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SOMMARIO 
Il progetto affronta la realizzazione di una matrice estensibile di elettrodi (MEA) 

ÁÔÔÒÁÖÅÒÓÏ ÕÎÏ ÓÔÕÄÉÏ ÄÉ ÆÁÔÔÉÂÉÌÉÔÛȢ ) ÔÒÁÄÉÚÉÏÎÁÌÉ ÃÏÍÐÏÎÅÎÔÉ ÄÅÌÌȭÅÌÅÔÔÒÏÎÉÃÁ ÓÏÎÏ ÒÉÇÉÄÉȟ 

senza possibilità di estendersi e piegarsi, a meno di compromettere le loro funzionalità. 

Nel momento in cui occorre interagire con il corpo umano, attraverso dispositivi 

impiantabili, così come con cellule, per la realizzazione di tessuti biologici, diventa 

evidente il bisogno di una tecnologia in grado di integrare i tradizionali componenti 

ÆÏÎÄÁÍÅÎÔÁÌÉ ÄÅÌÌȭÅÌÅÔÔÒÏÎÉÃÁȟ ÃÏÍÅ ÔÒÁÎÓÉÓÔÏÒȟ ÁÍÐÌÉÆÉÃÁÔÏÒÉ ÅÄ ÅÌÅÔÔÒÏÄÉȟ ÃÏÎ ÓÔÒÕÔÔÕÒÅ 

biocompatibili, oltre che in grado di piegarsi ed estendersi. Il fine di questo progetto è 

quello di integrare elementÉ ÒÉÇÉÄÉ Å ÓÏÔÔÉÌÉȟ ÄÅÎÏÍÉÎÁÔÉ ÉÓÏÌÅ ÒÉÇÉÄÅȟ ÁÌÌȭÉÎÔÅÒÎÏ ÄÉ 

substrato elastomerico. Questȭobiettivo viene realizzato attraverso due passaggi 

fondamentali: il primo riguarda la definizione di un processo di fabbricazione in grado di 

produrre  il dispositivo desiderato; il secondo è rappresentato ÄÁÌÌȭÉÎÓÉÅÍÅ ÄÉ ÐÒÏÖÅ 

sperimentali, con lo scopo di descrivere il comportamento sotto sforzo dei dispositivi 

realizzati, valutandone diverse configurazioni. 

Le isole rigide hanno il compito di rappresentare i futuri componenti elettronici, che al 

loro posto possono venire posizionati nel momento in cui un dispositivo funzionante 

voglia essere realizzato. Avendo queste isole proprietà meccaniche e dimensioni tipiche 

dei tradizionali componenti elettronici, il loro comportamento sotto sforzo è in grado di 

fornire preziose indicazioni: se queste isole resistono ai carichi applicati senza né 

rompersi né abbandonare il substrato, questo diventa una preziosa indicazione che, 

sottoposti alle stesse sollecitazioni, anche futuri componenti elettronici possano 

continuare a svolgere la propria funzione senza compromettersi. Le isole sono disposte 

lungo il substrato in modo da formare una matrice ordinata di componenti; le diverse 

configurazioni testate sono state ottenute variando dimensione, forma e distanza fra le 

isole. Due sono i materiali testati per la produzione di questo componente: il nitruro di 

silicio e il silicio policristallino ( polisilicio ). I motivi relativi alla scelta di questi materiali 

sono essenzialmente due: sono entrambi materiali tradizionalmente impiegati nelle 

tecnologie MEMS, ampiamente disponibili in ambiente clean room, oltre a condividere 

proprietà meccaniche decisamente simili ai tradizionali componenti elettronici. In un 

dispositivo intelligente, molteplici componenti possono essere inseriti  ÁÌÌȭÉÎÔÅÒÎÏ ÄÉ ÕÎÁ 

stessa isola, ad esempio integrando elettrodi per la registrazione del segnale, 

amplificatori e filtri analogici, seguiti da un convertitore analogico digitale. Il risultato di 
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questo tipo di approccio è una drastica riduzione del numero di connessioni necessarie. 

Essendo queste connessioni uno degli aspetti più delicati della struttura, la loro 

riduzione va nella direzione di una maggiore robustezza del dispositivo stesso. 

,ȭÅÓÔÅÎÓÉÂÉÌÉÔÛ ÄÉ ÑÕÅÓÔÏ dispositivo viene garantita dal materiale nel quale le isole 

vengono integrate; al posto del tradizionale substrato di silicio, intrinsecamente rigido, 

si è ricorsi al silicone (polidimetilsilossano o PDMS). Materiale dalla provata 

biocompatibilità, il PDMS ha proprietà meccaniche che gli consentono di estendersi e 

ÐÉÅÇÁÒÓÉȟ ÒÉÕÓÃÅÎÄÏ ÁÄ ÁÄÁÔÔÁÒÅ ÅÌÁÓÔÉÃÁÍÅÎÔÅ ÕÎȭÁÍÐÉÁ ÇÁÍÍÁ ÄÉ ÓÆÏÒÚÉ ÁÐÐÌÉÃÁÔÉȢ Non è 

ÑÕÅÓÔÏ ÌȭÕÎÉÃÏ ÍÁÔÅÒÉÁÌÅ ÃÁÎÄÉÄÁÔÏ ÁÌÌÁ ÒÅÁÌÉÚÚÁÚÉÏÎÅ ÄÅÌ ÓÕÂÓÔÒÁÔÏȟ ÁÎÃÈÅ ÐÁÒÙÌÅÎÅ Å 

poliammide, infatti, rappresentano valide alternative. Diversamente da questi due 

materiali, il PDMS costituisce ÕÎÁ ÔÅÃÎÏÌÏÇÉÁ ÒÅÌÁÔÉÖÁÍÅÎÔÅ ÎÕÏÖÁ ÎÅÌÌȭÁÍÂÉÔÏ ÄÅÌÌÁ 

micro fabbricazione, avendo alle spalle un volume letterario  decisamente inferiore. 

Ciononostante, grazie alle sue proprietà meccaniche, come verrà illustrato  nei prossimi 

capitoli, questo materiale ha contribuito in maniera significativa ai progressi di tale 

ÄÉÓÃÉÐÌÉÎÁȟ ÐÅÒÍÅÔÔÅÎÄÏ ÉÌ ÐÁÓÓÁÇÇÉÏ ÄÁÌÌȭÅÌÅÔÔÒÏÎÉÃÁ ÆÌÅÓÓÉÂÉÌÅȟ ÄÏÖÅ É ÄÉÓÐÏÓÉÔÉÖÉ ÅÒÁÎÏ 

esclusivamente in grado ÄÉ ÐÉÅÇÁÒÓÉȟ ÁÌÌȭÅÌÅÔÔÒÏÎÉÃÁ ÅÓÔÅÎÓÉÂÉÌÅȟ ÁÕÍÅÎÔÁÎÄÏ 

drasticamente il numero di soluzioni implementabili. Le isole rigide rappresentano 

quindi una soluzione semplice ed economica per testare se dei componenti rigidi siano o 

meno in grado di rimanere integrati nel substrato estensibile sotto sforzo, senza né 

rompersi né rimuoversi. Se ciò si verifica, i componenti elettronici veri e propri possono 

finalmente essere realizzati, consentendo al dispositivo di svolgere la propria funzione. 

Due diversi approcci offrono la possibilità di integrare isole rigide in un substrato 

elastomerico. Il primo è quello di lavorarle direttamente sul substrato stesso, evitando 

però di raggiungere alte temperature, sopra i 150°C circa, tipicamente non tollerate dai 

polimeri. Ricorrendo la quasi totalità dei processi tradizionali di micro fabbricazione a 

temperature nettamente superiori a tale soglia, lo sviluppo di nuovi approcci a bassa 

temperatura si è reso necessario. Il limite di questi approcci è quello di fornire una 

mobilità elettronica inferiore ai processi tradizionali, compromettendo le proprietà del 

dispositivo. Il progetto qui presentato si concentra pertanto su di un secondo approccio, 

dove tutte le tradizionali pratiche della clean room vengono esercitate prima di 

introdurre il polimero, passaggio che avviene al termine del processo di fabbricazione. Il 

processo sfruttato è una rielaborazione di quello impiegato da [1] al fine di integrare 

collegamenti metallici nel silicone; il processo è stato debitamente rimodellato e 

aggiornato al fine ÄÉ ÉÎÔÅÇÒÁÒÅ ÌÅ ÉÓÏÌÅ ÒÉÇÉÄÅ ÎÅÌÌȭÅÌÁÓÔÏÍÅÒÏ. %ȭ ÐÏÓÓÉÂÉÌÅ ÖÅÄÅÒÅ ÉÌ 

processo di fabbricazione come un sistema che riceve in ingresso wafer rigidi in silicio e 
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fornisce in uscita isole rigide integrate in uno strato di silicone. A seguito dei risultati 

ottenuti dalla prima sequenza di fabbricazione, il processo è stato aggiornato 

ÓÏÓÔÉÔÕÅÎÄÏ ÌȭÏÓÓÉÄÏ ÔÅÒÍÉÃÏ ÃÏÎ ÌȭÏÓÓÉÄÏ 0%#6$ ÃÏÍÅ ÍÁÔÅÒÉÁle di interruzione 

ÄÅÌÌȭÅÔÃÈÉÎÇȟ ÏÖÖÅÒÏ ÌÏ ÓÔÒÁÔÏ ÉÎÔÅÒÐÏÓÔÏ ÆÒÁ ÓÉÌÉÃÉÏ ÅÄ ÉÓÏÌÅ ÒÉÇÉÄÅȟ ÔÁÌÅ ÄÁ ÐÒÏÔÅÇÇÅÒÅ 

ÑÕÅÓÔÅ ÕÌÔÉÍÅ ÄÕÒÁÎÔÅ ÉÌ ÐÒÏÃÅÓÓÏ ÄÉ ÒÉÍÏÚÉÏÎÅ ÄÅÌ ÓÉÌÉÃÉÏȢ ,ȭÏÓÓÉÄÏ ÔÅÒÍÉÃÏ î ÉÎÆÁÔÔÉ 

caratterizzato da un elevato sforzo compressivo; la possibilità di liberarlo gli è però 

ÐÒÅÃÌÕÓÁ ÆÉÎÏ Á ÑÕÁÎÄÏ î ÉÎ ÃÏÎÔÁÔÔÏ ÃÏÎ ÉÌ ÓÉÌÉÃÉÏȢ .ÅÌÌȭÉÓÔÁÎÔÅ ÉÎ ÃÕÉ ÉÌ ÓÉÌÉÃÉÏ ÖÉÅÎÅ 

ÒÉÍÏÓÓÏȟ ÌȭÏÓÓÉÄÏ ÔÅÒÍÉÃÏ ÒÉÌÁÓÃÉÁ il suo sforzo, generando pieghe e rotture in grado di 

estendersi fino alle isole rigide, compromettendole. Questo problema è stato risolto 

ÓÏÓÔÉÔÕÅÎÄÏ ÌȭÏÓÓÉÄÏ ÔÅÒÍÉÃÏ ÃÏÎ ÌȭÏÓÓÉÄÏ 0%#6$ ÃÈÅ, grazie al particolare processo di 

produzione, ha uno sforzo compressivo insito praticamente nullo. I risultati raccolti 

hanno confermato questa intuizione: ÓÏÓÔÉÔÕÅÎÄÏ ÌȭÏÓÓÉÄÏȟ ÉÎÆÁÔÔÉ, i fenomeni di 

piegamento e rottura nella membrana sono praticamente scomparsi. 

Alla fabbricazione del dispositivo segue la fase di prove meccaniche; per questo tipo di 

apparecchi sono essenzialmente due le strade percorribili. La prima è quella delle prove 

di trazione, dove il campione a geometria nota è caricato, ad entrambe le estremità, da 

una forza crescente, misurando le variazioni di lunghezza. In questo progetto, le ridotte 

dimensioni e spessore della membrana non hanno consentito di sfilare il substrato dalla 

regione circostante e si è pertanto optato per un test di rigonfiamento. Una pressione 

ÖÉÅÎÅ ÁÐÐÌÉÃÁÔÁ ÁÌÌÁ ÂÁÓÅ ÄÅÌ ÓÕÂÓÔÒÁÔÏȟ ÖÉÎÃÏÌÁÔÏ ÌÁÔÅÒÁÌÍÅÎÔÅȟ ÍÉÓÕÒÁÎÄÏ ÌȭÁÌÔÅÚÚÁ 

raggiunta dal rigonfiamento della superficie anteriore. Posizionando il dispositivo al di 

sotto di un microscopio è possibile osservare il comportamento della membrana e delle 

isole ÓÏÔÔÏ ÓÆÏÒÚÏ Å ÍÉÓÕÒÁÒÅ ÌȭÁÌÔÅÚÚÁ ÒÁÇÇÉÕÎÔÁ ÄÁÌ ÒÉÇÏÎÆÉÁÍÅÎÔÏ, in funzione della 

pressione applicata. La strumentazione progettata agisce ancorando i bordi del 

dispositivo attraverso una depressione, mentre la membrana non vincolata, posta al 

centro, si rigonfia a causa della pressione positiva, regolabile manualmente. Tramite 

apposite equazioni è possibile dedurre la deformazione della membrana in funzione 

ÄÅÌÌȭÁÌÔÅÚÚÁ ÒÁÇÇÉÕÎÔÁ ÄÁÌ ÒÉÇÏÎÆÉÁÍÅÎÔÏȠ ÌȭÅÑÕÁÚÉÏÎÅ ÖÁ Á ÃÏÎÓÉÄÅÒÁÒÅ ÌÁ ÍÅÍÂÒÁÎÁ 

rigonfiata come un arco di circonferenza, ed è pertanto applicabile fino a quando 

ÌȭÁÌÔÅÚÚÁ ÄÅÌ ÒÉÇÏÎÆÉÁÍÅÎÔÏ ÎÏÎ ÓÕÐÅÒÁ ÉÌ ÒÁÇÇÉÏ ÄÅÌÌÁ ÍÅÍÂÒÁÎÁȟ ÏÖÖÅÒÏ ÌÁ ÍÅÔÛ Äella 

sua larghezza. Al di sopra di questo valore di deformazione, la membrana assume una 

forma ovale, e le equazioni in nostro possesso non consentono più di associare 

ÁÌÌȭÁÌÔÅÚÚÁ ÍÉÓÕÒÁÔÁ ÕÎ ÖÁÌÏÒÅ ÄÉ ÄÅÆÏÒÍÁÚÉÏÎÅ ÄÅÌÌÅ ÍÅÍÂÒÁÎÁȢ ,ȭÅÑÕÁÚÉÏÎÅ ÒÉÃÈÉÅÄÅ 

opportuni accorgimenti a seconda che vi siano o meno isole rigide nella sezione 

interessata. Il modulo di Young delle isole è di 5 ordini di grandezza superiore a quello 
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del substrato, sotto sforzo la deformazione delle isole è praticamente nulla, il substrato 

ÖÁ ÁÄ ÁÃÃÏÍÏÄÁÒÅ ÑÕÁÓÉ ÉÎÔÅÒÁÍÅÎÔÅ ÌÁ ÄÅÆÏÒÍÁÚÉÏÎÅȢ ,ȭÅÑÕÁÚÉÏÎÅ î ÓÔÁÔÁ ÃÏÓý 

aggiornata con un termine che tiene conto della quantità di materiale rigido lungo la 

sezione, così da calcolare la deformazione del PDMS in funzione della pressione 

applicata. I principali risultati si riferiscono allo spessore della membrana ed alla forma 

delle isole. 

Lo spessore della membrana viene regolato durante la deposizione del PDMS sulla 

superficie dei wafer, regolando la velocità di rotazione di questi ultimi per tutta la 

durata del processo. Substrati più spessi richiedono pressioni più elevate per poter 

raggiungere gli stessi livelli di deformazione di substrati più sottili. Se la membrana è 

pensata per dover resistere ad alte pressioni alle quali verrà esposta, la scelta dovrà 

ricadere su membrane spesse (sopra gli 80 µm). La deformazione nella membrana sarà 

infattÉ ÐÉĬ ÃÏÎÔÅÎÕÔÁȟ ÐÒÏÔÅÇÇÅÎÄÏ ÌȭÅÌÁÓÔÏÍÅÒÏ ÄÁ ÌÁÃÅÒÁÚÉÏÎÉȢ $ȭÁÌÔÒÁ ÐÁÒÔÅȟ ÑÕÁÎÄÏ ÌÁ 

membrana deve per sua natura deformarsi costantemente, permettendo al dispositivo 

di svolgere la sua funzione, strati più sottili sono consigliabili. Richiederanno infatti 

ÐÒÅÓÓÉÏÎÉ ÉÎÆÅÒÉÏÒÉȟ ÒÉÄÕÃÅÎÄÏ ÁÎÃÈÅ ÉÌ ÃÏÎÓÕÍÏ ÄÅÌÌȭÁÐÐÁÒÅÃÃÈÉÁÔÕÒÁȢ 

Lo studio della forma delle isole rigide ha mostrato risultati interessanti. Tre sono le 

forme testate: circolari, quadrate e quadrate dai bordi arrotondati. Il vantaggio delle 

isole quadrate è quello di offrire una superficie maggiore a parità di dimensioni, 

ÃÏÎÓÅÎÔÅÎÄÏ ÄÉ ÁÃÃÏÍÏÄÁÒÅ ÕÎ ÍÁÇÇÉÏÒ ÎÕÍÅÒÏ ÄÉ ÃÏÍÐÏÎÅÎÔÉ ÅÌÅÔÔÒÏÎÉÃÉȢ $ȭÁÌÔÒÁ ÐÁÒÔe 

le isole circolari mostrano picchi di deformazione più bassi sotto sforzo; in un 

bilanciamento tra questi due parametri, le isole quadrate dai bordi smussati sembrano 

offrire un buon compromesso. $ÁÌÌȭÅÓÅÃÕÚÉÏÎÅ dei test sperimentali è emerso che, ancor 

ÐÉĬ ÄÅÌ ÐÉÃÃÏ ÄÉ ÄÅÆÏÒÍÁÚÉÏÎÅȟ î ÌÁ ÄÉÓÔÒÉÂÕÚÉÏÎÅ ÄÅÌÌÁ ÄÅÆÏÒÍÁÚÉÏÎÅ ÓÔÅÓÓÁ ÎÅÌÌȭintorno 

delle isole a giocare un ruolo fondamentale nel comportamento del dispositivo. Nelle 

isole quadrate la deformazione è confinata in regioni poste in prossimità degli spigoli 

ÄÅÌÌȭÉÓÏÌÁȟ ÍÅÎÔÒÅ, per le altre due forme considerate, la deformazione si distribuisce su 

di una regione molto più ampia, ÉÎ ÇÒÁÄÏ ÄÉ ÁÂÂÒÁÃÃÉÁÒÅ ÌȭÉÎÔÅÒÏ ÌÁÔÏ ÄÅÌÌȭÉÓÏÌÁȟ 

causandone la delaminazione dal substrato circostante. Quello della delaminazione è un 

ÐÒÏÂÌÅÍÁ ÄÁ ÃÏÎÔÒÁÓÔÁÒÅ ÉÎ ÔÕÔÔÉ É ÍÏÄÉȡ ÌȭÉÓÏÌÁ ÒÉÓÃÈÉÁ ÉÎÆÁÔÔÉ ÄÉ ÓÔÁÃÃÁÒÓÉȟ 

compromettendo il funzionamento del dispositivo, mentre le interconnessioni, 

sovraesposte, possono facilmente andare incontro a rottura. Per affrontare questo 

problema, il processo di fabbricazione è stato ulteriormente ottimizzato, al fine di 

introdurre dei canali attorno alle isole, in modo da accomodare la pressione applicata. 
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Questa soluzione si è rivelata adeguata nel contrastare la delaminazione e nel ridurre 

ÌȭÉÎtensità della deformazione. 

,Å ÐÒÉÍÅ ÅÖÉÄÅÎÚÅ Á ÓÕÐÐÏÒÔÏ ÄÅÌÌȭÉÎÔÒÏÄÕÚÉÏÎÅ ÄÅÉ ÃÁÎÁÌÉ ÁÎÔÉ ÄÅÌÁÍÉÎÁÚÉÏÎÅ ÓÏÎÏ 

giunte dalle analisi agli elementi finiti, eseguite in ambiente COMSOL Multiphysics. 

Questa tecnica numerica consente di simulare il livello di deformazione nella membrana 

sotto sforzo. Confrontando le sezioni della membrana con e senza i canali anti 

delaminazione, è stato osservato come queste strutture siano in grado di ridurre fino al 

υπϷ ÉÌ ÐÉÃÃÏ ÄÉ ÄÅÆÏÒÍÁÚÉÏÎÅ ÉÎ ÐÒÏÓÓÉÍÉÔÛ ÄÅÌÌȭÉÓÏÌÁȢ 

Fra le ÐÒÉÎÃÉÐÁÌÉ ÁÐÐÌÉÃÁÚÉÏÎÉ ÂÉÏÍÅÄÉÃÁÌÉ ÄÅÌÌȭÅÌÅÔÔÒÏÎÉÃÁ ÅÓÔÅÎÓÉÂÉÌÅ ÖÉ ÓÏÎÏ É ÄÉÓÐÏÓÉÔÉÖÉ 

ÉÍÐÉÁÎÔÁÂÉÌÉȢ 0ÒÏÔÅÓÉ ÒÅÔÉÎÉÃÈÅ ÉÎ ÇÒÁÄÏ ÄÉ ÁÄÁÔÔÁÒÓÉ ÁÌÌÁ ÃÏÎÃÁÖÉÔÛ ÄÅÌÌȭÏÃÃÈÉÏȟ ÉÍÐÉÁÎÔÉ 

cocleari capaci di seguire la crescita del bambino senza dover richiedere di intervenire 

chirurgicamente dopo il primo impianto e sonde per la stimolazione celebrale profonda, 

rispettose della natura soffice e delicata del tessuto celebrale, sono applicazioni verso le 

quali ricercatori e compagnie private stanno investendo le proprie risorse, andando ad 

ottenere risultati sempre più affidabili. 

Il campo delle neuroprotesi non è il solo a poter beneficiare dei vantaggi offerti 

ÄÁÌÌȭÅÌÅÔÔÒÏÎÉÃÁ ÅÓÔÅÎÓÉÂÉÌÅȢ )Î ÑÕÅÓÔÁ ÔÅÓÉ ÖÉÅÎÅ ÉÎÆÁÔÔÉ ÄÅÔÔÁÇÌÉÁÔÁ ÌÁ ÒÅÁÌÉÚÚÁÚÉÏÎÅ ÄÉ ÕÎ 

MEA per test farmacologici di cardio tossicità. La capacità di studiare cardiomiociti 

coltivati su un MEA estensibile prima, durante e dopo deformazione meccanica, porta 

con sé importanti aspettative nel fornire nuove intuizioni riguardo ai test farmacologici 

di cardio tossicità. Nel corso degli ultimi anni, si è purtroppo  reso necessario arrestare lo 

sviluppo di numerosi farmaci nelle ultime fasi di test preclinico, o addirittura 

successivamente alla loro commercializzazione, a causa degli effetti indesiderati del 

farmacÏ ÓÕÌÌÁ ÄÕÒÁÔÁ ÄÅÌÌȭÉÎÔÅÒÖÁÌÌÏ 14 ÎÅÌ ÃÉÃÌÏ ÃÁÒÄÉÁÃÏȟ potenziale causa di aritmie 

mortali. Al fine di studiare gli effetti farmacologici sullȭÉÎÔÅÒÖÁÌÌÏ 14ȟ ÓÏÎÏ ÓÔÁÔÉ 

ÓÖÉÌÕÐÐÁÔÉ ÄÉÖÅÒÓÉ ÍÏÄÅÌÌÉ ÆÏÃÁÌÉÚÚÁÔÉ ÓÕÌÌÁ ÍÉÓÕÒÁÚÉÏÎÅ ÄÅÌ ÐÏÔÅÎÚÉÁÌÅ ÄȭÁÚÉÏÎÅ ÅØÔÒÁ 

cellulare di cardiomiociti derivati da cellule staminali umane (hESC), coltivate su 

tradizionali MEA rigidi. Questi modelli non dispongono della possibilità di allineare le 

cellule, fondamentale al fine di ottenere strati anisotropi di cardiomiociti, così come si 

presentano nel tessuto cardiaco in vivo. Non è inoltre possibile, data la rigidità della 

piattaforma, applicare stimoli meccanici alle cellule, aspetto non trascurabile dal 

momento che gli effetti cardio tossici di alcuni farmaci possono presentarsi soltanto con 

estensioni e contrazioni tipiche del muscolo cardiaco. Un MEA estensibile 

permetterebbe di superare gli attuali limiti dei modelli già esistenti: la sua 
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biocompatibilità e le sue proprietà meccaniche, decisamente più vicine a quelle dei 

cardiomiociti, rispetto a rigidi strati vetrosi  dei MEA tradizionali, permettono una 

maturazione nettamente migliore dei cardiomiociti derivati dalle staminali. Un 

vantaggio di grande importanza, se si considera che molte patologie possono essere 

studiate soltanto oltre un certo livello di maturazione del cardiomiocita. In aggiunta, una 

membrana estensibile può essere rigonfiata pneumaticamente, simulando sia condizioni 

ÆÉÓÉÏÌÏÇÉÃÈÅ ÓÉÁ ÃÏÎÄÉÚÉÏÎÉ ÐÁÔÏÌÏÇÉÃÈÅ ɉÃÏÍÅ ÌȭÅÃÃÅÓÓÉÖÏ ÓÔÉÒÁÍÅÎÔÏ ÄÅÌ ÔÅÓÓÕÔÏ 

cardiaco). Infine, il silicone può essere lavorato in maniera tale da permettere alle cellule 

di raggiungere un allineamento desiderato, creando uno strato anisotropo nettamente 

simile alla condizione in vivo. 

,ȭÏÒÇÁÎÉÚÚÁÚÉÏÎÅ ÄÅÌÌÁ ÔÅÓÉ î ÌÁ ÓÅÇÕÅÎÔÅȡ 

Á ,ȭÉÎÔÒÏÄÕÚÉÏÎÅ ÐÒÅÓÅÎÔÁ ÌÁ ÓÆÅÒÁ ÄÅÌÌȭÅÌÅÔÔÒÏÎÉÃÁ ÅÓÔÅÎÓÉÂÉÌÅȟ ÃÏÎÓÉÄÅÒÁÎÄÏ ÄÉÖÅÒÓÉ 

approcci discussi in letteratura Å ÁÎÁÌÉÚÚÁÎÄÏ ÄÉÖÅÒÓÅ ÓÏÌÕÚÉÏÎÉ ÐÅÒ ÌȭÉÎÔÅÇÒÁÚÉÏÎÅ ÄÉ 

isole rigide in substrati elastomerici, oltre che la realizzazione di elettrodi ed 

interconnessioni estensibili. 

Á Materiali e Metodi offre al lettore la possibilità di comprendere appieno le proprietà 

dei materiali utilizzati nel progetto e le procedure alle quali si è ricorsi durante la 

lavorazione del dispositivo. Il comportamento meccanico del PDMS è ampiamente 

trattato, assieme a quello dei materiali candidati al ruolo di isole rigide e degli ossidi. 

Le procedure alle quali si è ricorso in ambiente clean room sono infine dettagliate. 

Á Gli esperimenti complementari abbracciano tutte le procedure svolte a monte e a 

conclusione del processo di fabbricazione. La progettazione della maschera è 

essenziale al fine di svolgere le operazioni di fotolitografia durante il processo di 

fabbricazione; le simulazioni agli elementi finiti offrono invece una conoscenza a 

priori circa il comportamento della membrana sotto sforzo. La teoria del test di 

rigonfiamento, sfruttato per calcolare la deformazione del PDMS, è dettagliata, 

assieme alla descrizione delle apparecchiature strumentali sviluppate al fine di 

raccogliere i risultati.  

Á I risultati mostrano il comportamento dei dispositivi al variare dello spessore del 

ÓÕÂÓÔÒÁÔÏ Å ÄÅÌÌÁ ÆÏÒÍÁ ÄÅÌÌÅ ÉÓÏÌÅȟ ÏÌÔÒÅ ÃÈÅ É ÂÅÎÅÆÉÃÉ ÁÐÐÏÒÔÁÔÉ ÄÁÌÌȭÉÎÔÒÏÄÕÚÉÏÎÅ 

delle strutture anti delaminazione. 

Á !ÐÐÌÉÃÁÚÉÏÎÉ ÄÅÌÌȭÅÌÅÔÔÒÏÎÉÃÁ ÅÓÔÅÎÓÉÂile introduce il lettore nei due principali campi 

di applicazione: il primo è quello del MEA estensibile per test farmacologici di cardio 

tossicità. Vengono affrontate le sfide tecnologiche di questa procedura, assieme agli 
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aspetti biologici riguardanti la manipolazione delle cellule staminali. Infine, anche il 

settore dei dispositivi impiantabili viene descritto. 

Á Le conclusioni offrono la possibilità di riassumere i risultati tecnologici ottenuti, 

proponendo ulteriori sviluppi del progetto al fine di ottenere un dispositivo 

completamente funzionante. 

Questo progetto di tesi, i passaggi sperimentali e le prove tecniche di questo lavoro, 

hanno avuto luogo al PHILIPS Innovation Center, nei laboratori delle tecnologie MiPlaza. 

Queste infrastrutture sono collocate ÁÌÌȭÉÎÔÅÒÎÏ ÄÅÌÌȭ(ÉÇÈ 4ÅÃÈ #ÁÍÐÕÓ ÄÉ %ÉÎÄÈÏÖÅÎȟ ÎÅÉ 

Paesi Bassi. 
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ABSTRACT 
This project approaches the realization of a smart and stretchable multi-electrode array 

(MEA) through a feasibility study. Traditional electronics components are stiff, they 

have no possibility to stretch or bend without compromising their functionality. 

Interactions with the human body for implantable devices, as well as with living cells in 

tissue-making applications, require an approach able to integrate traditional electronics 

components, such as transistors, amplifiers and electrodes, with biocompatible 

structures able to bend or even stretch. Our project goal lied in embedding stiff, thin and 

small structures, called stiff islands, in a thicker elastomeric substrate; this task requires 

two main steps to be accomplished; the first one refers to the development of a micro-

fabrication process able to produce and optimize the desired device. The second step 

asks for testing the chips under several stress conditions, in order to understand the 

ÄÅÖÉÃÅȭÓ ÐÒÏÐÅÒÔÉÅÓ evaluating different configurations. 

Stiff islands represent future circuitry in terms of mechanical properties and 

dimensions; if they are able to remain embedded inside the elastomeric substrate 

without breaking or detaching when the membrane is bended or stretched, they provide 

important evidences that future electronics, under the same stress conditions, can work 

without fail. These islands are designed to create an ordered matrix of components; 

several configuration have been designed, fabricated and tested, changing the 

dimensions of the islands, their shape and the distance between them. These islands 

have been realized in two different materials: Poly-silicon and Silicon Nitride. There are 

mainly two reasons why these materials have been used for this purpose: first of all they 

are traditional materials used for MEMS application and totally compatible with clean 

room processing. Secondly, they share a stiffness similar to one of traditional electronics 

components. The smart concept means that on the same island several electronics can 

be implemented, i.e. integrating electrodes able to record signals, analog amplifiers and 

filters followed by analog to digital converters. This smart approach dramatically 

reduces the amount of interconnections required, increasing the performance of the 

overall structure. The stretchability is provided by the material in which these islands 

are going to be embedded. In place of a stiff silicon substrate, typical of traditional 

approaches, silicone (PolyDiMethylSiloxane also called PDMS) is used. PDMS has a 

proven biocompatibility and due to its mechanical properties it can extend and stretch, 

elastically adapting a wide range of applied forces. PDMS in not the only material 
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involved in substrates production. Also Polyamide and Parylene are valued options for 

these applications. Differently from these last two materials, PDMS is relatively new and 

with less literature background; however its mechanical properties, as explained in the 

following chapter, make it able to give significant contribution to these applications, 

moving from flexible electronics, a field in which components can just bend, to 

stretchable electronics, where devices can be stretched and twisted, increasing the 

number of solutions that can be implemented. Hence, stiff islands represent a cheap and 

easy-to-make solution to test whether stiff components can remain embedded in a 

stretchable substrate under stress condition, without break or detach. If none of these 

events takes place, circuitry can finally be implemented, letting the device operate 

properly. 

Two opposite approaches can be pursued to get stiff islands on a stretchable substrate. 

The first one is to build the device structure directly on polymer films supported by rigid 

substrate. A major problem is that the maximum temperature tolerated by polymers is 

ÔÙÐÉÃÁÌÌÙ ρυπȍ# ÏÒ ÌÅÓÓȟ ÍÕÃÈ ÌÏ×ÅÒ ÔÈÁÎ ×ÈÁÔ ÉÓ ÎÅÅÄÅÄ ÉÎ ÍÁÎÙ ÓÔÁÎÄÁÒÄ ÓÉÌÉÃÏÎ-based 

fabrication procedures. Studies in this area focused on developing low-temperature 

process and materials. The consequent low charge carrier mobility usually compromises 

device performances. To avoid this problem we focused on a second approach, 

introducing the polymer (PDMS in our case) after all the high-temperature fabrication 

steps have been completed. Therefore, we developed a fabrication process based on 

traditional clean room activities, and then we introduced the elastomer, fulfilling our 

need of stretchability. We started from a fabrication sequence used by [1] to integrate 

metallic interconnects in PDMS; we updated and shaped this process to get our stiff 

islands embedded in the silicone layer. The fabrication process can be seen as a system 

that takes stiff Silicon wafers with Thermal Oxide grown on both sides as input and gives 

stiff islands embedded in stretchable Silicone as output. After the results of the first 

fabrication sequence, we improved the fabrication process replacing Thermal Oxide 

with PECVD Oxide as etch stop layer. The etch stop layer is the material placed in 

between Silicon and stiff islands; when Silicon is removed with an etching process this 

layer prevents stiff islands to be affected, interrupting the etching at its surface. Thermal 

Oxide is characterized by a high compressive stress inside its volume; however this 

force is prevented to be released until this material is in contact with Silicon. Once 

Silicon is removed, compressive stress can finally be released. Wrinkles and cracks start 

to take place and they can even reach and compromise the islands. This problem has 

been overcame by replacing Thermal Oxide with PECVD Oxide, a material with an 
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almost null compressive stress. Results supported this explanation; neither wrinkles nor 

cracks took place with the new fabrication process we adopted. 

After the fabrication, devices need to be tested. Conventionally, for this purpose two 

different tests can be performed. The first approach is the tensile test, whereby a sample 

with known geometry is loaded at its both ends by an increasing force, while the change 

in its length is recorded. However, in this project, the fabrication process performed and 

the small size of the elastomeric membrane do not allow us to peel off the flexible part of 

the device from the surrounding. As alternative to the tensile stress test, the bulge test 

technique was implemented in this project. In this technique a pressure is applied to the 

elastomeric substrate containing stiff islands, which resulted in change of the inflection 

height of the membrane. Positioning the inflated chip under a microscope, as we did, 

allowed us to study the behavior of the substrate under stress condition, and to measure 

the inflation high as function of the applied pressure. The set-up we projected acts 

clamping the device applying a vacuum at its borders; meanwhile, at its center, the free-

standing membrane is inflated by a positive pressure that can be manually adjusted. The 

bulge test equation allowed us to deduct the strain of the membrane according to the 

inflation high we measured. This equation considers the inflated membrane as a 

circumference arc, therefore it works until the inflation high is lower than the ray of the 

free-standing membrane (half of its length). When this value becomes bigger, the 

inflated membrane assumes an oval shape and the strain cannot be deduced anymore 

using the bulge test equation. In case of islands integrated in the substrate, the strain is 

not homogeneous through the membrane cross section. Islands are stiffer than the 

substrate, thus their deformation is almost null. The substrate has to accommodate this 

deformation with higher strain; therefore we updated the bulge test equation 

considering the amount of stiff material in the membrane cross section and deducing the 

strain of PDMS. The main results we observed performing these analysis were related to 

ÔÈÅ ÍÅÍÂÒÁÎÅȭÓ ÔÈÉÃËÎÅÓÓ ÁÎÄ ÔÈÅ ÅÆÆÅÃÔÓ ÏÆ ÉÓÌÁÎÄÓȭ ÓÈÁÐÅȢ 

Membrane thickness can be adjusted during the deposition of PDMS on top of the wafer; 

this target is achieved regulating the speed of the spin-coating process. Thicker layers 

require higher pressure in order to reach the same inflation high, as well as the same 

strain, than thinner layers, during inflation procedures. If its membrane is conceived to 

be exposed to high pressure levels without compromising its functionality, thick 

membrane (above 80 µm) can represent the correct option. In fact the strain in this 

membrane will be lower, preserving the PDMS from scratching. On the other hand, if the 

membrane has to reach high values of deformation, for example in case it has to be 
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constantly inflated, thinner substrates are preferable. Lower pressure will be required, 

also reducing the energy consumption. 

4ÈÅ ÉÓÌÁÎÄȭÓ ÓÈÁÐÅ ÒÅÖÅÁÌÅÄ ÉÎÔÅÒÅÓÔÉÎÇ ÏÕÔcomes. Three different shapes have been 

tested: circle, square and rounded square. We already know the advantage of square 

islands is to offer higher surface able to accommodate more circuitry. On the other hand 

circle islands show a lower peak strain when a pressure is applied to the membrane. 

Starting from these premises, rounded square islands seem a good trade-off between 

these two parameters. However, performing the bulge test, we observed the strain 

distribution needs to be considered even more than the peak strain. In square islands 

the strain is confined in sharp regions close the corners; conversely the strain 

distribution in circle and rounded square islands involve bigger regions, causing the 

islands to delaminate from its substrate. Delamination is a risk we should avoid: the 

island can detach compromising the performance of the device and interconnects can 

easily break. In order to tackle this problem, we further adjusted the fabrication process, 

introducing a membrane indentation all around the islands. We observed these 

indentations able to reduce the peak strain, positively affecting the level of delamination. 

First evidences supporting the idea of the aforementioned anti-delamination structures 

came from Finite Element Method analysis we performed with COMSOL Multiphysics. 

This numeric technique allowed us to simulate the strain level of the membrane under 

stress condition. Comparing the cross sectional strain of the membrane with and 

without these indentations, we observed these structures can reduce up to 50% the 

peak strain around the islands. 

Potential biomedical applications of stretchable electronics lie in the field of implantable 

devices. Retinal prosthesis able to adapt to the concave shape of the eye, cochlear 

implants capable to follow the growth of the child requiring no other surgery after the 

first implantation and probes for deep brain stimulations, respectful of the soft and 

delicate nature of the brain, are all purposes researchers and private companies are 

investing on, getting increasingly reliable outcomes. 

However, the field of neuroprosthesis is not the only one that can benefit from the 

advantages of stretchable electronics. In these report we detail the realization of a 

stretchable MEA for cardio-toxicity drug screening applications. The ability to study 

cardiomyocytes cultured on a stretchable multi-electrode array prior to, during and 

after mechanical deformation, holds great promise for providing new insights in cardio-

toxicity drug screening. During the past years, the development of several drugs has 
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been aborted in late phases of preclinical testing or clinical trials, and even post-

marketing due to undesirable effects on QT interval in the cardiac cycle which may incur 

life threatening arrhythmias. To study the effects of drugs on QT interval, model systems 

based on measuring the extra-cellular field potential of the human embryonic stem cell 

(hESC) derived cardiomyocytes cultured on standard rigid MEAs are available. However, 

these systems firstly lack the capability of alignment of the cells which is important to 

obtain functional sheets of cardiomyocytes mimicking the heart tissue. Secondly, they 

cannot apply mechanical stimulation on the cells, which is of importance since cardio-

toxic effects of drugs may only become apparent during actual cardiac muscle stretching 

and contraction as occurs in vivo in the beating heart. A stretchable MEA allows to 

overcome many of these limits: its biocompatibility and its mechanical properties, closer 

ÔÏ ÔÈÅ ÃÁÒÄÉÏÍÙÏÃÙÔÅÓȭ ÏÎÅÓ ÔÈÁn the traditional stiff glass plates, allow the 

cardiomyocytes to mature better. This is an important advantage, as some diseases can 

be seen only when these cells reach a certain degree of maturation. Moreover a 

stretchable membrane can be pneumatically inflated, simulating either physiological or 

pathological situations (e.g. excessive stretch etc.). PDMS can be patterned to allow the 

alignment of these cells, creating an anisotropic layer closer to in-vivo conditions. 

The organization of the thesis is the following: 

Á Introduction presents the field of stretchable electronics, considering different 

approaches in literature in terms of stiff islands integrated in a substrate, stretchable 

interconnections and electrodes. 

Á Material and Methods offer the reader the possibility to understand the properties of 

the materials involved in the project and the procedures that allowed us to achieve 

our results. PDMS behavior is deeply analyzed, together with candidate materials for 

etch stop layer and stiff islands. Clean room techniques, exploited during the 

fabrication process, are described. 

Á Complementary Experiments considers all the procedures we performed before and 

after the fabrication process. Mask design was essential in order to run all the 

lithography steps while fabricating our devices; meanwhile FEM simulation offered 

a-priori knowledge about the membrane behavior under stress conditions. The 

theory of bulge test we used to calculate the strain in PDMS is explained, together 

with the instrumentation set-up we developed to collect the results. 

Á Results show what we inspected changing the substrate thickness and the islands 

shape, as well as the benefit from the anti-delamination structure. 
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Á Application of stretchable electronics introduces the reader in two main field of 

application. The first one is a stretchable MEA for cardio-toxicity drug screening 

application. We discuss the technological challenges inside this task, together with 

the biological issues referring to stem cells manipulation. Finally, implantable 

devices, such as neuroprosthesis, are depicted. 

Á Conclusions offer the reader the possibility to summarize the technological results 

we collected, proposing further development of the project in order to achieve a 

complete working device. 

The thesis project, its experimental steps and the technical experiments of this work, 

have been performed at the PHILIPS Innovation Center, MiPlaza Technology 

Laboratories. These facilities are located at High Tech Campus ɀ Eindhoven, the 

Netherlands. 
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The purpose of this chapter is to introduce the reader in the technological 

background of the project. State of art of stretchable electronic allows to 

understand the potential of this field and the question still need to be 

addressed. Comparison among different approaches available in literature 

helps the reader to focus on the technology behind this thesis; integration 

of stiff islands in a stretchable substrate, stretchable electrodes and 

realization of stretchable interconnects are the three main challenges 

taken into account.  
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1.1 STRETCHABLE ELECTRONICS, A LITERATURE REVIEW 

Biology is soft, elastic, and curved; silicon wafers are not. An electronics technology that 

overcomes this fundamental mismatch in mechanics and form will enable applications 

that are impossible to achieve with hard, planar integrated circuits that exist today [2]. 

Establishing the foundations for this future in electronics represents an emerging 

direction for research, much different from the one dictated by the ongoing push toward 

smaller and faster devices that are still confined to the planar surfaces of the silicon 

wafers. A main challenge to implement stretchable electronics is how to integrate stiff 

and fragile device materials such as silicon with compliant elastomeric substrates such 

as silicones [3]. To appreciate how this aspect relates to engineering challenges, 

consider that the modulus of silicon is ~100.000 times as high as a typical elastomer; the 

thermal conductivity is ~1000 times as great, and the thermal expansion coefficient is 

~100 times as small. Such extremes mismatches in properties lead to interesting, and 

similarly extreme, behavior in systems that intimately integrate these similar materials 

[2]. 

 

Figure 1.1 - Examples of stretchable 
electronics. A) Stretchable silicon 
circuit in a wavy geometry, 
compressed in its center by a glass 
capillary tube (main) and wavy logic 
gate bui lt with two transistors (top 
right insect). B) Stretchable silicon 
circuit with a mesh design, wrapped 
onto a model of a fingertip, shown at 
low (left), moderate (center) and high 
(righ t) magnification. The red (left) 
and blue (center) boxes indicate the 
regions of magnified views in the 
center and right,  respectively. The 
image on the right was collected with 
an automated camera system that 
combines images at different focal 
depths to achieve a large depth of field 
[2] 

&ÕÒÔÈÅÒÍÏÒÅȟ ÔÏÄÁÙȭÓ ÅÌÅÃÔÒÏÎÉÃ ÉÎÄÕÓÔry, whether on semiconductor substrates or 

large-area glass plates, is based on a planar technology, and has been optimized for stiff 

and flat formats. Extreme mechanical properties can be achieved in fully formed, high-

performance integrated circuits by the use of optimized structural configurations and 
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multilayer layouts (Figure 1.1), even with intrinsically brittle but high-performance 

inorganic electronic materials from the traditional electronic industry [4]. 

Stretchable electronics can be achieved in two conceptually different, but 

complementary, ways. One relies on the use of new structural layouts in conventional 

materials [5], the other on new material in conventional layouts [6]. 

Structures that stretch  

A simple idea underlies the strategy based on structure and it is an elementary result in 

mechanics: any material in sufficiently thin form is flexible, by virtue of bending strains 

that decrease linearly with thickness [2]. A silicon wafer is brittle and rigid, but 

nanoscale ribbons, wires, or membrane of silicon are stretchable. Configuring such 

ÓÔÒÕÃÔÕÒÅÓ ÉÎÔÏ ȱ×ÁÖÙȱ ÓÈÁpes and bonding them to elastomeric substrates yields 

systems that can not only flex but also stretch and compress, with a mechanics similar to 

that of an accordion bellows (Figure 1.2 A). 

 

Figure 1.2 - Concepts for 
stretchable electronic 
materials. A ) stretchable 
silicon membrane (~100 nm 
thickness) configured in a 
wavy shape and bonded to a 
piece of rubber, presented in 
optical (top) and atomic force 
(bottom) micro scope images. 
B) Extremely stretchable 
silicon membrane (~100 -nm 
thickness) patterned into a 
mesh geometry and bonded to 
a rubber substrate only at 
square pads located between 
arcshaped bridge struc tures, 
presented in moderate (top) 
and high (bottom) 
magni fication scanning 
electron microscope (SEM) 
images. The PDMS is colorized 
blue [2] 

 

The resulting Si/PDMS construct can be stretched and compressed reversibly, with a 

linear elastic response to applied force. The amplitudes and wavelengths of the waves 

change in response to induced deformations in a way that involves considerable strains 

in the PDMS, but not in the silicon. In particular, mechanics modeling reveals that the 

peak strains in the silicon can be 10 to 20 times as small as the applied strains. In this 

approach stretchability is achieved directly in these films of single-crystal Silicon. A 

schematic fabrication process for such a kind of devices is described by [7] and reported 

in Figure 1.3. The first step (top figure) involves fabrication of thin (thicknesses between 
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20 and 320 nm) elements of single-crystal Si or complete integrated devices 

(transistors, diodes, etc.) by conventional lithographic processing, followed by the 

removal of the top Si and SiO2 layers of a 

Silicon-on-insulator (SOI) wafer. 

After these procedures, the ribbon structures 

are supported by, but not bonded to, the 

underlying wafer. Contacting a pre-strained 

elastomeric substrate (PDMS) to the ribbons 

leads to bonding between these materials 

(middle picture). Peeling back the PDMS, with 

the ribbons bonded on its surface, and then 

releasing the pre-strain, causes the PDMS to 

relax back to its unstrained state. This 

relaxation leads to the spontaneous formation 

of well-controlled, highly periodic, stretchable 

wavy structures in the ribbons (bottom 

picture). 

A related strategy structures the sheet into a 

mesh and bonding it to the PDMS only at the 

nodes. The buckled, arc-shaped 

interconnecting structures (Figure 1.2 B) can 

move freely out of the plane to accommodate 

applied strains of 100% or more, even to 

values that approach the fracture limits of the PDMS [4]. 

Materials that stretch  

New materials provide an alternative route to stretchable electronics. The most 

successful approaches use elastic conductors as electrical interconnections between 

active devices that are rigid or only bendable [2]. Although conductive rubbers based on 

elastomers loaded with carbon black have been known for decades, the resistances and 

their dependence on strain are both too large to be useful. In a much more promising 

and recent approach, long, single-walled carbon nanotubes (SWNTs) serve as 

conductive dopants in a rubber matrix [8]. Here, WNTs processed by grinding in an ionic 

liquid and then mixing with a fluorinated copolymer yield a lack, paste-like conductive 

substance, referred to as a bucky gel [8]. Individual SWNTs form tangled mats in these 

 

 
Figure 1.3 - Schematic illustration of the 
process for building stretchable single -
crystal Si devices on elastomeric  substrates  
[7] 
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gels, with the capacity to reconfigure in response to applied strain in a manner that 

preserves highly conductive pathways for charge transport. This material can be printed 

onto sheets of PDMS to yield elastic conducting traces with stretchability in the range of 

100%. Alternative, related approaches use SWNTs in thin film networks formed by 

solution casting or other means. 

1.1.1 STRETCHABLE ELECTRODES 

Work in stretchable electrodes, as opposed to electronics, has a comparatively long 

history and broad range of materials and design options [2]. In fact, the field of 

stretchable electronics owes its 

origins to observations that thin films 

of gold formed by physical vapor 

deposition directly onto PDMS 

spontaneously adopt micro-

structured or nanostructured forms 

and these structures provide 

electrodes that can accommodate 

large applied strains without fracture 

[9]. Stretchability in this case derives 

from a physics similar to that of the 

silicon structures of Figure 1.1 A but 

with additional  contributions from the motion of microscopic cracks (Figure 1.4) that 

form in the films during fabrication and subsequent deformation [10]. Recent studies in 

this field focused on techniques that involve ion implantation to create compliant 

electrodes [11]Ȣ 4ÈÅÙ ÐÒÅÓÅÎÔ Á ÌÏ× ÓÕÒÆÁÃÅ ÒÅÓÉÓÔÁÎÔ ɉЃ ρ Ëɱ ÐÅÒ ÓÑÕÁÒÅɊ ÔÈÁÔ ÄÏÅÓ ÎÏÔ 

drift i n time, they can be stretched up to 175% strain and survive more than 100.000 

cyclic deformations to 30% strain and they have a low-to-moderate impact on the 

9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÏÆ ÔÈÅ ÅÌÁÓÔÏÍÅÒ ÏÎ ×ÈÉÃÈ ÔÈÅÙ ÁÒÅ ÃÒÅÁÔÅÄ. The key point of non-

implanted electrodes resides in the fact that implantation does not form a continuous 

polycrystalline film  in which grains are attached to each other at the grain boundaries, 

thus forming a rigid film  capable of only a few percent strain before breaking. Instead, 

ion implantation leads to the formation of small size (2ɀ20 nm) clusters in the polymer 

matrix. These clusters can touch each other (thus providing a conducting path) without 

forming a strong mechanical bond. The absence of a strong bond between clusters 

allows them to slide relative to each other (Figure 1.5). This leads to a reduced impact 

on ÔÈÅ ÓÔÉÆÆÅÎÉÎÇ ɉÉÎÃÒÅÁÓÅ ÏÆ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓɊ ÏÆ ÔÈÅ 0$-3 ÄÕÅ ÔÏ ÔÈÅ ÉÎÃÌÕÓÉÏÎ ÏÆ ÔÈÅ 

 

Figure 1.4 - Scanning electron micrographs of a 100 
nm thick Au layer on a PDMS substrate. Microscopic 
cracks that  form in the film can take place during 
fabrication [9] 



 

 

30 INTRODUCTION 

metallic particles, and an ability to withstand high strains before losing electrical 

conduction. 

 

Figure 1.5 - Top: schematic 
cross-section illustrating a 
compliant electrode obtained by 
ion implantation. The clusters 
are touching each other but can 
slide relative to e ach other. They 
can sustain large strain while 
remaining conductive. Bottom: 
non-compliant el ectrode 
obtained by thin -ǢÌÍ ÄÅÐÏÓÉÔÉÏÎȢ 
The strong binding forces which 
link the metallic atoms together 
drastically limit the achievable 
strain before damage to the 
electrode [11] 

1.1.2 STIFF ISLANDS ONTO AN ELASTOMERIC SUBSTRATE 

One way to integrate stiff and fragile material such as Silicon with compliant substrate 

such as silicones is to distribute rigid subcircuit islands over the polymer surface, and 

then fabricate active devices on the islands [12]. One of the common fabrication 

processes is to build the device structure directly on polymer films supported by rigid 

substrates. A major problem is that the maximum temperature tolerated by polymers is 

ÔÙÐÉÃÁÌÌÙ ρυπȍ# ÏÒ ÌÅÓÓȟ ÍÕÃÈ ÌÏ×ÅÒ ÔÈÁÎ ×ÈÁÔ ÉÓ ÎÅÅÄÅÄ ÉÎ ÍÁÎÙ ÓÔÁÎÄÁÒÄ 3ÉÌÉÃÏÎ-based 

fabrication steps. Therefore studies in this area have focused on the one hand on 

developing low-temperature processes and materials [13]. On the other hand, in a 

totally different approach, polymers are introduced after all the high-temperature 

fabrication steps have been completed. Our project is based on this last strategy; the aim 

is to gain mechanical flexibility without compromising high device performance. 

 

Figure 1.6 - A compliant, elastomeric substrate carries stiff subcircuit islands interconnected with 
stretchable metallization. Upon deformation, the substrate along with the stretchable  interconnects 
accommodates the resul ting tens ile, compressive, and shear strains while the islands remain intact  [3] 

Figure 1.6 sketches the architecture of this stretchable electrÏÎÉÃÓȭ ÁÐÐÒÏÁÃÈȢ 4he 

substrate is typically a PolyDiMethylSiloxane (PDMS) membrane of thickness hsub~1 mm 
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ÁÎÄ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ %sub~1 MPa. Embedded in the membrane are subcircuit islands of 

a stiff material, on which devices are fabricated; the combined thickness of the island 

and the devices may be as small as 1 µm. Stretchable metallization electrically connects 

neighboring subcircuits. When the structure is deformed by a large strain, the islands 

deform by small strains and remain intact, while elongation and compression are 

distributed in the substrate and interconnections. 

Separate Silicon islands can be fabricated containing conventional integrated circuits 

[14]. These islands are typically 200-300 µm thick. The island material should 

preferably be an electrical insulator that can be deposited with thin-film techniques at 

low substrate temperature, to be compatible with the organic substrate. According to 

[3], the stiffness S of a layer of a material with thickness h ÁÎÄ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ E is 

characterized by the product S=Eh. Assuming the thickness of the substrate about 1 mm 

and a 250 nm thick film; for thÅ ǢÌÍ ÔÏ ÂÅ ÓÔÉÆÆÅÒ ÔÈÁÎ ÔÈÅ ÓÕÂÓÔÒÁÔÅȟ ÔÈÅ ǢÌÍ ÓÈÏÕÌÄ ÈÁÖÅ 

Á 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÁÔ ÌÅÁÓÔ τ.000 times that of PDMS; i.e. Efilm> 4 GPa. Candidates for the 

island material include Silicon Oxide (ESiOx~70 GPa), Silicon Nitride (ESiNx~200 GPa) and 

diamond like Carbon (EDLC~200 GPa) [3]. Finally, island size and density should be 

optimized to accommodate built-in transistor circuits and prevent crack propagation 

upon stretching. Typically islands larger than the substrate thickness crack because of 

shear stress pulling on the island during stretching. Also high island density reduces the 

yield of intact island during deformation. 

1.1.3 STRETCHABLE INTERCONNECTS  

Notwithstanding the aim of this project was focused on a membrane able to integrate 

stiff islands inside an elastomeric substrate, interconnection between these islands 

represent the natural extension of this device, transferring signals among the islands 

and outside the device as well . 

 

 
 
 
Figure 1.7 - Architecture of an elastic 
electronic surface made on a 
polymer substrate. Active device 
cells can be fabricated on rigid 
subcircuit islands distributed over 
the polymer surface. The cells are 
interconnected  with stretchable 
metallization [12] 

 

A complete stretchable device, in fact, reproduces the base structure depicted in Figure 

1.7, using interconnections among the islands for the aforementioned purposes. Metals 
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revealed as the best option to realize interconnections because of their high electrical 

performance and relatively low cost [15]. The main challenge is maintaining the 

integrity of the circuit during and after flexing or stretching the substrate. Several 

approaches in this field have been studied; we are now introducing the most promising 

ones in order to have an overview of these researches. 

Horse-shoe shaped metallic wires in a stretchable substrate material  

Even if simple conductor shapes like triangular or sinusoidal allow higher deformation 

compared to a straight line, they present a high concentration of stresses in the crest 

and trough, giving rise to early failures at fairly small deformations; therefore a design 

of an appropriate shape is crucial to allow stretchability of the conductors [15]. In the 

work of [15] three different conductor shapes have been considered: elliptical, U-shape 

and horse-shoe. 3D FEM simulations have been performed in order to address the most 

promising structures that have been mechanically tested and optimized later on.  

 

Figure 1.8 - Stress distribution in copper conductor lin e for three different conductor  shapes [14] 

In this approach the substrate material (PDMS) is introduced at the end of the 

fabrication process, when the interconnections have already been patterned, in an 

approach quite close to the one we pursued integrating our islands in PDMS. A total 

deformation of 20% was applied in the axial direction of the meander for all the three 

shapes, getting the results showed in Figure 1.8. These results revealed the horse-shoe 
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shape has the optimal distribution of the stress along the conductor, reducing the risk of 

failure of the interconnection under stress. 

 

Figure 1.9 - Poisson effect observed during a uniaxial tension test [15] 

In order to quantify the strains also the substrate has to be included. During a uniaxial 

stretching, metal conductor revealed in tension in the crest and trough and in 

compression in the center of the design. Yellow and red colors in Figure 1.9 represent a 

concentration of plastic strains when the structure is stretched 25%. The red dashed 

line indicates the original dimension of the structure. 

A qSSA qualitative comparison between modeling and experiments shows that 

calculated region with high concentration of plastic strain (higher than 10%) 

correspond to the observed failures (Figure 1.10). 

Stress shielding for metal interconnections  

The idea to introduce, during the fabrication process,  an additional layer of Parylene to 

deflect the stress away from the interconnections was the approach used by [16]. Since 

the Parylene can absorb much higher stresses, it can be used to deflect stress away from 

the fragile interconnections. 

 

Figure 1.10 - Tensile strain 
test of horseshoe metal 
interconnects. A) Before 
elongation. B) After 25%  
elongation highlighting 
the failures in the crest 
and trough  
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Parylene, in fact, has mechanical properties in between the flexible substrate and the 

ÍÅÔÁÌ ÃÏÎÎÅÃÔÉÏÎÓȟ ÅÓÐÅÃÉÁÌÌÙ ÉÎ ÔÅÒÍÓ ÏÆ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ, as reported in Table 1.1. 

Since Parylene can absorb much higher stresses, it can be used to deflect stress away 

from the fragile interconnects. This additional degree of freedom can be used to create 

interconnect structures which as a whole can withstand much higher strains. 

 9/5.'ȭ3 -/$5,53 

PDMS 1.2 MPa 

ALUMINUM 70 GPa 

PARYLENE 3.2 GPa 

Table 1.1 - Properties of the materials involved in the study from [16] 

Several configuration of Parylene have been analyzed, comparing the strain inside the 

interconnection with the situation in which the membrane is made just by Aluminum 

and PDMS. Embedding the wire in a 3x3 µm Parylene structure revealed as the best 

solution, allowing a 78.8% reduction in stress once a 30% strain is applied, proving 

Parylene can be used to positively influence the stress-level of a metal interconnect in a 

stretchable PDMS substrate [16]. 

A  B 

Figure 1-12 - schematic cross-
section from the middle of the 
reference structure. A) Without 
any stress-shielding B) 
Embedding the interconnect in 
Parylene 

 

Metal interconnection directly patterned on elastomeric substrate  

Several strategies for elastic interconnects have been developed and patterned directly 

onto the elastomeric substrates [17]. S. P. Lacour et al. studied the stretchability  of thin 

gold films (thickness < 100 nm) on elastomeric substrates, particularly PDMS [3, 9]. A 1-

mm-thick PDMS membrane was prepared and no surface treatment was performed 

before metal deposition. Thin gold films (typically 25-500 nm) are deposited in one run 

by successive electron beam evaporation on the PDMS hold at room temperature. Once 

the metal is deposited, a network of randomly arranged micro-cracks (Figure 1.11) 

starts to cover the surface of the gold stripe [12]. The micro-crack pattern in the metal 

film allows the film to elongate by deflecting and twisting out of plane, such that a large 
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applied elongation only induces small and elastic strain in the film[9]. This out of plane 

twisting and bending is only possible on an elastomeric substrate with very high 

compliance. Lacour performed thin metal deposition both on relaxed and pre-stretched 

(10% - 25% uniaxial pre-stretch) substrates. 

  

Figure 1.11 - SEM micrograph of the as-prepared 25 nm thick gold film on PDMS. The gold ligaments 
percolate between the micron -size micro-cracks [10] 

When the substrate relaxes from pre-stretch, the gold stripes form surface waves. 

Experiments illustrated the astonishing stretchability of thin gold conductors on PDMS 

membrane [12]; however both techniques produced highly stretchable interconnects, 

without possibility to address which one of them performed better. 
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2. MATERIALS AND METHODS 
 

 

 

 

 

 

 

This chapter discusses the technological background from which this 

project arises. The production of the device implies a choice among 

different materials and methods in order to get a result that is able to 

answer the demand of improvements in terms of reliability and mass 

production. In light of this all the materials used and their valued 

alternatives are going to be showed, analyzing the state of art of their 

ÐÒÏÐÅÒÔÉÅÓȭ knowledge. Initially, an introduction about strength of 

materials is provided. This part allows the reader to have a better 

understanding of some of the terms involved in the materialÓȭ ÄÅÓÃÒÉÐÔÉÏÎȢ  

A relevant space is dedicated to PolyDiMethylSiloxane (PDMS). This 

material represents a core technology of this project; its biocompatibility 

and its ability to stretch are fundamental aspects that allowed us to 

achieve such results. Also the characteristic of the fabrication processes 

involved to get the device are described, referring to Microfabrication 

fundamentals and clean room procedures.   
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2.1 STRENGTH OF MATERIALS 

The ability of a material bar with original cross section area A0 and length L0 to stretch 

can be tested by applying a load F to its both ends. As a result the bar elongates to a new 

length L and its cross section area shrinks to A, as illustrated in Figure 2.1. The load 

required for a given elongation, in the elastic regime, is proportional to the original cross 

section area A0 of the bar. Under a constant load, the elongation is proportional to its 

original length L0Ȣ &ÏÒ ÃÏÎÖÅÎÉÅÎÃÅ ÔÈÅ ÍÁÔÅÒÉÁÌȭÓ ÒÅÓÐÏÎÓÅ ÃÁÎ ÂÅ ÅØÐÒÅÓÓÅÄ 

independently of the ÂÁÒȭÓ ÃÒÏÓÓ ÓÅÃÔÉÏÎ ÁÎÄ ÌÅÎÇÔÈȢ 4ÈÕÓȟ ÓÔÒÅÓÓ ÁÎÄ ÓÔÒÁÉÎ ÁÒÅ 

ÉÎÔÒÏÄÕÃÅÄȢ 3ÔÒÅÓÓ ʎ ÉÓ ÄÅÆÉÎÅÄ ÁÓ: 

„  
Ὂ

ὃ
 

)ÔÓ ÕÎÉÔ ÏÆ ÍÅÁÓÕÒÅ ÉÓ 0ÁȢ 4ÈÅ ÓÔÒÁÉÎ ʀ ÉÓ ÅØÐÒÅÓÓÅÄ ÁÓ: 

‭  
ὒ  ὒ

ὒ
 
Ўὒ

ὒ
 

Strain is dimensionless, often expressed in percent % [18]. 

A 

 

Figure 2.1 ɀ A) A materia l bar with 
length L0 and cross section area A0. 
B) If a load F is applied to both 
ends of the bar, it is stretched to a 
new length L and its cross section 
area shrinks to A [18] B 

 

At low value, ÓÔÒÅÓÓ ÃÁÎ ÂÅ ÒÅÌÁÔÅÄ ÔÏ ÓÔÒÁÉÎ ÂÙ (ÏÏËÅȭÓ ÌÁ×; elastic deformation takes 

place. 

„ Ὁ‭ 

% ÉÓ ÔÈÅ ÅÌÁÓÔÉÃ ÍÏÄÕÌÕÓȟ ÁÌÓÏ ËÎÏ×Î ÁÓ ÔÈÅ 9ÏÕÎÇȭÓ ÍÏÄÕÌus. At a given strain, for 

example in the z-ÄÉÒÅÃÔÉÏÎ ʀzȟ ÔÈÅ ÂÁÒȭÓ ÃÒÏÓÓ ÓÅÃÔÉÏÎ ÁÒÅÁ ÓÈÒÉÎËÓ ÉÎ ÔÈÅ ÏÔÈÅÒ Ô×Ï 

directions. This change in defined as: 

‭  ‭  ’‭ 

7ÈÅÒÅ ʉ ÉÓ ÔÈÅ 0ÏÉÓÓÏÎȭÓ ÒÁÔÉo [18]. The applied stress to a material bar can be plotted as 

a function of the measured strain. This relation is known as strain-stress curve. In Figure 

2.2 the stress-strain curve of a metal and a polymer are schematically illustrated [18]. 
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For metals, the elastic deformation is represented by the steep straight line which 

ÂÅÇÉÎÓ ÁÔ ÚÅÒÏ ÓÔÒÅÓÓ ÁÎÄ ÅÎÄÓ ÁÔ ÔÈÅ ÓÔÒÅÓÓ ÖÁÌÕÅ ʎYȟ ÃÁÌÌÅÄ ÙÉÅÌÄ ÓÔÒÅÓÓȢ 4ÈÅ 9ÏÕÎÇȭÓ 

modulus corresponds to its slope accordÉÎÇ ÔÏ (ÏÏËÅȭÓ ÌÁ×Ȣ $ÅÆÏÒÍÁÔÉÏÎ ÉÓ ÉÎ ÔÈÉÓ ÒÁÎÇÅ 

reversible upon removal of the applied stress. If a metal is further stretched than its 

yield stress value, the deformation stays permanent, defined as plastic deformation. The 

metal sample breaks eventually at elongation at fracture. Polymers exhibit s-shaped 

stress-strain curves. Metals rupture too early, compared to polymers, especially 

silicones (e.g. PDMS), which are capable of large strains before break. 

 

Figure 2.2 ɀ A 
schematic illustration 
of the stress-strain 
curve of a metal and a 
polymer [18] 

2.2 SUBSTRATE MATERIAL 

The substrate represents the layer in which stiff islands are embedded; its main purpose 

is to provide flexibility and stretchability of the overall membrane. However, this 

material is required not only to be stretchable but also compatible with the clean room 

processing. Furthermore, considering the biomedical applications of this device, it 

should not be neither cytotoxic nor a cause of extensive immune response. According to 

[19] three materials are the main candidates for the role of substrate layer. Their 

properties are reported in the table below. 

MATERIAL 9/5.'ȭ3 -/$5,53 BIOCOMPATIBILITY PATTERNABILITY 

PARYLENE 3.2 GPa [20] ISO 10993 [21] Good 

POLYIMIDE 1.3 ɀ 4 GPa [20] ISO 10993 [22] Very Good 

PDMS 0.75 ɀ 3 MPa [20] ISO 10993 [23] Fair [24] 

Table 2.1 - Scoring card for three candidate substrate material s 

All these materials have been previously studied in literature; i.e. PDMS has been used in 

the studies from Lacour [3, 9, 10, 12] and Parylene has been chosen by Wang for her 

stretchable approach [13]. Biocompatibility can represent an ambiguous term, therefore 

the criteria used to compare these material was their capability to successfully 
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overcome ISO 10993 tests. All of the materials involved satisfied the biocompatibility 

requirements, as showed in Table 2.1. 

The reason that made PDMS our best choice, as substrate material, is the huge difference 

ÉÎ ÔÅÒÍÓ ÏÆ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓȢ For this parameter PDMS shows a value three orders of 

magnitude lower than the ones of Parylene and Polyimide. However, compared to 

Parylene and Polyimide, PDMS is harder to be patterned during clean room procedures. 

To overcome this problem the fabrication process has been shaped in a way that 

introduces PDMS at the end, without any need to pattern the substrate. 

2.3 POLYDIMETHYLSILOXANE 

PDMS, abbreviated from PolyDiMethylSiloxane is a type of silicone rubber. It belongs to 

the family of high polymers, which are enormous molecules composed of small atomic 

groups (called monomer units), joined by covalent bonds. The chemical structure of a 

silicone is illustrated in Figure 2.3 A. The monomer unit is presented in brackets and the 

number of its repetition is n. The silicones contain silicon Si and oxygen O atoms, as well 

as hydrogen, methyl or phenyl groups. The atoms are bended to one another by covalent 

bonds, indicated symbolically by the lines. 

A 
B 

Figure 2.3 : A) Chemical structure of Silicone monomer;  B) Space filling mode of a PDMS chain [19] 

In the case of PDMS, the number of monomer units is in the range of 5-10.000 (Figure 

2.3 B). This silicone can be cross linked, if a suitable initiator is added. During cross 

linking the two methyl groups react under elimination of H2. PDMS is stable for a very 

large temperature range, namely from -180°C to +250°C [25]. The main feature of 

silicones is their large strain and low elastic modulus. Compared to crystalline materials 

and most polymers (strain limit of 0.1% and 1% respectively), the silicones can be 

stretched up to 100% [25]. Therefore, belonging to the family of the silicones, PDMS is 

very suitable to be used as a stretchable material. PDMS is a silicone elastomer with 

desirable properties that make it attractive for the development of MEMS and 
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ÍÉÃÒÏǨÕÉÄÉÃÓ ÃÏÍÐÏÎÅÎÔÓ ÆÏÒ ÂÉÏÍÅÄÉÃÁÌ ÁÐÐÌÉÃÁÔÉÏÎÓ [26, 27]. It is chemically inert, 

thermally stable, permeable to gases, simple to handle and manipulate, exhibits 

isotropic and homogeneous properties as well as lower cost than silicon, and can 

conform to submicron features to develop microstructures [27, 28]. In addition, PDMS is 

transparent, non-ǨÕÏÒÅÓÃÅÎÔȟ ÂÉÏÃÏÍÐÁÔÉÂÌÅ ÁÎÄ ÎÏÎÔÏØÉÃȟ ÁÎÄ ÈÁÓ ÂÅÅÎ ÔÒÁÄÉÔÉÏÎÁÌÌÙ 

used as a biomaterial in catheters, drainage tubing, insulation for pacemakers, 

membrane oxygenators, and ear and nose implants [29]. The extensive biomaterial 

foundation of PDMS in conjunction with the increasing interest in low cost, mass-

produced, microfabrication compatible, polymeric MEMS make it formidable and 

promising material for current and future BioMEMS applications. Consequently, there is 

sigÎÉǢÃÁÎÔ ÉÎÔÅÒÅÓÔ ÉÎ ÅØÁÍÉÎÉÎÇ ÔÈÅ ÃÏÍÐÁÔÉÂÉÌÉÔÙ ÏÆ 0$-3 ×ÉÔÈ ÂÏÔÈ -%-3 ÔÅÃÈÎÏÌÏÇÙ 

and biomedical applications [30]. 

2.3.1  PREPARATION 

For our project we used Sylgard 184 ® (Dow Corning Corporation, Midlan, MI) that is a 

widely used commercially available brand of PDMS. PDMD Sylgard 184 ® is a heat 

curable PDMS supplied as a two-part kit consisting of pre-polymers (base) and cross-

linker (curing agent) components. The manufacturer recommends that the pre-polymer 

and cross-linker be mixed at 10:1 weight ratio respectively. The study from [30] showed 

how mechanical properties of PDMS can be altered by changing the polymer to cross-

linker ratio without variations in surface chemistry. Among the entire gamma of cross-

linker ratio  tested, 14.3:1 revealed as the one that exhibited the highest tensile strength 

and storage modulus. 

The mixture is then spin coated on a Silicon wafer to create a uniform layer of elastomer 

on the wafer surface. The rotational frequency during the spin-coating phase is the 

principal parameter that regulates the thickness of the elastomer layer. Typical spin 

curves show a hyperbolic correlation between the rotational frequency and the 

thickness of the layer (see Figure 4.17). This corresponds to a thicker layer through 

fewer rotations and a thinner layer through a higher rotational frequency [31]. Also the 

viscosity plays a large role in the process of spin-coating layers; it is especially 

important for the determination of the thickness and homogeneity of a spun layer [31]. 

To achieve thinner layers at the same spin speed the viscosity could be further reduced 

by lowering the mixing ratio or diluting the mixture with a low viscosity additive [19]. 

After spin-coating, PDMS membrane should be cured by an organometallic cross linking 

reaction, process promoted by heating [32]. This step can be done at different 
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temperatures; higher temperatures require shorter times. Details are available on the 

product data sheet [33]. 

2.3.2  MECHANICAL PROPERTIES 

Several studies focused on mechanical properties of PDMS have been performed in 

recent years [31, 32, 34-36]. These researches focused on the way several factors affect 

ÃÒÕÃÉÁÌ ÐÁÒÁÍÅÔÅÒÓ ÁÓ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓȟ ÖÉÓÃÏÓÉÔÙ ÁÎÄ ÓÈÅÁÒ ÍÏÄÕÌÕÓ ÏÆ ÔÈÅ ÅÌÁÓÔÏÍÅÒȢ )Î 

order to have a better understanding of the behavior of PDMS, the most interesting 

results are reported and discussed in this paragraph. 

9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ 

When utilizing PDMS as an engineering material in microfluidic devices, it is vital to 

understand how several factors, as cure time, temperature and weight ratio of 

prepolymer to hardener, affect material stiffness. E.g. the study from [34] revealed that 

increasing the weight ratio of prepolymer will reduce the stiffness of PDMS. 

 

Figure 2.4 - Graph of the 
Young's Modulus with respect 
to curing temperature for PDMS 
with a 10:1 and 11:1 weight 
ratio of prepolymer to hardener  
[34] 

Although two weight ratios produce different stiffness values, both follow the same 

trend with respect to curing temperature (Figure 2.4). When cured at 70°C for 200 

ÍÉÎÕÔÅÓȟ ÈÏ×ÅÖÅÒȟ ÔÈÅ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÉÓ σπϷ ÌÏ×ÅÒ ÔÈÁÎ ÔÈÅ ÈÉÇÈÅÒ ÔÅÍÐÅÒÁÔÕÒÅ 

process. Figure 2.5 A shows a trend of decreased stiffness with increasing the 

prepolymer weight ratio. Also the shelf life of the device was investigated: it is important 

to understand how the properties of PDMS devices will change with time as a result of 

physical aging. Samples were held at 100°C for 2, 5, 7 and 14 days and the stiffness data 

is reported in Figure 2.5 B. 
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A 

 

B 
Figure 2.5 - Graph of the Young's Modulus A) with respect to the weight ratio of PDMS prepolymer to 
hardener for samples cured at 85°C for 100 minutes B) with respect to time aged at 100°C in an air 
oven for PDMS with a 10:1 and 11:1 weight ratio of prepolymer to hardener [34] 

 

Next, the influence of the temperature on the elastic modulus of Sylgard 184 has been 

analyzed [35]. The linear dependence of the elastic modulus on the temperature is 

predicted by the thermodynamic theory laid out in [37]. Therein, the elasticity of rubber 

is considered solely as an entropic effect. As a result, the elastic modulus for silicones is 

Ὁ  
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ς
ὯὝ”  

7ÈÅÒÅ Ë ÓÔÁÎÄÓ ÆÏÒ ÔÈÅ "ÏÌÔÚÍÁÎÎ ÃÏÎÓÔÁÎÔȟ 4 ÆÏÒ ÔÈÅ ÔÅÍÐÅÒÁÔÕÒÅ ÁÎÄ ʍK for the degree 

of cross-linking. 

  

A B 

Figure 2.6 - Elastic modulus of Sylgard 184 A) against temperature B) as a functio n of the strain rate 
[35] 

 

Tensile test were carried out in a thermo-chamber at different temperature levels; the 

corrected elastic modulus of Sylgard 184 is plotted as a function of temperature in 
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Figure 2.6 A. As we can notice from this experiment, silicones display very strong 

dependence on the temperature, which is typical of visco-elastic materials [35]. In order 

to study the mechanical visco-elastic properties, also the influence of the strain rate on 

the elastic modulus has been examined. Figure 2.6 B plots the elastic modulus as a 

function of the strain rate. This graph shows an increase of the elastic modulus of the 

2% with a change in the strain rate in the range of 0.0025-0.1 s-1. 

ElastomerȭÓ thickness 

In the design and actuation of PDMS membranes, the common view is to consider them 

as bulk material; however this assumption remains unjustified. As the thickness of 

PDMS membrane becomes thinner and thinner, there is an urgent need to understand 

whether or not PDMS membranes are dimensional dependent. A research from [32] 

examined the resistance to deformation of PDMS membranes as a function of thickness, 

achieving the results showed in Figure 2.7. This picture shows two regimes of the size-

dependent strengthening effect that are proportional to the inverse of the square root of 

thickness. 

 

Figure 2.7 - Young's modulus 
versus the inverse of PDMS 
thickness, t-1/2  (ʈm-1/2 ). The 
transition poin t from size 
dependent to bulk behavior is 
predicted to be around 200 ʈm 
in thickness of PDMS membrane 
[32] 

 

 

Figure 2.8 - A) Sketch of the PDMS mixture dispensed onto a wafer substrate and tangled polymer 
chain coils. B) when spinning is applied the PDMS is thinned and polymer chain coils are stretched by 
shear stress which is a gradient along the thickness (z) direction. C) when a greate r spin speed is 
applied the polymer chains are extensively reordered in the radial direction and the PDMS membrane 
is thinned further. D) the PDMS membrane with a desired thickness and reordered (alignment) is 
separated from the wafer substrate [32] 
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Thicker PDMS membranes produce a negligible strengthening effect. The transition 

ÐÏÉÎÔ ÆÒÏÍ ÓÉÚÅ ÄÅÐÅÎÄÅÎÔ ÔÏ ÂÕÌË ÂÅÈÁÖÉÏÒ ÉÓ ÐÒÅÄÉÃÔÅÄ ÔÏ ÂÅ ÁÒÏÕÎÄ ςππ ʈÍ ÉÎ 

thickness.  

The explanation of this phenomenon suggested that the effect on the elasticity is caused 

by the spin speed rather than by the thickness itself, which is controlled by a 

combination of spin speed and PDMS viscosity. It can be explained as follows: during 

spin-coating, the random coiled polymer chains present in the PDMS solution are 

subjected to shear forces due to the relative motion between the spinning wafer 

substrate and the viscous PDMS mixture. The shear stress of a PDMS membrane during 

spinning is proportional to the square of the angular velocity[32]. Thinner membranes 

require greater angular velocity and thus produce greater shear stress. This stretching 

and realignment of the polymer chains forms stronger cross-linked networks and thus 

greater mechanicaÌ ÓÔÒÅÎÇÔÈ ÔÒÁÎÓÌÁÔÅÄ ÔÏ ÈÉÇÈÅÒ ÖÁÌÕÅÓ ÏÆ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÓÈÏ×Î 

during tensile tests. The process behind this phenomenon is explained in Figure 2.8. 

2.3.3  METAL THIN FILMS ON POLYMER SUBSTRATES 

Free standing metal thin films tend to break at very low strains, due to strain 

localization which causes the film to thin down at a local spot by forming a neck which 

eventually leads to rapture of the film [38, 39] (Figure 2.9 A). Due to volume 

conservation, this local thinning results in local elongation in the order of the film 

thickness before rapture. Due to extremely small thickness-to-length ratios the overall 

rapture strain would be just slightly beyond its elastic limit [40]. However, thin metal 

films bonded to polymer substrates can sustain much higher plastic deformation 

ranging from a few percent to a few tens of percent [38, 39, 41]. This variation in 

stretchability of the metal film is due to differences in adhesion of metal/polymer 

interface. 

 

Figure 2.9 - The rapture of a meta l film 
caused by strain localization. A Necking of a 
free standing metal film, B local elongation is 
suppressed by the substrate [40] 
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When a metal film is bonded to a substrate, it cannot have large local elongations, and 

may therefore deform uniformly far beyond its free standing elastic limit [40] (Figure 

2.9 B). For example [41] achieved over 40% of strain without cracking of a 1 µm thick Cu 

film sputter deposited on a 12.7 µm thick polyimide foil (Kapton 50HN® by DuPont). In 

their experiments they used a 10 nm thick Cr interlayer sputter deposited prior to Cu 

deposition to improve adhesion, and also annealed the deposited Cu film at 200 °C after 

deposition. 

 

Figure 2.10 - Focused ion beam (FIB) images of (a) as-deposited film and, and (b) film 
annealed at 200 °C for 30 min. Annealing  has caused significant grain growth. Whereas 
grains have a relatively uniform distribution in the annealed film, isolated large grains can 
be identified in the as -deposited film [39]  

Nanshu Lu et al. [39] studied the mechanisms of rapture of thin metal films bonded to 

the polymer substrate. According to their study, three accompanying mechanisms are 

responsible for failure of thin films on a polymer substrate, strain localization at large 

grains in the microstructure of the film, deformation-induced grain growth, and film 

debonding from the substrate. They used two types of samples for their experiments, 

one with Cu film annealed after deposition and one with Cu as-deposited without 

annealing, both of them without the Cr layer for adhesion improvement. As shown in 

Figure 2.10, the as-deposited Cu film has a nano-crystalline structure which is unstable 

and the grains tend to grow under mechanical loading; but, after annealing the grains 

grow and become stable under mechanical loading [39]. 

The as-deposited film tends to fails at elongation of around 12%; whereas in the 

annealed film the cracks start to appear at around 25%. Figure 2.11shows the change in 

electrical resistance of the two types of films versus elongation.  

The reason of earlier failure of as-deposited film is its unstable nano-crystalline 

structure compared to the annealed film. 
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Figure 2.11 - The resistance change versus 
elongation normalized with their initial 
values. The curve R/R0=(L/L0)2 shows the 
theoretical prediction of resistance change 
assuming that no cracks happen in the film. 
The resistance of the as-deposited film 
starts to deviate significantly from the 
theoretical prediction due to emerging 
cracks at elongation of approximately 12%, 
whereas the annealed film is much more 
robust [39] 

 

A 

B  C 

 D 

Figure 2.12 - A Schematic illustration of concurrent 
failure processes: deformation -associated grain 
growth, strain localization promoted by large 
grains, and film/substrate interface debonding. 
The three processes coevolve to form a neck. FIB 
images of unannealed film: B not stretched, C 15% , 
and D 20% of stretch [39] 

 

According to Hall-Petch effect, there is an inverse relation between the yield strength 

and grain size of a polycrystalline material as long as the grain size is above a few tens of 

nanometer [39]. As a result, the nano-crystaline regions of the as-deposited film have 

much higher yield strength than the random larger grains in the structure. Under tensile 

loading the strain tends to initially localize at regions with large grains; then as the 

localization spreads, large grains start appear in adjacent regions, and gradually necking 
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happens which causes debonding of the film from the substrate and further local 

elongation resulting in failure of the film; this is illustrated in Figure 2.12. 

2.3.4 STERILIZATION AND EXPOSURE TO CULTURE MEDIA 

The research from [30] studied various chemical and physical effects of sterilization on 

smooth and micro-textured PDMS substrates. The commonly used sterilization methods 

investigated include: (a) 30 minutes immersion in 70% ethanol at room temperature; 

(b) irradiation with UV light (254 nm, 100 µW/cm2) for 30 minutes; and (c) steam auto-

clave at 121 degrees centigrade for 20 minutes. The effects of sterilization were 

analyzed by using SEM (Scanning electron microscopy) to assess micro-texture 

degradation; goniometry (24 hours after sterilization) and XPS (X-ray photoelectron 

spectroscopy) to evaluate surface effects; and nano-indentation; tensile testing, and 

FTIR (Fourier transform infrared spectroscopy) to assess changes in mechanical 

properties.  

The results obtained are summarized as follows: SEM did not reveal any noticeable 

changes in the micro-texture and surface distortion after applying the three sterilization 

methods; goniometry showed no significant change of long-term hydrophilicity  after 

any of the sterilization procedures either. But, the results of nano-indentation, tensile 

testing and FTIR showed that for steam auto-clave the substrates undergo further cross 

linking which caused an increase in ultimate tensile strength and storage modulus of 

PDMS. XPS showed that the three major chemical elements on the PDMS surface prior 

and subsequent to sterilization were Carbon (C), Oxygen (O), and Silicon (Si), and no 

significant change was observed. So it can be inferred that ethanol and UV do not have 

any discernible chemical and physical effect on PDMS substrates, but steam auto-clave 

due to high enrapture causes some further cross linking which can change the 

mechanical properties of the substrates. [30] has also investigated the effect of culture 

media on the PDMS substrates chemical composition. Culture media consists of a 

number of nutrients that are used to provide an appropriate biochemical environment 

for cells in culture. The PDMS substrate were immersed for 4 days in alpha-MEM 

Minimum Essential Medium containing amino acids, vitamins, inorganic salts, 

ribonucleosides, deoxyribonucleoside, and 1% Fetal Bovine Serum. After the immersion 

period the substrates were washed in deionized water and air dried before XPS analysis. 

The results of the analysis show that Culture Media immersion does not have major 

effects on the surface element concentration; except for the presence of nitrogen and an 

increase in surface concentration of oxygen relative to silicon. The increased presence of 

N and O can be due to the amino (NH2) and carboxyl (CO) groups rich in nitrogen and 
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oxygen, which deposit on the surface of the PDMS from the culture media amino acids 

and proteins [30]. 

2.4 SILICON OXIDE 

The Silicon Oxide layer played an important role inside the fabrication of our stretchable 

MEA. In light of the different etch rate of this material compared to the other ones 

involved in the fabrication of our device, Oxide served as etch stop layer, allowing to 

isolate the elastomeric membrane, getting stretchability in the device. Two different 

kinds of Oxide have been used; the first one, Thermal Oxide, is a traditional MEMS 

material. The second one, called PECVD Oxide, is becoming more and more important 

inside microfabrication because of its interesting properties. 

2.4.1 THERMAL OXIDE 

Thermal Oxide, or SiO2ȟ ÉÓ ÏÎÅ ÏÆ ÔÈÅ ȰÂÕÉÌÄÉÎÇ ÂÌÏÃËȱ ÆÉÌÍ ÕÓÅÄ ÉÎ ÍÁËÉÎÇ ÂÏÔÈ ÓÉÍÐÌÅ 

and complex semiconductor devices. This Oxide is grown directly on the wafer surface; 

this process normally takes place in a diffusion furnace, requiring a temperature 

ÂÅÔ×ÅÅÎ ψππȍ# ÁÎÄ ρςππȍ# ÕÓÉÎÇ ÅÉÔÈÅÒ ×ÅÔ ÏÒ ÄÒÙ ÇÒÏ×ÔÈ ÍÅÔÈÏÄȢ 4ÈÅÒÍÁÌ /ØÉÄÅ 

growth occurs at the Silicon/Oxide interface where it actually grows from the bottom-up 

and each new layer is pushed-up instead being deposited or piled-on, like PECVD Oxides. 

As the reader can notice in Chapter 4, after the first fabrication sequence, this layer has 

been replaced with PECVD Oxide, with the aim to reduce the compressive stress that 

this oxide layer releases once Silicon is removed from the backside. Large compressive 

stresses take place during the growth of thermal SiO2 and they are large enough to cause 

plastic deformation of Si at growth temperatures [42]. As we will describe in Figure 4.8, 

when the Oxide is able to release this stress wrinkles and cracks can take place in the 

membrane, affecting the performance of the device. Due to this reason we decided to 

move to a different kind of Oxide. 

2.4.2 PECVD OXIDE 

Plasma-enhanced chemical vapor deposition (PECVD) silane-based oxide is being widely 

applied in the constructions of micro electromechanical system (MEMS) components 

where oxide films are used to for electrical or mechanical elements [43]. There are many 

mechanisms that may be responsible for the generation of intrinsic stress in the oxide 

films. Typical models include recrystallization, chemical reactions, incorporation of 

atoms, dislocation rearrangements, lattice mismatch, excess vacancy annihilation, grain-

boundary relaxation and phase transformation. Even though also PECVD Oxide has a 

residual stress that strongly depends on the process parameters, its values, according to 
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the research from [42, 43] is one order of magnitude lower than the one of Thermal 

Oxide. 

In fact, [42] evaluated a stress of 700 GPa for Thermal Oxide, a value definitely bigger 

compared to 150 MPa compressive 

stress obtained by [43] for the same 

ÒÁÎÇÅ ÏÆ ÔÅÍÐÅÒÁÔÕÒÅ ɉÁÂÏÕÔ ωυπȍ#ɊȢ 

Residual stress in PECVD Oxide is also 

thickness dependent; this relation is 

highlighted in Figure 2.13. Increasing 

the thickness of the oxide layer 

deposited on Silicon, also the 

compressive residual strain becomes 

higher. Adjusting the temperature at 

which this process takes place the 

stress can be further adjusted. 

2.5 STIFF ISLANDS 

Functional stiff islands manufactured using traditional Silicon processing technologies 

played an important role in the realization of the stretchable MEA. Islands material, size, 

shape and thickness are important parameters deeply studied in the due course of this 

project. The geometrical parameters are going to be taken into account in the FEM 

paragraph and in the analysis of the results. In this chapter we will mostly focus on the 

ÍÁÔÅÒÉÁÌÓ ÔÈÁÔ ÃÁÎ ÃÏÎÔÒÉÂÕÔÅ ÔÏ ÉÓÌÁÎÄÓȭ ÒÅÁÌÉÚÁÔÉÏÎȢ 4hese materials need to be 

compatible with clean room processing showing mechanical properties close to the ones 

of future components that are going to replace them in a ultimate working device.  

MATERIAL 
9/5.'ȭ3 

MODULUS [GPa] 

POISSON 

RATIO 

DENSITY 

[Kg/m 3] 

DETACHMENT 

LENGTH [mm] 

SILICON NITRIDE 310 [44] 0.24 [45] 3270 [45] 5.06 [46] 

POLY-SILICON 170 [47] 0.22 [47] 2330 [48] 5.04 [46] 

Table 2.2 -Scoring card for two  candidate island  materials  

Electrodes, analog-digital converters, amplifiers and multiplexer that can be 

implemented on a smart island are realized with traditional CMOS procedures, showing 

stiff properties. Furthermore these islands should remain attached on the elastomeric 

substrate even under stress condition, showing a good adhesion to PDMS. In the study of 

 

 
Figure 2.13 - The effect of peak thermal cycling 
temperature on the room temperature stress of 
silane-based PECVD oxide films [43] 
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[3] three different materials have been tested for making stiff islands embedded in 

PDMS: Silicon Nitride, Poly-Silicon and diamond-like carbon. This last material is not 

available in the clean room equipment; therefore we focused on the first ones. Main 

properties of these two materials are listed in Table 2.2. The higher stiffness of Silicon 

Nitride makes it more favorable cÁÎÄÉÄÁÔÅ ÆÏÒ ÓÔÉÆÆ ÉÓÌÁÎÄÓ ÒÅÁÌÉÚÁÔÉÏÎȢ )Î ÆÁÃÔ ÉÔÓ 9ÏÕÎÇȭÓ 

Modulus is twice the value of the Poly-SiliconȭÓ one; this last material is not stiff enough 

and cannot prevent cracking of additional device materials upon large deformation. 

Both these materials, according to the research from [46], show good and almost equal 

adhesion to PDMS substrate. The adhesion has been evaluated measuring the 

detachment length of a fixed-end cantilever beam showed in Figure 2.14. 

 

Figure 2.14 - Schematic diagram for 
measuring detachment length and 
adhesion energy of PDMS microstructures. 
The Surface Under Testing (S.O.T.) include 
single crystal silicon, thermally g rown 
oxide, LPCDV Nitride, glass and PDMS [46] 

As the PDMS material is transparent, it is simple to determine the detachment length by 

observing the interface directly under an optical microscope. Those two materials 

present the advantage of requiring similar fabrication processes. This point allowed us 

to test both of them during the development of our stretchable MEA. 

2.5.1 SILICON NITRIDE 

 Silicon Nitride has a wide range of 

applications in microelectronics 

technology. It can be deposited on 

Silicon wafer by atmospheric-

pressure chemical-vapor 

deposition (APCVD), low- pressure 

chemical-vapor deposition 

(LPCVD) and plasma-enhanced 

chemical-vapor deposition 

(PECVD), although the first of 

these is now rarely used [44]. The 

work we are here presenting 

concentrates on a LPCVD system. The gases used in LPCVD processes are usually 

dichlorosilane (SiH2Cl2, DCS) or silane (SiH4) as a source of silicon and ammonia (NH3) 

as a source of nitrogen. 

 

Figure 2.15 ɀ Deposition rat e as a function of gas-flow 
ÒÁÔÉÏ ÆÏÒ Á ÔÅÍÐÅÒÁÔÕÒÅ ÏÆ όωτȍ # ÁÎÄ Á ÐÒÅÓÓÕÒÅ ÆÏÒ Á ÇÁÓ-
flow ratio NH 3/SiH2Cl2 of 30/170 [44] 
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 In some cases, for PECVD, N2 is used instead of NH3 to reduce the hydrogen content of 

deposited films [38]. In LPCVD and PECVD systems there are several factors that affect 

the film properties. For LPCVD these 

being the deposition temperature, the 

deposition pressure and gas flow (total 

and ratio). In the study from [44] the 

deposition rate of Silicon Nitride was 

found to be highly dependent upon 

both gas-flow ratio and reactor 

pressure and this is shown in Figure 

2.15. The deposition pressure used for 

the gas-flow experiment was 20 Pa. As 

the NH3/DCS ratio was increased the 

deposition rate also increased, 

reaching a peak at a ratio of one. This 

point represents the maximum 

efficiency of gas use and a further increase in NH3 resulted in a fall in deposition rate. 

For many applications, as is for our project, the patterning of Silicon Nitride is 

performed using plasma etching techniques. A study of the etch rate according to the gas 

ratio has been performed by [44] and reported in Figure 2.16. 

 2.5.2 POLY-SILICON 

 Poly-Silicon is the most widely used 

structural material in current micro  devices 

that are manufactured by surface 

micromachining [47]. The Poly-Silicon films 

in our work have been deposited by low 

pressure chemical vapor deposition 

(LPCVD). Furthermore it can be deposited 

plasma-enhanced chemical vapor deposition 

(PECVD), or solid-phase crystallization (SPC) 

of amorphous silicon in certain processing 

regimes. However these processes still require relatively high temperatures of at least 

300 °C. 

 

Figure 2.16 -Etch rate of silicon nitride in a parallel -
plate plasma etcher as a function of process gas-ǨÏ× 
ratio for a deposition temperature of 850 ȍC and a 
pressure of 20 Pa. The plasma etching was 
performed using a gas composition of CHF 3 7.5 
sccm and N 2 42.5 sccm, r.f. power (frequency 13.56 
MHz) and gas pressure of 60 W (52 mW/cm3) and 5 
Pa, respectively [44] 

 

Figure 2.17 ɀ A typical stress biaxial -strain 
plot [47] 
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Poly-Silicon deposition, or the process of depositing a layer of polycrystalline silicon on 

a semiconductor wafer, is achieved by pyrolyzingsilane (SiH4) at 580 ȍ# to 650 °C; this 

pyrolysis process releases hydrogen. A research from [47] highlight the nature of Poly-

Silicon as a brittle material with a linear stress-strain curve (Figure 2.17). As Silicon 

Nitride, also this material has been patterned with dry etching techniques during this 

work. 

2.6 MICROFABRICATION FUNDAMENTALS 

Microfabrication or micromachining in general refers to the design of a system with at 

least one dimension in micrometer range. Microsystem technology benefits from 

enormous technological and theoretical knowledge of microelectronics [49], as they 

share the same basic fabrication methodologies. Techniques such as photolithography 

are inspired from microelectronics, but other relatively new processes such as DRIE or 

LIGA processes are only dedicated to microsystems. 

This paragraph, out of a wide variety of microfabrication techniques, concludes only a 

few principles that have been used during the due course of this project. 

2.6.1 PHOTOLITHOGRAPHY 

Photolithography is one of the most critical steps in microelectronics and microsystems 

fabrication as it determines the accuracy of forthcoming processes. Using lithography, 

structures with critical dimensions in sub-micron range can be transferred onto the 

substrate using a mask [49]. One of the main advantages of photolithography is its 

parallel production, i.e. many systems with similar or different parameters can be 

processed simultaneously on a single wafer. Another advantage is its ability of mass 

production, where replicas of a pre-designed structure can be transferred on many 

wafers without any loss of fidelity. Photolithography is a sequence of individual small 

steps which are summarized as follows. 

2.6.2 MASK DESIGN 

A photolithographic mask is a glass slab with chromium patterns providing opaque 

areas. Glass can be a soda lime glass or quartz [50], but they are generally very 

expensive. A cost effective solution can be a foil mask (transparency). Foil masks on the 

other hand have problems with cleaning and temperature dependent behavior. This 

problem can be overcome by transferring the mask pattern from foil to a glass slab 

coated with chromium and photoresist (as in our case). After developing and etching a 

new mask is formed; cleaning and handling of which is just like any glass mask. 
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 The mask is mostly 

designed with the 

software as Cadence, 

CleWin and CAD; we will 

discuss this point in the 

Mask design paragraph. 

Alignment can be achieved 

by alignment marks. 

Alignment marks are 

patterns in a mask 

specifically designed to 

align masks to each other. 

Alignment marks must 

confirm to the properties such as they must be easy to use, easy to find, hard to 

misinterpret and most importantly they should not be destroyed by processing prior to 

alignment [50]. The smallest dimension of an alignment mark should be smaller than the 

smallest dimension of actual design to confirm to the accuracy of alignment. An effective 

example of an alignment has been demonstrated in Figure 2.18. 

2.6.3 SPIN-COATING 

In order to transfer the desired pattern on a wafer surface it is first covered with a thin 

layer of an organic photosensitive polymer, also known as photoresist (photosensitive 

means that the chemical properties of the polymer are changed on interaction with 

light). This process is known as spin-coating. Wafer is first placed on a rotatable chuck 

and vacuum is used to hold the wafer in place during the spinning process [49]. With the 

help of the pipette a small amount of resist is dropped onto the center of the circular 

wafer and is then brought into rotation with a high circular velocity. Nominal spinning 

speed varies between 1500-8000 rpm depending upon viscosity and desired thickness 

of the resist [51]. An even coating of resist across the whole wafer surface is ensured as 

a result of centrifugal force. In MEMS design the thickness of the resist can vary from a 

ÆÅ× ÍÉÃÒÏÎÓ ÔÏ ÁÓ ÈÉÇÈ ÁÓ ρππ ʈÍ [49]. 

Thickness, T, of resist depends on the intrinsic viscosity, ʂ, of fluid and rotation speed, ʖ, 

of the chuck and is given by [51]. 

Ὕᶿ
ὑὅ–
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Figure 2.18 - Angular view of alignment mark s etched in Si (SEM 
micrograph)  
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Where K is overall calibration constant and C is polymer concentration in g/ml solution. 

In some cases the adhesion of resist to the substrate surface is poor so that it is not 

sufficient for the further steps which may involve heating or immersion in a fluid. A 

possible solution is to spin first a material that can enhance the adhesion. An example to 

this is Ti-primer which can be used to enhance adhesion between photoresists and 

silicon substrate. 

2.6.4 SOFT BAKING 

The process that immediately follows resist spinning is baking, also called soft baking, 

where the wafer is heated to a temperature as high as 100°C for a few minutes to 

improve the adhesion of resist to the wafer, remove solvents and to remove the built-in 

stresses [51].  

2.6.5 EXPOSURE 

Once the substrate is coated with photosensitive film, next step is to transfer the desired 

geometry on the resist layer. This can be done by selectively exposing areas to the UV 

light with the help of a mask. Lithography can be categorized into three types namely 

contact printing, proximity printing  and projection printing. Contact printing allows the 

mask to even touch the photoresist layer [52]. The resolution, R, is determined by the 

wavelength, ʇ, of the UV light and the thickness, z, of the resist. Mathematically it can be 

given as [51]: 

Ὑ  ὦ
σ

ς

‗ᾀ

ς
 

Positive & Negative Photoresist 

A positive or negative photoresist can be differentiated depending upon whether the 

exposed or un-exposed region is dissolved. For a positive resist exposed regions are 

dissolved but they remain insoluble for a negative resist. Solubility of the positive resist 

is attributed to the fact that there is a chain scission on interaction with UV light [51]. On 

the other hand, negative resists become insoluble as a result of photo-induced 

polymerization or cross linkage on exposure [49]. A typical profile as a result of 

development for both positive and negative photoresists is shown in Figure 2.19. 
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Figure 2.19 -Persists of positive and negative photoresists after developmen t 
 

2.6.6 DEVELOPING 

Developing is the process of selective removal of photoresist. Developing of positive 

resists is carried out in a solution of alkaline salts i.e. NaOH or KOH with low 

concentrations. Usually concentrations of 0.5% ɀ 1.0% are used. The solution is usually 

maintained at room temperature i.e. 25°C. Nominal developing times vary from a few 

seconds to a couple of minutes depending upon the thickness and chemical nature of the 

resist. Xylene is an example of negative photoresist developer [51]. 

After development the desired geometry is patterned onto the resist layer which will 

now serve as a mask for layers underneath during the subsequent additive or 

subtractive processes [51]. 

A very important successor after developing step is rinsing of the wafer with plenty of 

water to avoid the over dose of developer. 

2.6.7 POSTBAKING 

Post baking is carried out optionally after the developing in order to enhance the 

adhesion of resist to the wafer surface which might have damped during the developing. 

It also serves to harden the resist which increases its resistance to the etching process 

followed immediately after. 

2.6.8 RESIST STRIPPING 

Once the desired addition or subtraction step has been carried out, the resist can be 

removed. It is known as resist stripping. 
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Wet Stripping  

Mostly resists are soluble in solvent like acetone and iso-propanol. The wafer is first 

dipped into acetone and then into iso-propanol, for a few minutes, to take away the 

resist. During the dips ultrasonic bath can be used depending upon the mechanical 

stability of structures on the wafer. After the two dips the wafer must immediately go 

into water and rinsed for a few minutes. 

Dry Stripping  

Barrel asher also finds its application in photoresist stripping. Sample is placed on a 

quartz carrier. Oxygen plasma is used during this process. First the dissociation of 

molecular oxygen (O2) to atomic oxygen (O) is carried out [50]. These relatively more 

reactive oxygen ions then react with the polymers forming carbon monoxide, carbon 

dioxide and steam. 

The process is referred to ashing instead of etching because etching is selective removal 

of materials while ashing on the other hand removes the polymers and organic layers. 

For the same reason barrel ashing can also be used for descumming [51]. 

2.6.9 ETCHING 

Etching in microfabrication refers to the process of selective removal of material layers. 

The basic idea is to transfer the resist pattern onto the wafer surface. Depending upon 

the etching scheme the outcomes of the etching process can be determined. Etching can 

be generally divided into wet and dry etching techniques. 

Etching results in either isotropic or an-isotropic profile. Isotropy employs the same 

ratio of etching in all crystal orientations; thus it is a source of under-etch. An-isotropy 

means less or no etching in one or more crystallographic orientation; thus it is used for 

structures with high aspect ratios. Both isotropic and an-isotropic profiles are depicted 

in the Figure 2.20. 

 

 

Figure 2.20-Etch profiles (a) isotropic etch profile (b) absolute an -isotropic etch profile  
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Out of a wide variety of dry and wet etching methods only the ones that have been used 

during the due course of this project will be presented. 

2.6.10 WET CHEMICAL ETCHING 

Wet chemical etching is probably one of the simplest forms of etching where the 

substrate is immersed into an etchant bath. 

Buffer Oxide Etch 

Buffered oxide etch (BOE) is used to remove Silicon Oxide. BOE is a very selective etch, 

meaning that it stops at the silicon and does not etch further. The etch may be used in 

many steps, such as exposing the active region near the beginning of a process or 

defining contact holes at the end. BOE consists of Hydrofluoric Acid (HF) at high 

concentration level (about 10 times greater that the oxide strip in the RCA clean). HF is 

very dangerous and HF burns are particularly hazardous. An insidious aspect of HF 

burns is that there may not be any discomfort until long after exposure. The overall 

reaction for etching Silicon Oxide with BOE is the following: 

ὛὭὕ  τ ὌὊ ᵼ ὛὭὊ  ς Ὄὕ 

Where a buffering agent, ammonium fluoride (NH4F), is added to maintain HF 

concentration and to control pH minimizing photoresist attack. The buffering reaction is 

the following: 

ὔὌὊ ᵾ ὔὌ  ὌὊ 

The etch rate of BOE is about 1000 Å/min. The time in the BOE bath is calculated 

accordingly. 

PES Etch 

PES etchant is used to etch Aluminum. It is a mixture of phosphoric acid, nitric acid, 

acetic acid and water. The solution is heated to 40 ȍC. Etch rate for Aluminum is 100 nm 

per min. Oxide or silicon can be used as an etch stop layers. The etching procedure is 

followed by rinsing (Quick Dump Rinse) and a drying step. 

2.6.11 REACTIVE ION ETCHING 

Reactive Ion Etching (RIE) is a dry etching technique which uses both physical and 

chemical effects to remove the material. It uses chemically reactive plasma, generated 

electromagnetically under low pressure, to knock out the bits. The plasma is generated 

in the same chamber where wafer is placed. 
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A typical setup for RIE consists of a cylindrical vacuum chamber. The wafer is placed on 

the grounded bottom electrode. The situation where the wafer is placed on the cathode 

is referred to as reactive ion etching or reactive sputter etching [51]. Gas inlets are on 

top while the exits are located at the bottom. SF6 is generally used for the etching of 

poly-silicon as sulfur atoms are heavy enough to remove the material physically [50]. 

Initiation of plasma is carried out with a strong RF field, typically 13.56 MHz, to the 

wafer electrode. The strong oscillating field ionizes the gas molecules by ripping apart 

electrons and the ionized atom. Capacitors are used to match the impedance of power 

supply and plasma for maximum efficiency [50]. Due to the oscillating electric field the 

electrons move from top to the bottom of the chamber and then back to the top faster as 

compared to heavy ions. During this motion there are fair chances that the electrons get 

absorbed by the wafer carrying electrode thus creating a net negative charge on the 

plate. As a result the plasma itself develops positive charge as it is left with higher 

concentrations of positive ions. This phenomenon results in a net voltage difference 

between the plasma and wafer electrode and positive ions tends to accelerate towards 

the wafer electrode and where they collide with the whole electrode plate including the 

material to be as etched away thus knocking it out. 

During plasma etching chemical effects can occur when some of the gas radicals react 

with the substrate surface, forming volatile compounds. Following six steps takes place 

during a chemical etching namely, generation of etchant species, diffusion to the surface, 

adsorption, chemical reaction and finally desorption [50]. SF6 reacts with silicon 

resulting in SiF4 which is a volatile product. Chemical reaction is given by [50]: 

3& Å ᴼ3& &Ͻ ςÅ 

3Éτ&O 3É& 

Chemical effects dominate when the process is carried out at high pressures and vice 

versa. Chemical etch generates an isotropic profile, while physical etch generates a side 

wall angle fairly close to 90°. RIE cannot be used to produce very deep structures 

because the top region of side walls is exposed to etchants all the time which can result 

in a funnel like structure. Combined etch rate is sum of chemical and physical effects and 

thus depends upon nature of gas mixture, flow rate, pressure and temperature inside 

chamber and RF power. 

When compared to wet chemical etching, RIE has higher anisotropy, better uniformity 

and control, and better selectivity [53]. 
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2.6.12 DEEP REACTIVE ION ETCHING 

Reactive ion etching cannot be used for generating high aspect ratio systems because 

the top of side wall is exposed more to etchants as compared to the bottom of the deep 

structures thus resulting in a wedge shape profile. So a solution must be found to this 

problem. Two main approaches introduced to overcome this situation are Bosch process 

and cryogenic process [50]. Focus here is on the 

Bosch process. 

 The Bosch process also named as Deep Reactive 

Ion Etch (DRIE) or Advanced Silicon Etch (ASE) is 

probably one of the most important and frequently 

used etching technique in microfabrication. The 

crux of the Bosch process lies in the alternative 

etching and passivation cycles. The etching is 

carried with SF6 while C4F8 is used for passivation. 

Cycle time usually varies from 5-30 sec [50]. 

Passivation is done in order to prevent the 

sidewalls from chemical etching, while the bottom 

of the trench is open to physical etch resulting in nearly vertical side walls. 

DRIE uses an inductively coupled plasma (ICP) to create a magnetic envelop inside the 

etch chamber, thus minimizes the loss of charged species to the surroundings and helps 

to achieve and maintain a higher plasma density [50]. 

 

 

Figure 2.22 - Typical profile of deep reactive ion etching (SEM micrograph). Each ripple shows one 
complete cycle (etching and passivation ) 
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Figure 2.21 - etch (black) and 
passivation (pink) steps of DRIE 
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An ideal profile for DRIE has been shown in Figure 2.20-b. Sidewalls should be smooth 

and vertical, while the bottom of the trench has to be smooth and flat. The real profile on 

the other hand looks like Figure 2.21 i.e. the sidewall is scalloped shaped, the size of 

which depends upon the cycle time. The pink layer inside the etch trench shows Teflon 

passivation layer. A typical high aspect ratio system as a result of deep reactive ion 

etching has been shown in Figure 2.22. 

 



 

 
 

 

 

 

3. COMPLEMENTARY EXPERIMENTS 
 

 

 

 

 

 

 

In order to run the fabrication process and collect results from the devices 

produced, some procedures were required. This chapter describes the 

technology around the fabrication process. Patterning the chips through 

photo lithography requires the design of a set of masks able to reproduce 

on the silicon wafer several combinations of islands integrated in the 

ÓÕÂÓÔÒÁÔÅȟ ÖÁÒÙÉÎÇ ÐÁÒÁÍÅÔÅÒÓ ÓÕÃÈ ÁÓ ÔÈÅ ÉÓÌÁÎÄÓȭ ÄÉÍÅÎÓÉÏÎȟ ÄÉÓÔÁÎÃÅ ÁÎÄ 

shape. The possibility to compare the results obtained in the laboratory 

with theoretical simulations can be achieved thanks to the Finite Element 

Method (FEM); these simulations, performed with COMSOL Multiphysics, 

gave us important evidences, orienting the improvements of the project as 

in the case of the anti-delamination shields. The necessity to test different 

configurations and collect results from experimental trials requires a 

background theory about bulge test and the realization of a device able to 

stress the chips, giving us the desired results.  
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3.1 MASK DESIGN 

As previously discussed in the paragraph about Microfabrication fundamentals, a mask 

is necessary to pattern the chips. In our case both topside and backside masks were 

necessary. Two different topside masks allowed the patterning of the islands, whereas 

the backside mask allowed the creation of the holes inside the silicon layer in order to 

leave the stretchable membranes free to be inflated. A fourth  mask became necessary in 

the development of the project in order to avoid the delamination of the islands from the 

surrounding substrate we noticed after the first results. 

 

Figure 3.1 : Three different island shapes have been tested, varying their dimensions and the distance 
between them 

In order to investigate the influence of the geometry on the cracking behavior of the stiff 

islands under inflation, three different geometrical parameters have been examined: the 

shape of the islands, their  dimensions and the inter-island space. 

As showed in Figure 3.1, three different shapes have been studied: square, circle and 

rounded square. In the first set of experiments three different island dimensions have 

been tested: ÓÍÁÌÌ ÉÓÌÁÎÄÓ ÃÏÎÆÉÇÕÒÁÔÉÏÎ ×ÉÔÈ υπ ʈÍ ÓÉÚÅȟ ρππ ʈÍ ÍÅÄÉÕÍ ÉÓÌÁÎÄÓ ÁÎÄ 

ςππ ʈÍ large islands. As the strain in the membrane is also influenced by the density of 

stiff material in the cross-section, three different interisland spaces of 50ʈÍȟ ρππ ʈÍ 

and 200 ʈÍ ÈÁÖÅ ÂÅÅÎ ÉÎÖÅÓÔÉÇÁÔÅÄȢ 

In order to reproduce all the possible combinations of those three parameters on 

different chips, 27 different configurations were required. Each chip was designed to be 

a square of 1 cm length (Figure 3.2 A); using 6 inch wafer each combination can be 

placed at least four times in different positions of the same wafer surface. After the first 

results we decide to test also more severe conditions, increasing the amount of stiff 

material in the membrane cross section. A second topside mask was designed with 200 

ʈÍ ÁÎÄ σππ ʈÍ ÉÓÌÁÎÄÓ ÓÉÚÅ ÁÎÄ ςυ ʈÍȟ υπ ʈÍȟ χυ ʈÍ ÁÎÄ ρππ ʈÍ ÉÎÔÅÒÉÓÌÁÎÄ ÓÐÁÃÅÓȢ ! 

fourth mask was projected in order to avoid islands delamination from the substrate 

(Figure 3.2 B); the principle of this mask will be discussed in the next chapters. 
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A 

 

B 

Figure 3.2 - Snapshot from Cadence. 
A) a view of some chips. The grey 
line around them fix the borders of 
each chip (1 cm x 1 cm) for the 
backside mask, Light green shape 
in the center of each chip represent 
the hole and dark green structures 
inside the hole are the islands of the 
first topside mask. Also a code 
allows us to distinguish the chip 
during the microscope inspection. 
The first part indicates the 
dimension of the island (S for 50 
µm, M for 100 µm, L for 200 µm and 
XL for 300 µm islands). The second 
part indicates the shape of the 
island (C for circle, Q for square and 
CQ for rounded square). The last 
number indicates the interisl and 
space (in µm). B) a detailed view of 
some islands (blue) surrounded by 
the anti -delamination shield (red)  

 

 

The dimension of the holes (light green structures in Figure 3.2 A) in the backside mask 

was chosen re-elaborating the dog-bone shape adopted by [1]. We opted for rounded 

extremities in place of straight lines both to avoid the delamination of the membrane, 

from the Silicon substrate that surrounds it, during the inflation and to have no sharp 

corners that would have been hard to reach by the surfactant during wet etching 

treatments. 

The mask design was carried out in CleWin under Windows and Cadence under UNIX 

operative system. 
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3.2 FEM MECHANICAL SIMULATION 

In order to assess the behavior of the elastomeric membrane, simulations based on the 

Finite Element Method have been performed. These simulations have a double 

functionality: on the one hand they allowed us to have a reference, comparing the 

experimental results we got in the laboratory with  the outcome of the simulations. On 

the other hand they were able to give explanations to particular phenomenon that took 

place in the membrane, suggesting us practical ways to improve the behavior of our 

device, as in the case of the anti-delamination shield we introduced after the first set of 

experimental results. 

The finite element method (FEM) is a numerical technique for finding approximate 

solutions of partial differential equations (PDE) as well as integral equations. The 

solution approach is based either on eliminating the differential equation completely 

(steady state problems), or rendering the PDE into an approximating system of ordinary 

differential equations, which are then numerically integrated using standard techniques 

such as Euler's method, Runge-Kutta, etc. In solving partial differential equations, the 

primary challenge is to create an equation that approximates the equation to be studied, 

but is numerically stable, meaning that errors in the input and intermediate calculations 

do not accumulate and cause the resulting output to be meaningless. There are many 

ways of doing this, all with advantages and disadvantages. The finite element method is 

a good choice for solving partial differential equations over complicated domains, when 

the domain changes (as during a solid state reaction with a moving boundary), when the 

desired precision varies over the entire domain, or when the solution lacks smoothness 

[54]. 

For this study the problem has been solved using COMSOL Multiphysics version 4.2. This 

method is computationally expensive and requires a converging solution to have the 

possibility to get reliable results. Hence, unnecessary complexity should be avoided and 

the size of the problem should be as small as possible. The purpose of these simulations 

is not to model a structure that exactly matches our PDMS membrane in all its features. 

It is quite obvious that the computational power of the system will not be enough to give 

us results. However simple structures that represent particular aspects of our 

membrane can be analyzed giving us interesting outcomes. 

3.2.1 MEMBRANE INFLATION 

In our first simulation we successfully studied the behavior of a membrane with one 

island in its center (Figure 3.3). The first issue we had to face using COMSOL was to 
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define a geometry for the problem. We created a 100 µm thick block with a rectangular 

surface of 1 mm width and 0.5 mm depth. In the center a 100 nm thick rounded square 

island has been placed on the top of the membrane. Its size is 100 µm. 

 

Figure 3.3 - The one-island membrane that has been inflated in the first simulation  

The second step was to define the properties of the materials involved. We assigned 

PDMS to the elastomeric membrane and Silicon Nitride to the stiff island. Their 

properties are listed in Table 3.1. 

 
9/5.'ȭ3 -/$5,53 

[MPa] 
0/)33/.ȭ3 2!4)/ DENSITY [Kg/ m3] 

SUBSTRATE 1.2 [16] 0.47 [16] 1050 [55] 

ISLAND 310 * 103 [44] 0.24 [45] 3270 [45] 

Table 3.1 - Mechanical properties of the element involved in the  simulations. Th e substrate is made by 
PDMS and the island is made by Silicon Nitride  

Once we defined the geometry and the mechanical properties of its components, it is 

necessary to characterize to load we want to apply on this structure. We started 

assigning the fixed constrains, or rather the surfaces or edges that are fixed and not free 

to move. All the four lateral surfaces of the membrane have been set as fixed constrains, 

simulating the real device in which none of them is free to move. Than a boundary load, 

in form of a pressure of 70 KPa, has been applied on the backside of the membrane; its 

purpose is to inflate the elastomeric substrate, as we did in practice on the chips we 

fabricated. Therefore just the topside of the membrane remained free from load and 

constrains, as in the real device. 
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Figure 3.4 - User defined mesh. A) The overall mesh is presented in the 3D structure. As explained 
before, we defined the mesh on the top surface and swept it through the whole thickness of the 
membrane. B) Top view of the mesh. In the corners of the island the elements become smaller and the 
accuracy higher. C) A detail of the corner, the island is highlighted in red  

 

A delicate aspect is represented by the meshing of the device that consists into 

discretizing the space into small elements. The solution of the FEM is going to be 

computed at the vertices of those elements. If the elements of the mesh are small the 

solution will be accurate, however the total number of elements will increase the 

complexity of the problem, requiring longer time to compute a solution and even 

increasing the risk that the simulation fails, without converging to a result [19]. The 

mesh can be adjusted manually as needed; for example there is the need of a coarser 

mesh in areas in which higher strains are expected; in our case this happen in the 

regions between the island and the membrane. Also the corners of the island need 

denser mesh. However perfect corners (matching between two straight lines) are 
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singularity points, in which some property, such as differentiability, cannot be defined. 

This leads to discontinuities which will cause the method to generate inaccurate results. 

To avoid this problem straight corners have been replaced with small size-filled ones. 

Defining manually a mesh we created the elements on the top surface and then we 

swept them through the whole thickness of the membrane. The highest accuracy has 

been put in the rounded corners of the islands. Several views of the mesh are reported 

in Figure 3.4. 

Results  

The problem has 40257 degrees of freedom. Normal time of computation, on a 

mainframe computer, is in the range of minutes. The solution converged as showed in 

following Figure 3.5 and Figure 3.6. We mainly studied the strain in order to predict 

ruptures and scratch in the device. Higher strain increases the possibility that cracks 

took place. The strain is a vector; therefore it can be described with three components 

orthogonal to each other (Figure 3.5 A and Figure 3.6 A-B). The simulation also revealed 

the strain concentration in the substrate near the island edges. In agreement with the 

study from [3], while the strain in the island edge remain insignificant, the surrounding 

substrate may stretch by several tens of percent to accommodate the overall elongation 

(Figure 3.6 D). Three-dimensional stresses and strains build up in many directions. A 

common way to express these multidirectional stresses is to summarize them into an 

equivalent stress, also known as the Von Mises stress [19]. The study of this value 

allowed us to analyze what happen inside the island (Figure 3.6 C). If on the one hand 

the strain is almost equivalent to zero all over the island, the distribution of the Von 

Mises stress showed the weaknesses of this stiff structure. 
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A 

B 

 
Figure 3.5 - First principal strain in the membrane inflated from the backside with a 70 K Pa pressure. 
A) A three-dimensional view of the device. As expected the higher strain are in the region surrounding 
the stiff island along the y axis. B) The frontal view of the membrane. We can see the shape of the 
substrate once the pressure is applied. Higher strain is also at the bottom sides of the membrane, 
possible cause of delamination of the substrate from the surrounding  
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A 

Figure 3.6 - A view on the second 
(A) and third (B) principal strain. 
Strai n is a vector that can be 
completely described with three 
orthogonal components. However, 
as we can see in these pictures, the 
values of these two components are 
really lower compared to the first 
one. In a first approximation we 
can consider just the firs t principal 
strain showed in  
Figure 3.5 to study the behavior of 
the membrane. 
C) A view of the Von Mises stress to 
investigate what happen inside the 
island. Along the edges some 
portions reach the higher strain,  
therefore we expect that in real 
inflation test these regions will be 
the ones in which cracks first take 
place. D) The two region of the 
membrane attached to the island 
along the y axis are the one that 
show the higher strain. This will be 
translated, in  the real case, in a 
delamination of the membrane 
from the island.  

B 

C D 
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3.2.2 %&&%#43 /& )3,!.$ȭ3 3(!0% !.$ $)-%.3)/.3 

An interesting study about island parameters has been conducted by [19]. Despite the 

experimental setup is different to the one used in this project, same materials and 

similar dimensions were involved, allowing us to get interesting observation from the 

results achieved. The way in which both the shape of the island and its dimension affect 

the maximum strain in the membrane has been analyzed. The load applied is a 

unidirectional stretch of the elastomeric substrate. Starting from a square island and 

increasing step by step the ray of the corner we can obtain a shape that become a circle 

once the ray reaches the half of the side length. Parametrical COMSOL simulations have 

been performed, retrieving the maximal strain of the membrane in function of the ray of 

the corner. Results are shown in Figure 3.7. 

 

Figure 3.7 - First principal stain in the proximity of the round island. Physical deformation is included 
in these plots [19] 

As expected, circle shape islands imply a lower peak-strain in the surrounding 

membrane compared to one of the square islands. However a squared surface is bigger 

than the one of a circle inscribed in its center; moreover bigger surfaces allow us to 

place more circuitry on the same island. From the peak strain point of view a good 

compromise seems to be represented by intermediate solutions. The biggest drop in the 

membrane strain is obtained for smaller rays, meaning that a rounded square island 

would provide a good compromise between the amount of circuitry that can be placed 

on it (the total surface) and the stress in the surrounding substrate. Practical 

experiments, discussed in the conclusion, will show interesting phenomenon related to 

this aspect. 

In the second study the maximal strain has been related both to the dimension and to 

the shape of the island. As we can see in Figure 3.8 bigger islands means higher strain in 
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the surrounding. As it will be explained in details in the paragraph about the Bulge Test, 

more stiff material in the cross section requires the same amount of deformation to a 

reduced amount of PDMS (the island is stiff for hypothesis and does almost not deform). 

Therefore the strain in the PDMS will be higher in relative terms.  

 

Figure 3.8 - First principal stain in the proxi mity of the round island for different island shapes ( rfillet ) 
varying the island size L. Physical deformation is included in these plots [19] 

3.2.3 ANTI-DELAMINATION SHIELD 

As we have noticed studying the strain in the inflated membrane, the highest 

deformations are required to the elastomeric substrate in the regions surrounding the 

island along the y axis. As we can see in Figure 3.9 this strain creates a valley in the 

PDMS region next to the stiff islands. This delamination we observed turns into a 

problem when it causes the islands to detach from the substrate in which they are 

embedded. Also for future developments, when interconnections will take place among 

the islands, delamination can turn in an obstacle. In fact, for a future MEA, not only 

electrodes that will collect signals but also wires are required. These interconnections 

can transfer for example signals to other components inside the device (such as 

multiplexer  or amplifier ) or outside the device itself for further elaborations. If these 

wires are connected to an island and this island start to delaminate from its substrate, 

the interconnection can detach or even break. In light of this, we studied an approach 

able to reduce this phenomenon. A simple solution can be represented by the creation of 

an indentation in the membrane that redistributes the strain, decreasing the one in the 

regions close to the islands. In order to prove this theory, COMSOL simulations have 

been performed. 
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 A 

  B 

Figure 3.9 - Scanning Electron Microscope (SEM) pictures of the inflated membrane. A) Delamination 
around islands is due to the high strain in the elastomeric membrane that is surroinding the stiff 
material B) A detail of the  same delamination. A small valley in the PDMS takes place at the edges of 
the island  

We were interested in the strain along the cross section of the membrane, and a 2D 

model can give us reliable results with lower time of computation. Meanwhile the 

symmetry condition along the vertical axis allowed us to define just one half of the 

device, computing the structure with higher accuracy. With the aim of finding the 

correct deep of this indentation in our 20 µm thick membrane we run two different 

simulations, one with 4 µm and the other with 8 µm (Figure 3.10). These values have 

been chosen according to the fabrication process required to create this indentation in 

the PDMS. An indentation of 8 µm reduces the maximum strain in the membrane by 

more than 50% (Figure 3.11). Obviously this peak in the strain is reached in the region 

of the membrane attached to the island, the same one in which we observed 

delamination. 
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A 
Figure 3.10 ɀ Two-
dimensional view s of the 
membrane cross section once 
a 70 KPa pressure is applied 
from the backside. Symmetry 
condition is imposed along the 
vertical axis, allowing a more 
accurate simulation of the 
first principal strain. Second 
and third principal strain s are 
not reported in this study, 
their value s are extremely 
lower compared to the first 
principal one. Three different 
configurations have been 
analyzed, without any 
indentation (A), 4 µm 
indentation (B) and 8 µm 
indentation (C). Th e shape of 
the membrane when no 
pressure is applied is showed 
with a black line beneath the 
inflated membrane.  

 

B 

C 
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A 

 

B 

Figure 3.11 ɀ A detail of the inflated membrane surrounding the island . With an 8 µm indentation (B) 
the maximum strain is reduced by 54% compared to the base condition without any indentation (A)  

 

The reduction we observed gave us evidences of the effectiveness of this approach. In 

the results section experimental outcomes will be showed and discussed. 

3.3 BULGE TEST 

Having fabricated stretchable membranes combined with stiff material, in the form of 

rigid Poly-Silicon or Silicon Nitride islands, the next step, after the fabrication process, is 

to investigate the ability to stretch of the membrane. Conventionally, for this purpose 

two different tests can be performed. The first approach is the tensile test, whereby a 

sample with known geometry is loaded at its both ends by an increasing force, while the 

change in its length is recorded. Exactly this technique was used by Lacour as well as by 

Shea to test the stretchability of metals deposited on 1 mm [9] and implanted in 200 µm 

[11] thick PDMS substrates. However, in this project, the fabrication process performed 

and the small size of the elastomeric membrane do not allow us to peel off the flexible 

part of the device from the surrounding. Even the small thickness of the elastomeric 

membrane, in some expÅÒÉÍÅÎÔÓ ÂÅÌÏ× σπ ʈÍȟ can present problems in handling. 

As alternative to the tensile stress test, the bulge test technique was implemented in this 

project. This measurement method is usually used to characterize the material 

properties of thin rigid films  such as Si, Si3N4 and hard polymeric films [11]. 

The method was firstly applied to a compliant material by Shea to test the stretchability 

of implanted metal ions in PDMS [11]. In this work a pressure was applied to the 

elastomeric substrate containing stiff islands, which resulted in change of the inflection 

height of the membrane. 
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Figure 3.12 - Bulge test principle: A) a free -standi ng membrane (in grey) on a rigid substrate (in 
brown) with an initial length  L. B) side view of the stack, stiff islands are represented with blue 
rectangles. C) As pressure is applied, the planar membrane transform into a cylindrical cup with 
height h 0 and the elastomeric substrate elongates to a new length L 1. 

From these measurements the inflection height as a function of the applied pressure 

was obtained. In detail, the bulge test principle developed in this project is overviewed 

in Figure 3.12. A free-standing planar PDMS membrane (in grey) with a length L (1.2 

mm) is partially supported by a rigid Silicon substrate (in brown). On the backside of the 

membrane stiff islands are deposited (in blue). A side view of the membrane is shown in 

Figure 3.12 B; this image depicts the length of the membrane L once no pressure is 

applied. The membrane is then inflated by applying a back pressure; as a result the 

planar membrane deforms to a hemi-cylindrical cup with height h0 (Figure 3.12 C) and 

the elastomeric substrate is stretched. The membrane is elongated to length L1; as the 

pressure is stepwise increased, the vertical displacement of the membrane center h0 is 

measured via confocal microscopy and the strain in PDMS can be consecutively 

deducted. Considering the difference between the Young modulus of the substrate and 

the one of the islands, that is roughly 103 times bigger, we can assume that just PDMS 

deforms while the membrane is inflated. Also the simulations performed by[3] in similar 

setup showed that the strain within the islands is negligible, while the elongation is 

mainly accommodated by the substrate. We are now interested in calculating the strain 

in the PDMS both according to the inflection height that has been measured and the 
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percentage of PDMS in the cross section. The strain is calculated from the vertical 

displacement as follows [11] 
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Where h0 is the maximum vertical displacement of the membrane, r0 is half of the total 

diameter L of the membrane, L1 is the length of the membrane once inflated and LPDMS is 

the length of PDMS in the cross section before the membrane is inflated. The term  

adapts the strain according to the assumption that the stiff islands do not deform while 

the membrane is stretched or inflated. This concept is clarified in Figure 3.13, where two 

membranes with the same initial and final length, but with different amount of PDMS 

and stiff material in the cross section, are stretched.  

 

Figure 3.13 - Cross section of two different membranes with different islands size, before and after 
stretching. The elastomeric membrane is  represented in dark blue and the islands are depicted in light 
blue. Notwithstanding the initial and the final length of the two membranes are the same, the 
hypothesis that stiff islands do not deform requires, in case of big islands, a higher percentage strain of 
the elastomeric subst rate. 

Also the absolute strain in the PDMS is the same in both of the two situations, but in 

relative terms the condition with bigger islands requires a percentage strain of PDMS 

that is higher compared to the one of small islands condition. 

The detailed calculation of the strain in the membrane is now introduced. When the 

membrane is inflated, its surface can be considered as being part of a cylinder. If a cross 

section is made through the membrane, with initial length L , during inflation, the 
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membrane can be considered as being an arc length of a circle with radius R1 and an 

angle ʃ. The interconnect length after deformation L1 can be related to the radius R1 as 

follows: 

ὒ  Ὑ— 

Where ʃ is the angle that determines the size of the arc length L1 (Figure 3.14). The 

vertical displacement h0 of the membrane center is known from measurement and the 

radius R1 can be related to it according to the following equation: 
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Figure 3.14- Cylindrical modeling of the membrane inflation.  A cross -sectional view 

Where r0 is the radius of the planar non-inflated membrane. The angle ʃ can also be 

related to R1 and r0 as follows: 
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According to the previous equations, the following relation for L1 is delivered: 
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Which can be simplified by replacing the arcsine function by the first two terms of its 

power series, namely: 
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For ȿὼȿ ρ. The length of the arc L1 can be expressed as following: 
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From which follows: 
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Where ʀ is the strain in the PDMS and  is the term previously discussed, 

introduced because of the assumption that the islands do not deform under stress. 

3.3.1 BULGE TEST DEVICE 

In order to stress the membrane of the chips, we projected and developed a bulge test 

device (Figure 3.15). Its goal is to apply a pressure able to inflate the elastomeric 

membrane. Once this pressure is applied, the chip should remain in contact with the 

device without being blown away from it. Therefore, together with the need to stress the 

membrane, we also faced the problem of clamping the chip on the bulge test device 

during the experiments. The third point we had to consider was to possibility to look 

what was happening on the membrane during the inflation, in order to understand 

where cracks take place and from which pressure level they start to propagate. This last 

point required the possibility to put this device under a microscope during the 

experiments. 

The microscope also provides a way to relate the inflection high to the strain in the 

PDMS; once the microscope is focused on the membrane, a needle can measure the 

height of the plate. Increasing the pressure and focusing every time on the membrane, 

the needle can measure the inflection height. The strain in the PDMS can be accordingly 

deducted, as previously showed. 

The mechanism of the bulge test device is really simple. Referring to the cross sectional 

view of the device showed in Figure 3.16, we can notice the function of the two channels 

drilled in the material. The external one is connected to a vacuum pump. The chip 

should be correctly placed on top of the device and then the vacuum can be applied; the 

edges of the chip result clamped on the device thank to this negative pressure. 
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Figure 3.15 - The bulge test device mounted on a microscope plate. Two cables connected on the sides 
provide t he vacuum clamping and the infle ction respectively. The white blocks on the two sides of the 
chip allow a correct positioning of the chip itself  

Once the chip is clamped, positive pressure can be applied from the internal channel; 

this pressure inflates the elastomeric membrane of the chip. Positive pressure can be 

manually adjusted from 0 to 150 KPa. Meanwhile the microscope needle can measure 

the height of the plate once the image is focused. The difference between the current 

height and the one measured when no pressure was applied gives us the current 

inflection height, which corresponds to a specific strain level in the PDMS. 

 

Figure 3.16 - A cross sectional view of the testing device. The green layer on top of Silicon substrate (in 
grey) represents the inflated membrane . 
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The overall instrumentation involved for the bulge test is showed in Figure 3.17. 

 

Figure 3.17 - An overall view of the experimental set used to apply pressure on the chips and collect 
information of their behavior under stress  

 



 

 
 

 

 

 

4. FABRICATION PROCESS 
 

 

In this chapter all the approaches used to get stretchable devices are 

described. For each one all the steps are reported and discussed. The main 

difference among these approaches lies in the material used as etch stop 

layer. This material plays its role in the end of the fabrication process, in 

the moment the Silicon substrate is removed starting from the backside of 

the chips. Once the Silicon is removed, the elastomeric membrane has no 

more constrains and can start to be deformed. The etch stop layer is 

directly in contact with both the PDMS and the stiff islands. In light of this 

the main problems that can occur can be resumed in two points. The first 

point is the adhesion between the stiff islands and the etch stop layer 

compared to the one between PDMS and the islands. If stiff islands have 

strong adhesion with the etch stop layer, its removal can cause the 

detachment of some islands, affecting the functioning of the chips. This 

problem can be faced increasing the adhesion between stiff islands and 

PDMS; primers can be useful for this purpose. The second one is the 

mechanical behavior  of the etch stop layer. If the etch stop layer cracks, 

these cracks can also extend to the islands placed on the top of the etch 

stop layer. This problem becomes more important if also interconnects are 

placed among the islands; to make this device working properly almost no 

crack has to appear inside the elastomeric substrate. In the next 

paragraphs we discuss different approaches made in order to get 

stretchable devices.  
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4.1 THERMAL OXIDE AS ETCH STOP LAYER 

The first trial uses thermal oxide as etch stop layer. Thermal oxide is an optimal etch 

stop layer, and this is the reason why it has been tried firstly. The results of this first set 

of experiments gave us important instruction about how to proceed improving the 

quality of the devices. The thickness of this etch stop layer was chosen to be 1 µm. The 

strong difference in term of etch rate between Silicon and thermal oxide guarantee 

optimal device performance during the etching, preventing the elastomeric substrate to 

be affected by this procedure. 

Figure 4.1 resumes all the steps carried out to obtain the final device. Both poly-Silicon 

and Silicon Nitride have been tested as stiff island materials. 

The fabrication process starts with 6 inch Silicon wafers with 1 µm of thermal oxide on 

both sides (Figure 4.1 A). Wafers have been previously cleaned with two different 

cleaning procedures. The first one removed organics on the wafer surface while the 

second one eliminated ions; hydrofluoric and hydrochloric acids are both involved in 

these procedures. While the presence of ions can affect the outcome of the next 

fabrication steps, organics removal is quite important mostly for future application of 

the device, especially if the chips are going to be put in contact with the human body or 

with cell cultures. After this step wafers have been split in two groups. 200 nm of LPCVD 

Nitride (low stress) have been deposited on the first group and 550 nm of poly-Silicon 

have been deposited on the second group (Figure 4.1 B). After the lithography and the 

etching just few parts of these materials will remain on the top surface of the wafers, 

representing the stiff islands. For this first step we were more interested in the behavior 

of each material itself than in a comparison between them; for this reason in place of 

using the same thickness for both Silicon Nitride and poly-Silicon, we used the maximum 

thickness possible for both of them. Deposition of Silicon Nitride is quite time 

consuming; moreover a thicker layer of Silicon Nitride risks to affect the machine used 

for the deposition depositing dirties on its surface. Due to these reasons 200 nm can be 

considered as a limit thickness for Silicon Nitride deposition. Poly-Silicon has less 

strictly limits and these allowed us to place a thicker layer of this material compared to 

the Silicon Nitride one. 



 

 
 

83 FABRICATION PROCESS 
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Figure 4.1- Complete fabrication process sequence  



 

 

FABRICATION PROCESS 84 

Poly-Silicon and Silicon Nitride have been deposited on both sides of the wafer because 

of the machine confiÇÕÒÁÔÉÏÎ ÔÈÁÔ ÄÏÅÓÎȭÔ ÁÌÌÏ× ÔÈÅ ÄÅÐÏÓÉÔÉÏÎ ÏÆ ÔÈÅÓÅ ÍÁÔÅÒÉÁÌÓ ÊÕÓÔ ÏÎ 

one side, as we desired. Therefore we dry etched the backside of both the 2 groups of 

wafers, stopping at the thermal oxide layer on the backside. 

Wafers have been cleaned again, removing organics and ions from the surfaces. The 

cleaning process eliminates all the OH- groups from the surface. These groups are 

important for the next step of the fabrication process, the wafer priming. The primer is a 

gas; in order to attach to the wafer surface it needs to find OH- groups on the wafer. 

Consequently wafers have been rinsed in water and dried before priming with TMSDEA. 

Then a layer of HPR 504 resist has been deposited on the top of the wafers at 4000 rpm. 

The thickness of this layer is related to the speed of the deposition process, higher speed 

creates thinner layer. According to Figure 4.2, 4000 rpm create a 1.37 µm layer of resist. 

 

Figure 4.2 - Spin curve for HPR 504 resist [56] 

After the deposition of the resist wafers were ready for the photolithography; the aim is 

to transfer the pattern realized on the first topside mask on the wafers; this pattern 

represent the distribution of stiff islands on the different chips in the wafer. Hard 

contact alignment option is chosen for this purpose and, according to the thickness of 

the resist, we used an exposure time of 7 seconds. Wafers have been developed and 

some undesired traces of the developer appeared on the backside were removed after 

rinsing in water and drying the wafers. Some pictures have been collected under the 

microscope proving no errors occurred until this point (Figure 4.3 and Figure 4.4). 
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Both poly-Silicon and Silicon Nitride have been dry etched from the topside, than in the 

barrel we stripped ÔÈÅ ÒÅÓÉÓÔ ÕÓÉÎÇ ÏØÙÇÅÎ ÐÌÁÓÍÁ ÆÏÒ φπ ÍÉÎÕÔÅÓ ÁÔ ρσπȍ# ×ÉÔÈ ρπππ 7 

power (Figure 4.1 C). Organics and ions have been removed again with traditional 

cleaning procedures. Then we performed step height measurements, using a load on the 

needle of 3 mg, to evaluate the size of the step between stiff islands and the 

surroundings. These measures, performed on all the wafers, revealed the height of the 

step perfectly matched the thickness of the stiff islands layer. 

 

Figure 4.3ɀ 50 µm circled squared islands with 
100 µm interisland  space 

 

Figure 4.4- A detail  of one 50 µm circled squared 
island  after resist development  

The second part of the process required patterning the backside in order to transfer the 

shape of the holes to be etched to get the flexible membrane of the device free to be 

inflated. On the backside just 1 µm of thermal Silicon Oxide was present; in order to have 

a thicker layer in which imprint the mask, we deposited other 2 µm of PECVD oxide 

(Figure 4.1 D). Photolithography with the backside mask has been run in order to 

transfer the shape of the holes at the backside. After rinsing in water and drying, 

TMSDEA primer has been placed on the wafers followed by the deposition of 2.5 µm 

HPR504 resist at 1000 rpm (Figure 4.2). For the exposure of the backside we needed to 

carefully align the backside mask to each wafer; thus we used the alignment marks 

placed on the mask and patterned on the topside of the wafers. Due to the thicker resist 

compared to the one used for the topside, we increased the exposure time to 18.5 

seconds and then primer  has been developed. Also in this case traces of developer 

appeared on the opposite side; rinsing in water and drying the wafers removed these 

spots. 
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Wafers have been dry etched from the backside through the 3 µm thickness of the two 

oxide layers, until reaching the Silicon substrate. After 60 minutes in the barrel with 

oxygen plasma ÁÔ ρσπȍ#  (1000 W power), the resist has been stripped (Figure 4.1 E). 

Normally acetone is enough for resist removal. However the etching process asks for 

high temperature, that turns the organic material of the resist into Teflon. This is the 

reason why no more acetone, but oxygen plasma at high temperature, is the way to take 

the resist out of the wafers. Both cleaning processes have been carried out to remove 

organics and ions from the surfaces of the wafers. Images from the backside have been 

collected under the microscope, revealing the outcome matched the requirements 

(Figure 4.5); also step height measurements showed the size of the step was exactly 3 

µm for all the wafers. 

 

Figure 4.5- 10 µm grooves on the backside designed to facilitate the  split ting  of the chips at the end of 
the fabrication process  

4.1.1 20 ʈÍ 0$-3 LAYER 

Wafers are now ready for spin-coating PDMS on top of them. We prepared PDMS using 

Sylgard 184 from Dow Corning with 10:1 weight ratio between pre-polymer gel and 

cross-linker. After the preparation air bubbles inside the polymer have been eliminated 

using a speed mixer for 90 seconds at 1800 rpm. 

To promote the adhesion between PDMS and the topside of the wafers we rinsed in 

water and dried them in order to restore all the OH- groups on the surface. PDMS has 

been spincoated on the top of the wafers at 3000 rpm for 60 seconds, allowing us to 

obtain the desired 20 µm thickness of elastomeric membrane (Figure 4.1 F).  
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To dry etch the backside it  is necessary to place the top side of the wafers on the 

spincoater; PDMS is a delicate material and would be damaged during this process, 

therefore a thin anti-stiction layer of Aluminum (50 nm) is deposited on top of PDMS 

using low power (125 W) and low temperature process because of the mechanical 

properties of the polymer in the wafers (Figure 4.1 G). 

  

  

Figure 4.6-Aluminum  wrinkles on PDMS seen from increasing  magnitudes  

As we can see in Figure 4.6 Aluminum use to form very regular structures of wrinkles 

once spin-coating on PDMS; this is due to the compressive stress that Aluminum 

releases once spin-coating on the elastomeric substrate. Properties that metals showed 

in contact with PDMS have already been presented in the PDMS paragraph inside 

Materials and Methods chapter.  

Using the etch mask on the backside, made by 2 µm of PECVD oxide plus 1 µm of thermal 

oxide wafers have been dry etched from the backside until the 1 µm thermal oxide etch 

stop layer on the topside (Figure 4.1 H). Inspections under the microscope revealed 

some cracks took place on some of the islands; fortunately just a few of them were 

compromised. Interesting aspects about wrinkles and cracks on the elastomeric 
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substrate can be analyzed. Firstly, the presence of wrinkles is quite interesting; 

according to the directions of the stress, wrinkles propagate horizontally, vertically or 

sinusoidally (Figure 4.7). These wrinkles took place both in the oxide layer and in the 

Aluminum one that are going to be removed; nonetheless they do not affect the 

performance of the final device. 

  

  

Figure 4.7- Wrinkles on Aluminum and Silicon Oxide layer s after Silicon is dry etched from the 
backside. According to the direction of the stress in the membrane, th ese wrinkles propagates 
horizontally, vertically or sinusoidally  

Thermal oxide layer is the reason why this phenomenon occurs. When this oxide layer is 

thermally grown on Silicon, it tries to expand according to the force raised while the 

process takes place; conversely the Silicon layer prevents the thermal oxide to enlarge. A 

compressive stress rises in the oxide layer and, when the Silicon is removed from the 

backside, the oxide finally releases its stress. Smaller wrinkles are the ones that take 

place in the Aluminum layer, in the thermal oxide layer, bigger wrinkles appears. Thin 

layers are more flexible than thicker ones; in our case Silicon Oxide is 20 times thicker 

than Aluminum. In light of this, its flexibility is lower and its wrinkles are supposed to be 

bigger compared to the Aluminum ones. According to the position of the islands and the 

shape of the hole, this stress can be released horizontally, vertically or on both the 

directions. The membrane follows the expansion of the oxide layer, and Aluminum on 
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top of it forms wrinkles in the regions in which it is compressed. An example of what can 

happen is reported in Figure 4.8; here the membrane is supposed to release its stress 

horizontally. In light of this, the Aluminum layer is compressed in the valleys of the 

sinusoid, forming wrinkles in these regions. Cracks will most probably take place 

vertically, in the direction in which Oxide was not able to release its stress. 

 

Figure 4.8 - A schematic of the membrane. In this example stress is supposed to be released 
horizontally. Therefore Aluminum forms its wrinkles vertically on the top of the membrane  

Also some cracks appeared in the oxide layer; cracks are more problematic for the 

reliability of the device, because they can affect also the islands and the interconnections 

that should be placed in between, preventing the device to work properly. Silicon Oxide 

is a brittle material that cracks easily; these cracks do not affect the elastomeric 

substrate but they can effortlessly propagate to the islands attached to the oxide layer as 

well. Silicon Oxide cracks when it cannot expand; most of the time these cracks are 

perpendicular to the wrinkles, as we can see in Figure 4.9. In these cases the oxide layer 

was able to release its stress only in one direction, as the wrinkles on the Aluminum 

layer show; conversely in the other direction the stress, still present, was not released, 

causing cracks. 

Once the Silicon Oxide is removed, these cracks are no more present; however if they 

have affected the islands, these islands remain cracked and they would not operate 
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properly. This phenomenon requires further investigations in order to address how 

different islands shape, dimension and position can affect the way the oxide releases its 

compressive stress. 

  

Figure 4.9- Cracks on the membrane. These cracks are often perpendicular to the wrinkles of the 
membrane . As explained before in this case the membrane was able to release its compressive stress 
just in one direction, causing bending of the membrane (described by wrinkles on the two extremity 
surfaces) and cracks in the other direction.  

Aluminum layer was wet etched in PES at 30°C for 1 minute (Figure 4.1 I) and then we 

rinsed the wafers in water for 10 minutes; in order to investigate the best way to 

remove the oxide several approaches have been made. 

In the first approach we filled the holes of the wafer with Triton X-100 before etching 

the thermal oxide with BOE. Triton X-100 (Figure 4.10), a commonly used detergent in 

laboratories, is a nonionic surfactant which has a hydrophilic polyethylene oxide group 

(on average it has 9.5 ethylene oxide units) and a hydrocarbon lipophilic or hydrophobic 

group. 

 

Figure 4.10- Molecular structure of Triton X -100 [57] 

We left the wafer for 10 minutes in the BOE etchant and then rinsed it in water and 

dried at room temperature. A lot of wrinkles appeared looking at the surface under the 

microscope (Figure 4.11); they formed in the oxide layer, the Aluminum, in fact, has 

already been removed. These wrinkles formed because the oxide layer, not completely 

removed, has become really thin, thus more flexible, than before. It can now release its 

stress in the whole membrane except where stiff islands are. This evidence explains also 








































































































