in
our study (0.1 μm/s) is significantly lower. This may
also contribute to the lower value of AL stiffness
obtained in our measurement.
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The AL spring constant (∼120 N/m) reported
here, obtained for small displacements using AFM, is
intended to be used in numerical (FE) models of the
human middle ear mechanics and to design a suitable
membrane for our new chamber stapes prosthesis
(Kwacz et al. 2014).
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A template release force is one of the important factors for a low-defect template release process in nanoimprint lithography. In this work, the origin
of the template release force is investigated by computational study of side wall quality characteristics such as the critical separation forces
between the template and the resist interface, and the slope angle of the side wall. The critical separation forces in the normal and shear directions,
which are related to adhesion and friction characteristics are experimentally evaluated for the computational study. The computational results show
that the shear separation force, which is related to the static friction between the template surface and the resist, strongly affects the release force
characteristics. On the other hand, the side wall slope angle also affects the template release force above the critical side wall slope angle. The
computational results show good agreement with experimental results. © 2015 The Japan Society of Applied Physics

1. Introduction

Nanoimprint lithography1) has high resolution and is a cost-
effective method for fabricating various micro- and nano-
devices. One of the important issues in nanoimprint lithogra-
phy is the template release (de-molding) process. Owing to
adhesion between the template and the resist, the resist is
stuck on the surface of the template, and the resist becomes
stretched, which sometimes forms defects at the template
release process. To prevent defect formation, several
approaches to reduce the template release force have been
developed. One of the effective methods is to decrease the
surface energy of the template and to prevent the sticking
of the resist by applying an antisticking layer2–4) or a
segregation agent on resists.5,6) In addition, some mechanical
approaches have been reported for the smooth release using
peeling or novel release methods.7–11)

On the other hand, evaluation of the materials or processes
for template release has been reported.12–20) Also, several
analyses of the defect factors or mechanisms have been
carried out by experiments and simulation works.21–28) We
have conducted the computational analysis of the basic
mechanisms of the template release process and clarified the
template separation mechanisms on the basis of the critical
stress model and fracture mechanics model.29–31)

One of the important parameters for verifying the template
release process is the maximum release force, because inner
stress is induced by the release force, and the resulting stress
causes resist breakdown or damage. In this study, we focused
on the dependence of template release force on the slope
angle of the pattern and the stresses critical for template
separation from the resist. To investigate the release process,
critical stress is newly evaluated by experiments, and the
release force is measured experimentally at various slope
angles of the patterns. The experimental results are compared
with computational results, and the mechanism of template
release is discussed in this paper.

2. Numerical model and experimental methods

2.1 Numerical model
To investigate the template release force, a simple schematic
model shown in Fig. 1 is applied. A resist on a rigid substrate

was pressed with a rigid template, where the side wall of
the template pattern was inclined at a side wall slope angle θ.
The pattern height is h and the residual thickness of the resist
is d. The resist was fixed on the rigid substrate and the
residual stress due to pressing was not taken into consid-
eration in the investigation of the template release effect
itself. The template was moved in the vertical direction and
stress was induced at the interface between the template and
the resist. The critical stress model29,32) was applied to
express the template separation from the resist in numerical
simulation. When the induced stress exceeds the critical
stress, the template separates from the resist. When the
normal stress σn and the shear stress σs at the interface satisfy
the relation

ð�n=PnÞ2 þ ð�s=PsÞ2 > 1; ð1Þ
the template separates from the resist, where Pn is the critical
normal stress and Ps is the shear stress at the interface. Pn is
the adhesion force between the resist and the template and Ps

is the static friction force due to surface roughness. The side
wall slope angle and critical stress are varied to investigate
their impact on the side wall quality of the template pattern.
In this work, the ratio Ps=Pn, which we call a side wall quality
factor, is varied. Therefore, the quantitative values of these
parameters are important for actual systems.

The release load is calculated by a finite element method
based on conventional continuum mechanics using MSC-
MARC software. The template is lifted and the induced force
is calculated. Then, force curves are obtained under various

Fig. 1. (Color online) Left: Schematic of the analytical model of resist
separation from the mold. Right: The details of the model. The pattern height
is h, the residual layer is d, the pattern width is w, the space is s, and the slope
angle is θ.
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conditions. In the computation, we varied the side wall
quantity factor Ps=Pn from 1.0 to 20.0. The elastic modulus of
the resist is 3.0GPa, Poisson’s ratio is 0.35, and the residual
layer is 2.0 μm. The pattern height and the space width of the
template are 2.0 μm.

2.2 Parameter extraction by experiment
For the discussion on the critical stresses Pn and Ps, the side
wall quality factor Ps=Pn is important for simulation. In order
to verify their values, the critical stresses are investigated
by experimental work. Figure 2 shows the schematics of the
verification method by scanning probe microscopy (SPM).
We use a SiO2 ball tip coated with an antisticking layer,
OPTOOL DSX (Daikin Chemical),2) to simulate a template
surface. The diameter of the SiO2 ball is 0.35mm. The tip
is indented on a poly(methyl methacrylate) (PMMA) resist
surface coated on the substrate. The critical normal stress Pn

is extracted from the pull-off force from the resist per unit
area, and the critical shear force Ps is extracted from the static
friction force evaluated from the stick slip force in lateral
force when the normal force is 15 μN.

The results of the extracted critical stresses are shown in
the Table I. The molecular weight of the PMMA is 120
kg=mol. The results are distributed, but the side wall quality
factor Ps=Pn is in the range from 7 to 20, which indeed
depends on roughness, antisticking layer, and resist elasticity
among others.

2.3 Experimental methods
To verify the computational results, the release forces are
experimentally measured using specific templates having
various slope angles of the patterns. The templates are
prepared by conventional dry etching of a Si chip. Figure 3
shows the cross-sectional views of the templates obtained by
scanning electron microscopy (SEM). The pitch of the line
and space pattern is 4.0 μm. The slope angle of the side wall
is varied from 90 to 63°, the pattern height is designed to be
2.0 μm; however, it was very difficult to control the pattern
height and the slope angle of the side wall simultaneously.
Using these templates, the release force is measured for

PMMA, where the thicknesses of the residual layers are all
2.0 μm.

Figure 4 shows typical results of the force curve in the
template release process for a side wall slope angle of 80°.
The results show multiple peaks of the release force.

3. Results and discussion

3.1 Dependence of release force on the critical stresses
Ps and Pn

The release force strongly depends on the critical release
stresses Pn and Ps, with low values favorable for release. In
this section, the dependence of release force on the side wall
quality factor Ps=Pn is investigated in detail by computational
work. Figure 5(a) shows typical displacement force charac-
teristics (force curve) in the template release process when
Ps=Pn is 1.0.

The release force per unit area of the back side of the
template linearly increases owing to elastic deformation
caused by resist stretching. The stress induced at the bottom
boundary of the template to the residual layer is larger than
that at the top boundary to the pattern cavity under
displacement in the vertical direction owing to the template
release. Then, the bottom of the template firstly separates
from the residual layer and the release force decreases. As a
result, the first peak appears in the release force curve. The

Fig. 2. (Color online) Schematics of the critical stress measurement using
SPM.

Table I. Experimental extraction of the critical stresses for template
separation.

Sample
Pn

(kPa)
Ps

(kPa)
Ps=Pn

A 25.6 180 7.0

B 15.6 313 20

C 10.7 20 18

(a) (b)

(c) (d)

Fig. 3. Cross-sectional views of the templates examined at various side
wall slope angles: (a) 90, (b) 80, (c) 70, and (d) 62°.
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Fig. 4. Example of the measured force curve in template release process.
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first peak depends on the critical normal stress Pn because the
interface between the resist and the bottom of the template
separates owing to the normal stress on the interface. After
the separation from the residual layer, the separation proceeds
along the side wall as the template is pulled up. The adhering
area decreases owing to the separation and the release force
remains nearly constant. Then, the side wall of the template
separates from the resist and finally the upper side of the
template separates. After the separation, the release force
decreases to zero. As a result, the release force curve shows
multiple local peaks.

On the other hand, Fig. 5(b) shows a typical release force
characteristic when Ps=Pn is 20. In this case, the critical shear
stress Ps is larger than the normal critical stress Pn, and the
resist strongly sticks to the side wall of the template. The
release force increases linearly owing to the elastic stretching
of the resist until the side wall is separated from the resist,
and the second peak appears. Then, the separation of the
resist from the side wall immediately occurs under large shear
stress and the top wall of the template pattern is also
separated. As a result, the release force decreases down
immediately to zero. As demonstrated above, the maximum
release force and the force characteristics depend on the
Ps=Pn ratio, which restates the side wall quality. When the
Ps=Pn ratio increases, the release force has multipeaks due to
the separation of the resist from the residual layer and the side
wall of the pattern.

3.2 Dependence of maximum release force on the side
wall slope angle release
Next, we discuss the dependence of the maximum release
force on the side wall slope angle as an indicator of template
quality. The side wall slope angle θ is varied and the release
force is investigated. Figure 6 shows the dependence of
release force characteristics on the side wall slope angle when
Ps=Pn is 20. There are multiple local peaks. The first peak
remains the same regardless of the modification of the
slope angle; however, the second peak decreases with the
decreasing slope angle θ. In this example, the values of the
first and second peaks become identical at a side wall slope
angle of approximately 73°, which we call the critical slope
angle θc. The value of θc depends on the pattern height, Ps=Pn

ratio, and resist material among others. When the slope angle
exceeds the critical angle, the second local peak in the release
force exceeds the first peak in the release force.

Figure 7 shows the relationship between the side wall
slope angle θ and the maximum release force at various Ps=Pn

ratios. As the slope angle θ decreases, the release force
decreases. Nevertheless, the release loads converge on a
constant value when the slope angle θ is below the critical
slope angle θc for any Ps=Pn ratios. This is because the
contribution of normal stress increases and the separation is
accelerated, which makes it easy to release the template at a
low release force. This finding is easily understandable but
has not been refined by theoretical investigations. If the slope
angle is allowed to be less than 90° in a specific application,
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Fig. 5. (Color online) Computational results of force curves at various
side wall quality factors (Ps=Pn): (a) Ps=Pn = 1 and (b) Ps=Pn = 20.
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Fig. 6. (Color online) Computational results of the force curve at various
side wall slope angles at Ps=Pn ratio of 20.
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Fig. 7. (Color online) Computational results of the relationship between
the side wall slope angle θ and the maximum release force at various Ps=Pn

ratios.
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the slope angle of the pattern cavity should be less than the
critical angle θc to suppress the maximum release force for
the successful release. The maximum release force depends
on both the Ps=Pn ratio and the slope angle θ, which are
related to the fabrication of the mold pattern, surface
treatment to prevent sticking, and resist characteristics.

On the other hand, the release force saturates when the
Ps=Pn ratio increases to approximately over 10. This is
because the lateral force is induced in the resist pattern owing
to vertical stretching, and the normal stress σn at the interface
on the side wall exceeds the critical normal stress Pn before
the shear stress σs exceeds the critical Ps shear stress.
Figure 8(a) shows a schematic of the stress induced in the
resist in the case of the vertical wall template. Figures 8(b)
and 8(c) demonstrate lateral stress distributions in resists σxx
before resist separations occur for the Ps=Pn ratios of 10
and 20, respectively. Both the stress distributions are almost
the same and the resist separations occur at almost the
same release forces. The same situations occur even in the
sloped templates owing to stress laterally induced by elastic
deformation of the resists.

3.3 Comparison with experiments and discussion
The impact of the critical stress and the side wall slope angle
of the template on the release force is verified by computa-
tional works and compared with that verified by experiments.
Figure 9 shows the dependence of the maximum release
force on the side wall slope angle. The cross marks indicate
the measured release forces and the triangles indicate the
average of the experiments at a specific slope angle. The
circles indicate the experimental results reported by Kawata
et al.11) The solid, dots, and dashed lines indicates computa-
tional results at various Ps=Pn ratios. All of the release forces
are normalized by the force at a slope angle of 90°. The
experimental results show that the force released converges
on a constant value with decreasing slope angle, as in the
computational works. The reduction ratio is almost 0.5,
which is in good agreement with the computational results.
On the other hand, the critical slope angle in the experiments
is approximately 80° or greater, as it is approximately 73° in
the computational works. At present, we were unable to
explain this difference clearly. One of the possible reasons for
the computational works is the underestimation of the normal
stress contribution on the side wall interface for the

separation model. Nevertheless, the computational works
well express the template release processes and clarify the
template release mechanism for sloped patterns.

4. Conclusions

The impact of the side wall quality of template patterns on
template release force is investigated by computational
works. The origin of the template release force is the elastic
stretching of the resist due to the adhesion and static friction
between the resist and the template. The maximum release
force per unit area is investigated by computational study of
the side wall qualities such as the critical separation stress
between the template and the resist interface, and the slope
angle of the side wall. The critical separation forces in the
normal and shear directions, which are related to adhesion
and friction parameters, are experimentally evaluated for the
computational study. The computational results for a typical
case study show that the shear separation force, which is
related to the static friction between the template surface and
the resist, affects the release force characteristics when the
ratio of the critical shear separation stress to the normal
separation stress is below 10. On the other hand, the slope
angle of the side wall also affects the template release force
above the critical side wall slope angle, at which the
maximum separation force is induced owing to side wall
separation by the shear force at the resist and template
interface. In this case study, the reduction effect induced by
the slope angle of the side wall shows about 50% reduction in
the release force. The computation results show a rather good
agreement with experimental results.
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