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Uvodnik
Editorial
	 	 Tekma s časom za pametnejši razvoj

Spoštovane bralke in bralci znanstvene periodične publikacije Anali PAZU. Pred nami je 
dvojna številka letnika 2021, ki podobno kot združenje PAZU v tej izdaji revije povezuje tem-
atike s področja medicine, farmacije, tehnike in naravoslovja. Komplementarnost znanstvenih 
disciplin je v času, ki jo premagujemo s korakom naprej še posebej pomembna, saj lahko le 
tako obranimo zavest in zaupanje v nove raziskovalne poti in rezultate raziskav. Ohranjanje 
raziskovalne zavesti in zaupanje v raziskave nas pelje v odkrivanje še neodkritega in v razlago 
še nerazloženega. 

V dvojni izdaji nas čaka nova serija vrhunskih znanstvenih člankov, ki se začne z uvod-
nim člankom avtoric Erike Zelko in Nine Cvek z aktualno temo o neželenih učinkih zdravil. 
Prispevek preko izvedene raziskave na reprezentativnem vzorcu pacientov prikaže anomalije pri 
zdravljenju pacientov in predvsem na neuspešnost zdravljena, zgolj kot posledica pomankanja 
ali nepravilne interpretacije informacij, ki jih imajo bolniki glede jemanja zdravil. 

V nadaljevanju nam avtorji Rok Poličnik, Borut Benko, Irena Simčič in Jerneja Farkaš 
Lainščak razkrijejo rezultate raziskave o šolski prehrani v Sloveniji in v nekaterih evropskih 
državah, katere koncepti se vzpostavljajo ob upoštevanju okolja in potreb v državi, kulture in s 
tem povezanih prehranskih navad ter nenazadnje dobrih praks posameznih držav. Odprti prob-
lem, ki še vedno obstaja na tem področju je zavračanje šolskih obrokov s strani mladostnikov, 
katerega se zmanjša z umikom t.i. »motilcev« iz šolskega okolja in uvrščanje jedi na jedilnik, ki 
je zanimiva za otrokova čutila.

Prepletenost tematik v tej izdaji se nadaljuje v prispevku s področja farmacije avtorja Mate-
ja Štuheca, ki dokazuje zmanjšanje napak pri zdravljenju z zdravili in zmanjšanju celokupnih 
stroškov zdravljenja na vseh ravneh zdravstvenega varstva, z zaposlitvijo kliničnih farmacevtov. 
Izvedena raziskava nam razkrije, da ima zaposlitev kliničnega farmacevta poleg zmanjšanja 
napak pri zdravljenju tudi pozitiven finančni vpliv na delovno organizacijo.

Na področju tehnike se avtorji Marko Bek, Alexandra Aulova, Alen Oseli in Igor Emri uk-
varjajo z razvojem novih tehnologij za potrebe novih produktov s specifičnimi lastnostmi. Ena 
izmed takih tehnologij je visokotlačna omrežna tehnologija. Predstavljena tehnologija je upo-
rabna za izdelavo udarnih in vibracijskih izolacijskih materialov. Aplikativnost teh materialov 
najdemo v absorpciji energije v avtomobilih, kjer so potrebni blažilniki za zmanjšanje največjih 
sil pri udarni obremenitvi. Poleg avtomobilske industrije se aplicira tudi uporaba blažilnikov v 
temeljih za težke stroje in železniške tire ter za zaščito pred potresi. Materiali proizvedeni z novo 
tehnologijo znatno zmanjšajo vibracije, pri čemer pa se velikost in teža trenutno uporabljenih 
amortizerjev zmanjša.

Paralelno uvodnemu prispevku s področja tehnike, se naslednji prispevek avtorjev Rebeke 
Rudolf, Žiga Jelena, Srečka Stopića in Petra Majeriča prav tako ukvarja z novo tehnologijo za 
proizvodnjo nanomaterialov. Ultrazvočna razpršilna piroliza (USP) je zelo hiter proces, kjer me-
hanizmi nastanka materiala potekajo na kratkih razdaljah (mikrometrih) in v času dela sekunde. 
Omenjene lastnosti tehnologije so razlog, da so sintetizirani nanodelci zelo pogosto v metasta-
bilnem stanju. Kot so prikazali avtorji prispevka, nas pravilen razvoj in obvladovanje tehnologi-
je pripelje do kontrolirane proizvodnje idealno sferičnih, polikristalnih in gostih nanodelcev.

Serijo prispevkov letošnje izdaje Anali PAZU zaključuje prispevek s področja naravoslovja, 
kjer avtorja Sara Drvarič Talian in Robert Dominko s pomočjo merilne tehnike na podlagi im-



pedančne spektroskopije izvedeta študijo zasledovanja notranjih upornosti litij-žveplovih akumu-
latorjev. Z raziskavo se podpira razumevanje vpliva različnih topil pogosto uporabljanih v elektro-
litih za akumulatorje. Razumevanje karakteristike elektrolitov je ključnega pomena za prihodnost 
in razvoj novih akumulatorjev, ki se z razmahom uporabe električne energije v še nedotaknjena 
področja našega življenja, širi z veliko hitrostjo in je razumevanje karakteristik pri različnih pogo-
jih, kot sta naprimer polnjenje in praznjenje akumulatorjev, še toliko bolj pomembno. 

pom. akad. dr. Matej Zadravec
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Izvirni znanstveni članek

MEDICINA - 
biotehnika

ANALI PAZU
11/ 2021/ 1-2: 8-15 

Neželeni učinki zdravil – koliko 
informacij si bolniki želijo od 

zdravnika družinske medicine in 
koliko jih dejansko dobijo

How Much Do Patients Really Want to 
Know and how much they get about 
Medication adverse Effects from the 

Family physician?
Erika Zelko in Nina Cvek 

Medicinska fakulteta Maribor/ Taborska ulica 6b, 2000 Maribor

ŽIVA V PARKU d.o.o./ Tišina 30, 9251 Tišina 

Avtor za korespondenco: Erika Zelko, erika.zelko@um.si

Povzetek: Napredek v medicini in splošni družbeni razvoj, vplivata na podaljšanje življenjske dobe. 
Posledično to pomeni tudi večanje števila bolnikov s kroničnimi boleznimi, zaradi česar narašča število 
predpisanih zdravil. Uspešnost zdravljenja je v veliki meri odvisna od adherence bolnika do zdravil. 
Namen raziskave je bil ugotoviti koliko informacij o zdravilih bolniki želijo in koliko jih od zdravnikov 
dejansko dobijo. Izvedli smo presečno raziskavo. 528 pacientov (238 moških in 290 žensk) je v 51 
ambulantah družinske medicine po Sloveniji med junijem 2017 in januarjem 2018, pred pregledom pri 
zdravniku družinske medicine izpolnilo validiran vprašalnik in ga oddalo medicinski sestri. Razdelili 
smo 1020 vprašalnikov, odzivnost je bila 53,7%. V analizo je bilo zajetih 238 (45,1 %) moških in 290 
(54,9 %) žensk. 53,8 % bolnikom izbrani zdravnik vedno razloži morebitne neželene učinke predpisanega 
zdravila. 79,7 % bolnikov želi slišati informacije o neželenih učinkih zdravil od svojega zdravnika. Vse 
neželene učinke zdravil, ne glede na to, kako redki so, želi slišati 42 % vprašanih. Starejši želijo dobiti 
statistično značilno več informacij o stranskih učinkih zdravil (p = 0,001). V starostni skupini nad 
65 let je 54,1 % bolnikov izrazilo interes, da jih zdravnik seznani z vsemi neželenimi učinki zdravil, 
medtem ko je bil v najmlajši starostni skupini 18–35 let interes za to veliko nižji (29,9 %). Ugotovili smo, 
da se več kot polovica anketiranih želi pogovoriti o neželenih učinkih zdravil s svojim zdravnikom. 
Zaradi strahu pred neželenimi učinki zdravil kar 31,5% bolnikov preneha ali sploh ne jemlje predpisanih 
zdravil. Izobraževanju in opolnomočenju bolnikov bo v prihodnje potrebno nameniti več pozornosti v 
ambulantah zdravnikov družinske medicine. Intenziviranje sodelovanja s kliničnim farmacevtom lahko 
v prihodnosti izboljša osveščenost populacije o pomenu poznavanja neželenih učinkov zdravil.

Ključne besede: neželeni učinki zdravil; bolniki; količina informacij; družinska medicina.

Abstract: Advances in medicine and general social development have an impact on extending life 
expectancy. Consequently, this also translates into an increase in the number of patients with chronic 
diseases, leading to an increase in the number of prescribed medications. The success of treatment 
depends largely on the patient’s adherence to medication. The purpose of the study was to determine 
how much information about medicines patients want and how much they get from physicians. We 
conducted a cross-sectional survey. 528 patients (238 male and 290 female) completed a validated 
questionnaire and submitted it to a nurse in 51 family medicine clinics across Slovenia between June 
2017 and January 2018. We distributed 1020 questionnaires; the response rate was 53.7%. The analysis 
included 238 (45.1%) males and 290 (54.9%) females. 53.8 % of the patients were always informed 
about the adverse effects of medications by their family physician (FP). 79.7% of patients want to hear 
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NEŽELENI UČINKI ZDRAVIL – KOLIKO INFORMACIJ SI BOLNIKI ŽELIJO OD ZDRAVNIKA DRUŽINSKE MEDICINE IN KOLIKO JIH 
DEJANSKO DOBIJO

information about their side effects from their FP. 42% of respondents want to hear all the side effects 
of medicines, no matter how rare they are. Elderly participants want to get statistically significant more 
information about the side effects of drugs (p = 0.001). In the 65+ age group, 54.1% of patients expressed 
an interest in being informed by their physician of all the side effects of medicines, while in the youngest 
18-35 age group the interest was much lower (29.9%). We found that more than half of responders wanted 
to discuss the adverse effects with their FP. Due to fear of adverse effects, as many as 31.5% of patients 
discontinue or do not take prescribed medication at all. Patients’ education and empowerment will need 
to receive more attention in the outpatient clinics of FPs in the future. Intensifying the collaboration with 
a clinical pharmacist may improve in the future the public’s awareness of the importance of knowing the 
adverse effects of medicines.

Key words: adverse effects of medications; patients; amount of information’s; family medicine.
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NEŽELENI UČINKI ZDRAVIL – KOLIKO INFORMACIJ SI BOLNIKI ŽELIJO OD ZDRAVNIKA DRUŽINSKE MEDICINE IN KOLIKO JIH 
DEJANSKO DOBIJO

1. Uvod

Zdravniki družinske medicine smo vodilni pri pred-
pisovanju zdravil. Skoraj 60 % konzultacij v ambulan-
ti zdravnika družinske medicine v Sloveniji se konča s 
predpisom zdravila, kar je podobno kot v drugih državah 
(1). V letu 2018 je bilo izdanih 18,1 milijonov receptov 
za ambulantno predpisana zdravila v vrednosti 516,7 
milijonov EUR. Vsak prebivalec Slovenije je v povpreč-
ju prejel 8,63 recepta s predpisanimi zdravili v skupni 
vrednosti 250 evrov. Največ receptov je bilo v letu 2018 
predpisanih za bolezni srca in ožilja (26,1 % vseh recep-
tov, 2250 receptov/1000 prebivalcev), za zdravila z delo-
vanjem na živčevje (19,1 % vseh receptov, 1645 recep-
tov/1000 prebivalcev)) ter zdravila za bolezni prebavil in 
presnove (13,5 % vseh receptov, 1166 receptov/1000 pre-
bivalcev) (2). Od leta 2004 do leta 2018 je število izdanih 
receptov poraslo za 19,5 % (2). Opazen porast predpiso-
vanja zdravil se kaže predvsem po 60. letu, pri čemer je 
predpisovanje zdravil največje pri starejših od 85 let (2).
Žal ima vsako zdravilo poleg koristnega, želenega učin-
ka, tudi neželene učinke. Po definiciji Svetovne zdravst-
vene organizacije iz leta 1972 (WHO) je neželeni učinek 
zdravila (adverse drug reaction) vsaka škodljiva in nena-
merna reakcija, do katere lahko pride pri odmerkih, ki se 
običajno uporabljajo za preprečevanje, diagnosticiranje 
ali zdravljenje bolezni oziroma za ponovno vzpostavitev, 
izboljšanje ali spremembo fiziološke funkcije (3). 

V to skupino ne spadajo škodljivi učinki, ki so pos-
ledica napake. Med neželene učinke zdravil ne uvršča-
mo namernih in nenamernih zastrupitev. Novejši predlog 
definicije neželenih učinkov zdravil so objavili v reviji 
Lancet in upošteva vse neželene učinke zdravil, zara-
di katerih je treba spremeniti odmerek zdravila, zdravi-
lo ukiniti ali celo uvesti terapijo povzročenih škodljivih 
učinkov v organizmu (4,5). Pomembno je, da ne zamen-
jujemo pojma stranski učinek (side effect) z neželenim 
učinkom zdravila. O stranskem učinku zdravila namreč 
govorimo v primeru nenamernega učinka zdravila, ki je 
posledica farmakoloških značilnosti pravilno doziranega 
zdravila (5). Stranski učinki so tako vsi učinki, ki niso 
mehanistično podobni glavnemu učinku učinkovine v 
priporočenem odmerku. Iz tega razloga je razumljivo, da 
so lahko stranski učinki tudi pozitivni (npr. zdravljenje 
shizofrenije s kvetiapinom, ki lahko bolniku odpravi ne-
spečnost) (6).V nekaterih virih, kot je tudi Slovenski ter-
minološki slovar, stranskih ter neželenih učinkov zdravil 
pomensko ne ločujejo in jih v obeh primerih opredelju-
jejo kot škodljive in nenamerne (7). Prav tako je večini 
laikov bolj domač izraz stranski učinek zdravila, zato 
smo v vprašalniku uporabili izraz stranski učinki zdra-
vil. Neželeni učinki zdravil so vzrok pomembnega deleža 
hospitalizacij. Po podatkih nekaterih študij je pri 3 do 6 
% bolnikov, ki so sprejeti v bolnišnico, vzrok sprejema 
neželeni učinek zdravila (8-10). Raziskave, narejene v 
Sloveniji, kažejo podobne rezultate. 

V UKC Ljubljana je na interne oddelke bolnišnice 
zaradi neželenih učinkov zdravil sprejetih 5,8 % bol-
nikov (10). Med hospitaliziranimi bolniki je večje število 
starejših ljudi in tistih, ki jemljejo večje število zdravil za 
zdravljenje kroničnih bolezni (8,10). Vključitev klinične-
ga farmacevta v zdravljenje z zdravili neposredno na 
vizitah in oddelkih je eden izmed najboljših načinov 
zmanjšanja napak v zdravljenju z zdravili. Za tovrst-
no vključitev obstajajo najkvalitetnejši dokazi iz dobro 
zasnovanih kliničnih raziskav in meta-analiz (Ia dokazi) 
(11). Tudi s poročanjem o domnevnem neželenem učinku 
zdravila prispevamo k njegovi varnejši uporabi. V Slo-
veniji poročila o neželenih učinkih zbira Javna agencija 
za zdravila in medicinske pripomočke (JAZMP). V letu 
2018 je JAZMP prejela 2704 novih poročil o domnevnih 
neželenih učinkih zdravil (dNUZ), kar je 869 (47,4%) 
poročil več kot v letu 2017 (12). Izraz adherenca pomeni 
sodelovanje, partnerstvo in uravnoteženost v odnosu bol-
nik – zdravnik. Običajno se izraz uporablja v povezavi z 
jemanjem zdravil in pomeni pravilno ter redno jemanje 
zdravil v daljšem obdobju z upoštevanjem aktivne vloge 
bolnika. 

Vsaj 80 % zaužitih odmerkov zdravila predstavlja 
dobro adherenco (13). Posledice slabe adherence so pov-
ečana obolevnost in smrtnost ter veliko finančno breme 
zdravstvenih sistemov (13). Učinek izboljšanja adherence 
pri zdravljenju kroničnih bolezni lahko ima večji učinek 
na zdravje populacije kot učinek določenega terapevtske-
ga ukrepa (14).Bolniki, ki so deležni boljše komunikacije 
z zdravnikom (15) in boljše razlage, kako jemati zdravilo 
(16), ter bolniki, ki prejmejo več informacij o zdravilu, so 
bolj adherentni. Bolnikovo dojemanje neželenih učinkov 
zdravil vpliva na adherenco zdravil. Zato je ključnega 
pomena, da bolnikom, ki jih informacije o neželenih 
učinkih zanimajo, podamo ustrezno razlago (17). Pri 
praktičnem delu v ambulanti, se pogosto stališča in želje 
bolnikov ter zdravnikov razhajajo. To potrjujejo tudi šte-
vilne študije, ki so bile opravljene tako v Sloveniji kot v 
tujini. 

Tam s sodelavci ugotavlja, da so se zdravniki ob 
uvedbi zdravila njegovim neželenim učinkom posvetili 
le v 35 % primerov, podatku, kako dolgo uživati zdravi-
lo, pa v 34 % (18). Horvat in Kos stav v svoji raziskavi 
ugotovila, da slovenski bolniki poznajo osnovne podatke 
o svojih zdravilih, a niso seznanjeni z neželenimi učinki 
(19). Bolniki so tudi izrazili nezadovoljstvo, ker ne dobijo 
dovolj informacij o neželenih učinkih zdravil (20). V eni 
od študij si več kot 90 % pacientov želi, da se zdravnik z 
njimi pogovori o neželenih učinkih zdravila (21). Ziegler 
in sodelavci so paciente spraševali, koliko informacij o 
neželenih učinkih zdravil želijo slišati od zdravnika. 76 
% pacientov si je želelo slišati vse neželene učinke zdra-
vil, ne glede na to, kako redki so, 67 % jih je menilo, da 
mora zdravnik dati vsem pacientom natančne informacije 
o pogostih in redkih ter blagih in hudih stranskih učinkih 
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zdravil, ne pa toliko informacij, kolikor misli, da je na-
jbolje za posameznega pacienta. 73 % bolnikov meni, da 
ne obstajajo situacije, ko zdravnik upravičeno ne poda in-
formacij o neželenih učinkih zdravil (22).Najpogosteje so 
bolniki želeli slišati o neželenih učinkih, ki se pojavijo pri 
manj kot 1 % bolnikov (21).Zdravniki medtem navajajo, 
da svoje bolnike najpogosteje seznanijo s pogostejšimi 
in življenjsko nevarnimi neželenimi učinki. (21) Hkrati 
pa tudi ocenjujejo, da bi informiranje bolnikov o možnih 
neželenih učinkih zdravil vodilo k manjši adherenci ali 
k večjemu poročanju o neželenih učinkih zdravil. Prav 
tako menijo, da je preveč informacij škodljivih za bolni-
ka ter da je zdravnik tisti, ki presodi, koliko informacij 
podati posameznemu pacientu. Zdravniki so se strinjali, 
da je pomanjkanje časa največja ovira pri zagotavljanju 
informacij (20). 

Več študij je sicer pokazalo, da seznanitev bolnikov 
z morebitnimi neželenimi učinki zdravil ne vodi k man-
jši adherenci ali k večji pogostosti neželenih učinkov. 
Zdravniki se zato na osnovi tega ne bi smeli izogiba-
ti svarilom bolnikom o morebitnih neželenih učinkih 
(23,24).Ustrezno obveščeni bolniki čutijo, da imajo 
večji nadzor nad svojim zdravljenjem in so tudi manj 
zaskrbljeni glede uporabe zdravil. Bolniki, ki niso bili 
opozorjeni na morebitne neželene učinke zdravil, bodo 
bolj prestrašeni, ko bodo o njih brali v navodilih za njiho-
vo uporabo (25). V naši raziskavi nas je zanimalo kakšno 
je stanje glede informiranja bolnikov o neželenih učinkih 
zdravil v ambulantah družinskih zdravnikov v Sloveniji.

2. Metodologija

Izvedli smo presečno raziskavo, pri kateri smo uporabi-
li vprašalnik iz raziskave Dewey K. Zieglerja in sodelavcev 
z naslovom How much information about adverse effects 
of medication do patients want from physicians, ki smo ga 
prevedli v skladu z veljavno metodologijo dvojnega pre-
vajanja in deloma prilagodili slovenskim razmeram. Tako 
oblikovan vprašalnik som validirali na majhnem vzorcu 
20 posameznikov. Svetovanih je bilo nekaj popravkov, ki 
smo jih upoštevali v končni verziji vprašalnika (zaporedje 
vprašanj, uporaba izraza stranski učinek). Pojme: redko, 
občasno in vedno, ki smo jih uporabili v vprašalniku nismo 
definirali numerično. Držali smo se ustaljenih poznavanj 
pojmov iz besedišča slovenskega jezika, katerega razume-
vanje je bil pogoj za vključitev v raziskavo.

Raziskava je potekala v ambulantah zdravnikov družin-
ske medicine v Sloveniji od junija 2017 do januarja 2018. 
Vključitveni pogoj za sodelovanje bolnikov v raziskavi 
je bil obisk ambulante družinske medicine in polnolet-
nost, izključitveno merilo pa nesposobnost razumevanja 
pisane besede. Zdravnike smo zaprosili, da si izberejo en 
dan v tednu in razdelijo po 10 vprašalnikov moškim in 10 
vprašalnikov ženskam po vrstnem redu obravnave v ambu-
lanti. Vprašalnik so bolniki izpolnili pred pregledom in ga 

nato oddali pri medicinski sestri. Vsi vključeni so izpoln-
jevali enak vprašalnik. Nepopolno izpolnjene vprašalnike, 
smo izključili iz nadaljnje analize.

Statistična analiza je bila opravljena s programom IBM 
SPSS za Microsoft Windows, verzija 24 (IBM Corp., Ar-
monk, NY). Opisna statistika je bila v primeru kategoričnih 
spremenljivk podana na podlagi frekvenčne analize s pri-
padajočimi odstotki, v primeru numeričnih spremenljivk 
pa s povprečno vrednostjo in standardnimi odkloni. Hipo-
teze so se potrjevale na podlagi hi-kvadrat testa. Vrednost p 
< 0,05 je določala mejo statistične pomembnosti. Raziska-
va je bila odobrena s strani komisije za medicinsko etiko. 
Številka odobritve iz leta 2017 je 0120-255/2017/5. 

3. Rezultati

Razdelili smo 1020 vprašalnikov v 51 ambulan-
tah družinske medicine, odzivnost  je bila 53,7%, 28 
nepopolno izpolnjenih vprašalnikov smo izključili iz 
nadaljnje analize. 

V raziskavi je sodelovalo 238 (45,1 %) moških in 
290 (54,9 %) žensk. Največ vprašanih, 296 (56,1 %), 
je imelo srednješolsko izobrazbo. Iz mesta jih je bilo 
44,5 %, s podeželja pa 55,5 %. Povprečna starost pa-
cientov je bila 50,6 let. Največ (42,6 %) jih je bilo v 
starostni skupini 36–55 let. Odgovori na vprašanje ali 
jih zdravnik družinske medicine opozori na neželene 
učinke zdravil so predstavljeni v tabeli 1.

Opozorilo n = 528 %
Vedno 284 53,8
Občasno 149 28,2
Redko 67 12,7
Nikoli 28 5,3

Tabela 1: Pogostnost opozarjanja na možne neželene učinke 
predpisanih zdravil v ambulanti zdravnika družinske medicine

O neželenih učinkih predpisanega zdravila želi 
večina bolnikov (79,7 %) slišati od svojega zdravnika 
in le 24,4 % od farmacevta v lekarni. 

V naši raziskavi je 69,3 % anketirancev odgovorilo, 
da navodila z informacijami o zdravilu vedno prebere-
jo, 23,5 % ga preberejo občasno, 4,9 % redko in 2,3 
% nikoli. Zaradi strahu pred neželenimi učinki zdra-
vil je v naši raziskavi 31.5 % bolnikov prenehalo ali 
sploh ni začelo jemati zdravil.. 22,3 % anketirancev je 
v naši raziskavi navedlo, da so v preteklem letu imeli 
izkušnjo z neželenim učinkom zdravila. Od tega je 30 
% anketirancev težave opredelilo kot blage, 43,3 % kot 
zmerne in 26,7 % kot hude.

V tabeli 2 so predstavljeni podatki glede prenehan-
ja jemanja zdravil v povezavi z nekaterimi demograf-
skimi podatki. Statistično pomembna razlika je bila 
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glede na spol, bivanje in predhodno izkušnjo z nežele-
nimi učinki. Ženske, ki živijo v mestu, in tiste, ki so 
imele predhodno izkušnjo z neželenimi učinki zdra-
vil, so bolj pogosto prenehale oziroma niti niso začele 
jemati predpisanega zdravila.

Skupaj 
n

Odgovor da 
n (%)

p*

Spol 0,012
Moški 238 61 (25,6)
Ženski 290 104 (35,9)

Starost v letih 0,595
18–35 97 27 (27,8)
36–55 225 76 (33,8)
56–65 108 30 (27,8)
nad 65 98 32 (32,7)

Izobrazba 0,333
osnovnošolska 77 27 (35,1)
srednješolska 296 83 (28,0)
visokošolska 71 24 (33,8)
univerzitetna 84 31 (36,9)

Bivanje 0,002
Mesto 235 90 (38,3)
Podeželje 293 75 (25,6)
Stranski učinki 
prisotni

< 0,001

Da 120 58 (48,3)
Ne 408 107 (26,2)
Jakost stranskih 
učinkov (podsk-
upina, n = 120)

0,214

Blagi 36 13 (36,1)
Zmerni 52 28 (53,8)
Hudi 32 17 (53,1)

* hi-kvadrat test
Tabela2: Prenehanje jemanja zdravila zaradi strahu pred more-

bitnimi neželenimi učinki glede na demografske podatke in pretekle 
izkušnje

Zanimalo nas je tudi kako natančne podatke o 
neželenih učinkih zdravil bolniki želijo dobiti od 
zdravnika. V naši raziskavi je 36,4 % bolnikov nav-
edlo, da od zdravnika pričakujejo, da vsem poda na-
tančne informacije o pogostih, redkih, blagih in hudih 
neželenih učinkih zdravil. 63,6 % bolnikov je odgov-
orilo, da naj zdravnik poda toliko informacij o nežele-
nih učinkih zdravil, kolikor misli, da je najbolje za 
posameznega bolnika. 50,8 % jih meni, da obstajajo 
situacije, ko zdravnik upravičeno ne poda informacij o 
neželenih učinkih zdravil.

Statistično značilne razlike v zanimanju za neže-
lene učinke zdravil, smo ugotavljali v starostnih sk-
upinah; v skupini nad 65 let je kar 54,1 % bolnikov 
izrazilo interes, da jih zdravnik seznani z vsemi nežele-
nimi učinki zdravil, medtem ko je bil v najmlajši sta-
rostni skupini 18–35 let ta interes veliko nižji (29,9 %). 

4. Razprava

Bolniki, ki so sodelovali v naši raziskavi, so 
poudarili, da želijo biti poučeni o neželenih učinkih 
zdravila s strani svojega izbranega zdravnika. Tako so 
rezultati naše raziskave skladni z nekaterimi raziska-
vami iz tujine.

Tarn s sodelavci (21) je v svoji raziskavi ugotavl-
jal, da si več kot 90 % bolnikov želi slišati informacije 
od zdravnika in 50 % od zdravnika in farmacevta v 
lekarni. Herberju so udeleženci v fokusnih skupinah 
poudarili, da je najboljši vir informacij o zdravilih in 
njihovih neželenih učinkih družinski zdravnik, ki mu 
zaupajo. Farmacevtov niso izpostavili kot enakovreden 
vir informacij (26). Zanimive rezultate smo dobili v 
naši raziskavi, ko smo bolnike spraševali o tem katere 
informacije in koliko si jih želijo slišati. Kar polovi-
ca anketiranih je menila, da obstajajo situacije, ko 
zdravnik z razlogom ne omeni neželenih učinkov zdra-
vil bolniku in več kot polovica je odločitev o količini 
podanih informacij prepustila zdravniku. Nasprotno je 
v svoji raziskavi ugotavljal Ziegler (22), kjer je 67,7 
% bolnikov menilo, da mora zdravnik vsem bolni-
kom dati natančne informacije o pogostih in redkih ter 
blagih in hudih stranskih učinkih zdravil, ne pa toliko 
informacij, kolikor misli, da je najbolje za posamezne-
ga bolnika. 73,4 % bolnikov je menilo, da ne obstajajo 
situacije, ko zdravnik upravičeno ne poda informacij o 
neželenih učinkih zdravil. Zanimiva bi bila dodatna ra-
ziskava, ki bi pojasnila to razliko med našimi podatki in 
raziskavami narejenimi v tujini glede odločanja koliko 
informacij o neželenih učinkih naj zdravnik predstavi 
bolniku. Manj o stranskih učinkih zdravil želijo slišati 
mlajši in bolj izobraženi. Branje navodil za uporabo 
zdravila je navedlo kar 69,3% bolnikov vključenih v 
našo raziskavo. V Angliji so telefonsko intervjuvali 
ljudi in ugotavljali, da jih več kot 70 % prebere listek z 
navodili za uporabo, ko jim predpišejo novo zdravilo. 
Najpogosteje si preberejo del, kjer so napisani neželeni 
učinki zdravil (27). V New Yorku (28) so intervjuvali 
307 bolnikov v 32 lekarnah. Ugotovili so, da 49,2 % 
bolnikov vedno prebere navodila za uporabo ob pred-
pisu novega zdravila, 21,2 % občasno, 16,0 % redko in 
13,7 % nikoli. Na Danskem (29) so naredili raziskavo, 
v katero so vključili 111 pacientov ambulante družin-
ske medicine v Kopenhagnu. 79 % bolnikov vedno ali 
pogosto prebere navodila za uporabo, med temi pa jih 
je 77 % takih, ki jih zanimajo predvsem neželeni učinki 
zdravila. Številne raziskave so potrdile (26,30,31), da 
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navodila za uporabo, predvsem del, kjer so razloženi 
neželeni učinki, prestrašijo bolnike. Ugotavljali smo, 
da zaradi strahu pred neželenimi učinki kar 31,5% 
bolnikov preneha jemati zdravila. Rezultati naše ra-
ziskave so tako primerljivi z raziskavo opravljeno na 
Danskem, kje so raziskovalci ugotovili, da je kar 32 % 
pacientov prenehalo jemati zdravilo zaradi priloženih 
informacij o neželenih učinkih zdravil (29). 

Raziskave, ki so se ukvarjale s proučevanjem ad-
herence do jemanja zdravil glede na spol, niso podale 
enotnega zaključka. Nekateri raziskovalci so ugotavl-
jali, da so ženske bolj ne-adherentne kot moški (32-34), 
druge so dokazovale, da so moški bolj ne-adherentni 
(35), medtem ko tretje niso ugotovile razlik v adheren-
ci med ženskami in moškimi (36,37). Zanimiva študija 
prihaja iz Švedske, kjer sicer niso ugotovili razlik med 
spoloma v ne-adherenci, so pa raziskovalci izpostavili, 
da imajo moški in ženske različne razloge za ne-ad-
herenco in prav pojav neželenih učinkov zdravil je bil 
razlog, da ženske skoraj 2-krat pogosteje prekinejo 
zdravljenje (37). To smo potrdili tudi v naši raziska-
vi. Povezava predhodne slabe izkušnjo z neželenimi 
učinki zdravil in ne-adherenco je sicer že dolgo znana. 
V eni od študij je 34,5 % ljudi, ki so imeli neželene 
učinke zdravila, prenehalo jemati to zdravilo (38). V 
drugi raziskavi je 25,4 % ljudi kot razlog za namerno 
ne-adherenco navedlo problematične neželene učinke 
zdravil (39). Ugotovitve raziskav, ki so primerjale ad-
herenco pacientov glede na kraj bivanja, so prav tako 
nasprotujoče. Nekatere ne navajajo razlik (40), druge 
trdijo, da je prevalenca ne-adherence večja v urbanem 
okolju (41). Ženski spol, bivanje v mestu in predhodne 
slabe izkušnje z zdravili so bili negativni napovednik 
za dobro adherenco v naši raziskavi.

 
5. Omejitve raziskave

Raziskava, ki smo jo izvedli v ambulantah 
zdravnikov družinske medicine, je vključila lepo šte-
vilo bolnikov. Kljub temu pa rezultatov ne moremo 
posploševati za ves slovenski prostor. Omejitve naše 
raziskave so v nerandomiziranem vzorčenju in uporabi 
sicer validiranega vprašalnika, ki smo ga pa dopolnili 
z nekaterimi podatki iz slovenskega prostora. Dodatno 
omejitev lahko predstavlja tip raziskave, ki je deskrip-
tivna in zbira podatke ter ocenjuje stanje v izbranem 
trenutku v populaciji.

6. Zaključki

Zdravnik družinske medicine je pomemben vir 
informacij o zdravilih za svoje bolnike. Paciento-
vo dojemanje neželenih učinkov zdravil pa vpliva na 
adherenco zdravil. Zaradi strahu pred morebitnimi 
neželenimi učinki ali zaradi prisotnosti neželenih 
učinkov je 31,5% bolnikov v naši raziskavi navedlo, 

da je prenehalo ali niti ni začelo jemati zdravil. Ra-
cionalni ne-adherenci se je skoraj nemogoče izogniti, 
če pacientovih strahov pred morebitnimi neželenimi 
učinki zdravil ustrezno ne obravnavamo. Osveščan-
je bolnikov je tako ključnega pomena za izboljšanje 
redne uporabe zdravil. Timski pristop in sodelovanje s 
kliničnim farmacevtom na tem področju pa možnost za 
izboljšanje obstoječih razmer v Sloveniji.

Zahvala

Avtorici prispevka se zahvaljujeta vsem zdravni-
kom, medicinskim sestram in bolnikom, ki so sodelova-
li v raziskavi.
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Povzetek: Ponudba zdravih in uravnoteženih obrokov v šolah, poleg izobraževanja in ozaveščanja 
otrok o pomenu zdrave prehrane, predstavlja pomemben javnozdravstveni ukrep. Prispevek prikazuje 
opis sistema organizirane šolske prehrane v Sloveniji ter primerjavo s trinajstimi državami v Evropi. 
Slovenija sodi med države s preko sedemdeset letno tradicijo šolske prehrane. Področje je urejeno z 
zakonodajo, vzgojno-izobraževalni zavodi pa imajo zagotovljene človeške, finančne in prostorske vire, 
ki omogočajo načrtovanje, pripravo in razdeljevanje šolskih obrokov. Ureditev in pristopi zagotavljanja 
obrokov v času pouka se v Evropi razlikuje od države do države in so odvisni od različnih dejavnikov. 
Večina držav ima decentralizirano ureditev, kjer se odgovornost za zagotavljanje šolske prehrane 
prenese na ustanovitelja (lokalno skupnost) in vzgojno-izobraževalni zavod. Slovenija sodi med države, 
ki ima poleg celovite organiziranosti ukrepa šolske prehrane in subvencioniranja obrokov zakonodajno 
urejeno tudi strokovno spremljanje s svetovanjem, ki ga sistematično in usklajeno izvaja Nacionalni 
inštitut za javno zdravje.

Ključne besede: šolski obroki; šolsko kosilo; prehrana; osnovna šola; otroci in mladostniki.

Abstract: Offering healthy and balanced meals in schools, in addition to educating and raising 
children’s awareness on the importance of healthy nutrition, is an important public health measure. The 
article presents a description of the organized school meals system in Slovenia and a comparison with 
thirteen European countries. Slovenia is one of the countries with over seventy-year old tradition of 
school meals. The field is regulated by law, whereas educational institutions are provided with human, 
financial and spatial resources, which enable planning, preparation and distribution of school meals. 
The arrangements and approaches to providing meals during school hours vary from country to country 
in Europe and depend on various factors. Most countries have a decentralized arrangement where 
the responsibility for providing school meals is transferred to the founder (local community) and the 
educational institution. Slovenia is a country that, in addition to the comprehensive organization of the 
measure of school meals and subsidies for meals, also has a legally regulated professional monitoring 
with counselling, which is systematically coordinated throughout the country by the National Institute 
of Public Health.

Key words: school meals; school lunch; diet; primary school; children and adolescents.
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1. Uvod

Šolska prehrana v današnjem času predstavlja 
čedalje pomembnejše javno-zdravstveno vprašanje, saj 
otroci precej časa preživljajo v šoli [1,2]. Šola poleg 
družine predstavlja eno bolj ključnih podpornih okolij, 
kjer otrok skozi proces izobraževanja pridobiva znan-
ja in veščine za razvoj zdravih prehranjevalnih navad, 
hkrati pa mu šola zagotavlja obroke [3]. Raziskave so 
pokazale, da zdrava prehrana v šoli pozitivno vpliva 
na kognitivne sposobnosti, nižjo stopnjo izostanka 
od pouka, boljše učne rezultate [4] ter zmanjševanje 
neenakosti v zdravju [5]. Otroci, ki so izpostavljeni 
revščini in nekakovostni prehrani pogosteje trpijo za 
glavoboli, depresijo ter drugimi motnjami [6]. Ra-
ziskave kažejo, da v obdobjih, ko šolske prehrane ni 
na voljo (npr. ob koncih tedna, v času počitnic ali v 
izrednih razmerah) [7], so lahko otroci izpostavljeni 
pomanjkanju hrane ali celo lakoti [8].

Dostopnost do nezdravih prehranskih izbir (nezdra-
va ponudba iz avtomatov oziroma šolskih restavracij), 
neustrezen ritem prehranjevanja ter neprimerno ses-
tavljeni obroki (preveč soli, sladkorja, maščob in en-
ergije), v kombinaciji z ostalimi dejavniki življenjske-
ga sloga (telesna nedejavnost in sedeč življenjski slog) 
[9], predstavljajo tveganje za zdravje [4,10] in razvoj 
kroničnih bolezni [4,11–14]. Dodaten izziv s katerim 
se sooča večina evropskih držav pri populaciji otrok 
in mladostnikov je tudi nedosledno upoštevanje preh-
ranskih priporočil [15] in zavračanje obrokov, ki so 
pripravljeni skladno z načeli zdrave prehrane [15,16]. 
Vzrok omenjenemu pojavu so najpogosteje preh-
ranjevalne navade, ki izhajajo iz družine. Slednje so 
posledica kompleksnih in medsebojno prepletenih de-
javnikov, kot so: socialno-ekonomski položaj družine 
in stopnja izobrazbe staršev [9], dolžina spanja otroka 
[17], marketing nezdravih živil [18] itd. 

Večina evropskih držav se v zadnjih desetletjih 
sooča z nezdravimi prehranjevalnimi navadami otrok in 
porastom debelosti med otroško in mladostniško pop-
ulacijo [19,20]. Znano je, da debelost v otroštvu pred-
stavlja dejavnik tveganja za debelost v odrasli dobi 
[11,21], ta pa je odgovorna za nastanek metabolnega 
sindroma [12], sladkorne bolezni tipa 2, subkliničnih 
vnetij, dislipidemij, koronarne srčne bolezni, bolezni 
kostno-mišičnega sistema in različnih vrst raka (adeno-
karcinom požiralnika, rak jeter, debelega črevesa, dan-
ke, dojke (postmenopavzalno), ledvic, endometrija, ust, 
žrela, želodca, žolčnika, jajčnikov in prostate) (4,5,10). 
V Sloveniji se s prekomerno hranjenostjo sooča 13,2 % 
dečkov in 18,2 % deklic, z debelostjo pa 4,3 % dečkov 
in 6,2 % deklic v starosti 5 let [23,24] ter 9,2 % mladost-
nikov in 5,6 mladostnic v starosti 15 let [23]. 

Evropski urad Svetovne zdravstvene organizacije 
(SZO) je v letu 2006 pripravil univerzalna navodila 
glede razvoja politik prehrane v šolah [4]. Raziskava 

Joint Research Centra (JRC) je v letu 2014 pokazala, 
da ima večina evropskih držav vzpostavljene politike na 
področju spodbujanja zdravega prehranjevanja v vzgo-
jno-izobraževalnih zavodih, čeprav se pristopi in obseg 
ukrepov od države do države precej razlikujejo [25].

Namen prispevka je pregledati stanje na področju 
ureditve organizirane prehrane v osnovnih šolah v Slo-
veniji in v nekaterih evropskih državah. Cilj prispevka 
je celoviteje predstaviti ureditev in izvajanje sistema 
šolske prehrane pri nas ter izvesti primerjavo organi-
ziranosti z nekaterimi evropskimi državami.

2. Metodologija

Ureditev šolske prehrane je kompleksno področje, 
ki se med državami zelo razlikuje. V članku smo želeli 
prikazati pregled organizacije sistemov šolske preh-
rane od zakonodaje, smernic, sofinanciranja obrokov 
ter implementacije na ravni šole (šolske kuhinje, ose-
bje, zagotavljanje obrokov, ipd.). Pri pripravi prispe-
vka smo izhajali tudi iz predpostavke, da so evropske 
države zaradi naraščujoče problematike debelosti v 
zadnjem obdobju naredile premike v smeri vlaganja in 
razvoja sistemov organizirane šolske prehrane. 

S pomočjo bibliografskih baz podatkov Web of Sci-
ence [26] in Scopus [27], do katerih smo dostopali pre-
ko Mrežnika Narodne in univerzitetne knjižnice [28], 
smo izvedli poizvedbo prispevkov s pomočjo iskalnega 
niza: »meals AND lunch AND diet AND primary school 
AND school meal system«. Enote iskalnega niza so bile 
usklajene z MeSH terminološkim slovarjem. Pri iskan-
ju smo se omejili na prispevke, ki so bili objavljeni med 
januarjem 2010 in junijem 2020, in so vključevali države 
članice Evropske skupnosti (ES). Z namenom pokritosti 
vseh držav ES smo v obeh bibliografskih bazah dodatno 
izvedli poizvedbo na način, da smo vključili še iskalni 
niz »school meal« in ime posamezne evropske države. Za 
opis nacionalnega sistema organizirane šolske prehrane 
smo uporabili spletno stran Pravno-informacijskega siste-
ma Republike Slovenije [29] ter spletne strani Ministrst-
va za zdravje, Ministrstva za izobraževanje, znanosti in 
šport in Nacionalnega inštituta za javno zdravje (NIJZ). 
Prispevke v slovenskem jeziku smo iskali s pomočjo bib-
liografskih baz COBISS+ in Digitalna knjižnica DLib 
z iskalnim nizom »šolska prehrana AND organizirana 
šolska prehrana«. Poizvedba je bila opravljena med 15. 
majem in 30. junijem 2020. 

V članku smo se omejili izključno na osnovne šole. 
Vsi prispevki, ciljani na predšolsko vzgojo in sredn-
ješolsko izobraževanje ter prehranjevalne navade in 
prehranski vnos otrok in mladostnikov, so bili iz na-
daljnje analize odstranjeni. V nabor podatkov, ki je 
pomemben za sistematični pregled literature, smo vkl-
jučili podatke posameznega prispevka, ki vključuje: 
vrsto raziskave, državo, okolje raziskovanja, čas izved-
be in namen raziskovanja. 

ŠOLSKA PREHRANA V SLOVENIJI IN V NEKATERIH EVROPSKIH DRŽAVAH
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 3. Rezultati
3.1 Opis vključenih raziskav

S pomočjo mednarodnih bibliografskih baz smo 
skupaj pridobili 131 prispevkov, ki smo jih vključili 
v analizo v kolikor so bili usmerjeni v sistem šolske 
prehrane. V nadaljnji analizi smo se osredotočili na 18 
prispevkov, ki so bili skladni s cilji našega članka, dve 
mednarodni projektni raziskovalni poročili, ki sta se 
osredotočali na pregled prehranskih politik in politik 
krepitve zdravja v šolah [25,30] ter poročilo evropske 
enote Eurodyce o organizaciji šolske prehrane v nekat-
erih evropskih državah [31]. V Digitalni knjižnici DLib 
smo našli skupaj 11 virov, ki so se osredotočali na ka-
kovost šolske prehrane v Sloveniji, in ne na opis ter iz-
vajanje šolske prehrane. V sistemu Cobiss+ smo našli 
50 virov, ki se prav tako niso ciljano omejevali na opis 
nacionalnega sistema šolske prehrane. Za opis sledn-
jega smo se omejili na zakonodajo ter spletne strani 
ustanov, ki so pristojne za šolsko prehrano. Pričakovali 
smo bistveno več prispevkov s poglobljenimi opisi in 
izvajanjem sistemov na ravni šol. 

     Na osnovi zbranih prispevkov smo pripravili pre-
gled sistemov organizirane šolske prehrane v Sloveniji 
in trinajstih evropskih državah s poudarki na izvajanju 
v praksi (npr. mesto priprave in razdeljevanja obrokov, 
vrste obrokov, vključevanje osebja za načrtovanje in 
pripravo obrokov, lociranost šolskih kuhinj, način sub-
vencij obrokov ipd.). Ugotovili smo, da se zelo malo 
prispevkov osredotoča na opis sistema šolske prehrane 
z vidika izvajanja [25,31–36]. Slednje je največkrat 
vsebovano v uvodnem delu prispevkov, ki so sicer 
primarno usmerjeni na druge vsebine (npr. analizo in 
kakovost šolske prehrane, cenovni vidik, zmanjševan-
je socialne neenakosti, zadovoljstvo uporabnikov z 
obroki, izobraževalni vidik, krepitev prehranjevalnih 
navad, evalvacijo obrokov itd.) [6,16,37–44]. 

     Po nam dostopnih podatkih so bili v obdob-

ju od 2014 do 2016 opravljeni trije mednarodni pre-
gledi, ki so se osredotočali na različne vidike pomena 
šolske prehrane v Evropi [25,30,31]. V letu 2014 je 
bil na zahtevo Visoke skupine Evropske Komisije za 
prehrano in telesno dejavnost s strani Joint Research 
Centra opravljen sistematični pregled (mapiranje) 
politik šolske prehrane v 30 državah članicah ES, vkl-
jučno z Norveško in Švico. Pregled kaže, da vse omen-
jene države razpolagajo s politikami šolske prehrane, 
čeprav se ureditev (npr. obvezujoča oz. prostovoljna 
raven) razlikuje od države do države (Slika 1) [25].

    Poročilo o pregledu organiziranosti šolske preh-
rane v nekaterih evropskih državah je v letu 2016 izda-
la tudi enota Eurodyce iz Poljske [31]. Tretji pregled 
stanja nad politikami z vidika zmanjševanja prob-
lematike otroške debelosti pa je bil opravljen med let-
oma 2015 in 2017 v okviru projekta Joint Action on 
Nutrition and Physical Activity (JANPA), ki pa se je 
usmeril na ukrepe in dobre prakse držav na področjih 
zmanjševanja dostopnosti do nezdravih prehranskih 
izbir, omejevanja marketinga nezdrave hrane ter manj 
na strukture in ureditev sistemov organizirane šolske 
prehrane [30].

3.2 Šolska prehrana v Sloveniji 
V Sloveniji imamo podobno, kot v nekaterih skandi-

navskih državah preko 70-letno tradicijo šolske prehrane. 
Prvi poskusi skrbi in družbene odgovornosti za prehrano 
in zdravja otrok segajo v obdobje po drugi svetovni vojni, 
ko so bile sprva uvedene mlečne kuhinje. Po letu 1949 
pa je bil sistem šolske prehrane postopno vzpostavljen v 
obliki, kot ga poznamo danes. Uredba o ustanavljanju in 
delu šolskih kuhinj iz leta 1949 je med drugim predvide-
vala kazenske sankcije za lokalno skupnost, ki ni zagoto-
vila pogojev za ustanovitev šolskih kuhinj (zagotovitev 
prostora, osebja, inventarja in živil) [45,46]. Politična 
ureditev pred osamosvojitvijo Slovenije je poudarjala 
ideologijo pomena družbene prehrane in socialnega na-
predka [47], na tem področju pa je bila zagotovljena tudi 
zakonodaja [48–51]. Kljub temu, da je po letu 1990 prišlo 
do prelomnega obdobja in pobud za ukinitev oz. privat-
izacijo šolskih kuhinj, se je sistem šolske prehrane ohra-
nil v skladu s prvotno idejo.

Slovenija tako sodi med države z urejenim sistemom 
šolske prehrane, kjer imata na nacionalni ravni ključ-
no vlogo zdravstveni in izobraževalni resor. Smernice 
zdravega prehranjevanja so predvidene z zakonom, in so 
za vzgojno-izobraževalne zavode v Sloveniji obvezujoče 
[49]. Pripravijo se v sodelovanju med stroko izobraževal-
nega in zdravstvenega sektorja, potrdi pa jih Strokovni 
svet Republike Slovenije za splošno izobraževanje [49]. 
Vključujejo vzgojni vidik, ki je vezan na izobraževanje 
o zdravi prehrani ter zdravstveni vidik, katerega cilj je 
usmerjen v kakovost ponudbe obrokov [52]. Sistem orga-
nizirane šolske prehrane v Sloveniji je obsežen, saj je bilo 

Slika 1:  Ureditev sistemov (politik) šolske prehrane v državah 
EU28, na Norveškem in v Švici [25].
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v šolskem letu 2019/2020 v osnovnošolsko izobraževan-
je v Sloveniji vključenih 190.156 otrok in mladostnikov 
iz 821 osnovnih šol (vključno s podružnicami) [53], ki v 
času prisotnosti v šoli lahko zaužijejo tudi med 20 in 70 
% priporočenega dnevnega energijskega vnosa [44,54]. 

V devetdesetih letih preteklega stoletja je bila preh-
rana otrok v osnovnih šolah urejena z novo področno 
zakonodajo. Krovni akti so: Zakon o osnovni šoli [50], 
Zakon o šolski prehrani [49], Zakon o organizaciji in 
financiranju vzgoje in izobraževanja [48], z vidika ure-
janja subvencij pa ima pomembno vlogo tudi Zakon o 
uveljavljanju pravic iz javnih sredstev [51]. Slednji ureja 
subvencioniranje glede na materialni položaj posamezni-
ka, o višini subvencije za posamezne učence pa odloča-
jo centri za socialno delo [51]. Zakonodaja določa, da 
morajo vzgojno-izobraževalni zavodi zagotoviti pogoje 
za skladen otrokov telesni in duševni razvoj, česar pa ni 
možno zagotavljati brez kakovostne prehrane in pravilne-
ga odnosa do prehranjevanja. 

Slovenija je Zakon o osnovni šoli, ki zagotavlja os-
novo šolske prehrane sprejela leta 1996 [50]. Sledn-
ji določa, da je osnovna šola za vse učence v dneh, ko 
poteka pouk, dolžna organizirati vsaj en obrok dnevno 
(navadna dopoldanska malica), kot dodatno ponudbo v 
okviru ekonomskega programa, pa lahko zagotavlja tudi 
ostale dnevne obroke (zajtrk, kosilo, popoldanska malica) 
[50]. Po podatkih strokovnega spremljanja šolske preh-
rane, ki ga je skladno z določili Zakona o šolski prehrani 
izvajal Nacionalni inštitut za javno zdravje v obdobju od 
2009 do 2019 (N=424 osnovnih šol), je povprečno 83 % 
šol zagotavljajo dopoldansko malico, 62 % kosilo, 20 % 
popoldansko malico in 11 % zajtrk (Slika 2). Podobne 
podatke kaže tudi revizijsko poročilo Računskega sodišča 
Republike Slovenije, ki navaja, da je v šolskem letu 
2016/17 od 178.662 vpisanih učencev malico prejema-
lo 175.760 (98,4 %), kosilo pa 139.874 (78,3 %) osnov-
nošolskih otrok [55]. 

V letu 2010 je bil sprejet Zakon o šolski prehrani, ki 
ureja organizacijo šolske prehrane za učenke in učence, 
pravico učencev do subvencije za šolsko prehrano, višino 

subvencije, pogoje in postopek za dodeljevanje subvenci-
je in nadzor ter opredeljuje pogoje za doseganje kakovo-
sti obrokov preko smernic za zdravo prehranjevanje [49]. 

Sistem organizirane šolske prehrane v Sloveniji je to-
rej kompleksen, saj posega tako na področja zagotavljanja  
človeških (kuharsko osebje, računovodstvo, organizatorji 
prehrane) in infrastrukturnih virov (šolske kuhinje in jedil-
nice), kot na področja subvencioniranja, javnega naročanja, 
zdrave prehrane in prehranskega izobraževanja. Ustanovi-
telji javnih osnovnih šol so lokalne skupnosti, ki so dolžne 
v ustanovitvenem aktu opredeliti spremljajoče dejavnosti 
med katere sodi tudi organiziranje prehrane [48]. Šola je 
dolžna določiti prispevke za materialne stroške za prehra-
no učencev, država pa iz proračuna zagotovi sredstva za 
subvencioniranje prehrane [48]. Stroški obrokov so delno 
financirani s strani države (nacionalni program), delno pa 
jih pokrijejo starši (ekonomski program) [44].

Prednost šol v Sloveniji je tudi, da imajo poleg in-
frastrukture za izobraževanje, zagotovljeno tudi primerno 
okolje za skladiščenje in pripravo hrane ter razdeljevan-
je obrokov. Zakonodaja med drugim omogoča, da šola v 
soglasju s svetom šole, nabavo, pripravo in razdeljevanje 
šolskih obrokov prenese na drug vzgojno-izobraževalni 
zavod, izjemoma na zunanjega ponudnika (drugi javni 
zavodi ter izjemoma zasebna podjetja ipd.) [49], čeprav 
je primerov prenosa dejavnosti na zunanje izvajalce v 
praksi malo (Slika 3). 

     Eden izmed pomembnejših ciljev Zakona o šol-
ski prehrani je zagotavljanje enakih možnosti otrokom 
iz manj vzpodbudnih okolij [49], kar pomeni, da se 
iz državnega proračuna zagotovi sredstva za subven-
cioniranje ene malice in kosila dnevno [49]. Po po-
datkih poročila Računskega sodišča Republike Slo-
venije je v šolskem letu 2016/17 delno subvencijo za 
malico prejemalo 104.006, za kosila pa 45.826 otrok, 
100-odstotno subvencijo za kosilo pa 32.347 otrok. 
Od leta 2014 se je za 8 % povečal delež otrok, ki uži-
vajo šolsko kosilo [55].

Zakon o šolski prehrani predstavlja tudi velik 
doprinos za javno zdravje, kar se odraža v določilu 
prepovedi nameščanja prodajnih avtomatov za dis-
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Slika 2: Povprečno število dnevno ponujenih obrokov v osnovni šoli 
(2009-2019) (N=424 šol) (Vir: Strokovno spremljanje šolske preh-
rane 2009-2019, NIJZ)

Slika 3: Delež šolskih kuhinj v okviru šol in zunanjih ponudnikov 
(cateringov, drugih šol in vrtcev) (N=451 šol) (Vir: Strokovno 
spremljanje šolske prehrane 2009-2019, NIJZ)
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tribucijo hrane in pijače v prostorih in površinah, ki 
sodijo v šolski prostor. Slednje je ključnega pomena 
tako z vidika prehranske vzgoje otrok, saj otroci ob 
zagotovljeni šolski prehrani ne potrebujejo dodatne 
ponudbe hrane iz avtomatov. V osnovnih šolah v Slo-
veniji tako od leta 2010 dalje ni nameščenih prodajnih 
avtomatov na površinah, ki sodijo v šolski prostor. V 
primeru neupoštevanja določila zakon za vodstva šol 
predvidene denarne kazni. Nenazadnje so cilji Zako-
na o šolski prehrani tudi v zagotavljanju kakovostne 
šolske prehrane, ki vpliva na razvoj otrok, razvijanje 
zavesti o pomenu zdravega prehranjevanja, v kultu-
ri prehranjevanja ter v vzgoji za odgovoren odnos do 
sebe, zdravja in okolja. Strokovni temelj zdravstven-
emu vidiku šolske prehrane zagotavljajo smernice, ki 
upoštevajo strokovne usmeritve in navodila za izbor 
in nabavo živil, načrtovanje jedilnikov, količinske 
normative, način priprave obrokov ter časovni okvir 
za ponudbo obrokov [49]. 

Prva strokovna navodila za načrtovanje in pripravo 
šolskih obrokov v Sloveniji so bila uveljavljena pred 
štirimi desetletji [56], sodobne prehranske smernice 
pa so bile v okviru implementacije prvega nacional-
nega programa prehranske politike [57] sprejete leta 
2005 [58]. V tem obdobju poteka prva revizija smer-
nic, katere proces vodi in usklajuje NIJZ. 

Slovenija je tako imela napredna navodila za iz-
vajanje šolske prehrane že pred letom 2005, saj so že 
tedaj poudarjala pomen ustrezne prehrane in prehran-
jevalnih navad za zdrav telesni in duševni razvoj otro-
ka, naslavljala pomen zdrave prehrane v celodnevni 
šoli, dietno prehrano, vključevanje jedilnikov, ki so 
oblikovani na osnovi prehranjevalnih navad otrok, 
spremljanju prehrane s strani zdravstvene službe. 
Navodila so poudarjala tudi pomen kulture prehranje-
vanj in pomen ustreznosti okolja, kjer so obroki post-
reženi in zaužiti. Navodila so vključevala 20 vzorčnih 
jedilnikov, porcijske normative, podatke o energijski 
in hranilni vrednosti ter 119 receptur, ki so zagotavlja-
le bruto in neto količine živil za pripravo jedi. V sklopu 
navodil so bili vključeni delovni normativi v šolskih 
kuhinjah, ki so bili osnovani na raziskavi med šolami. 
Glede na razpoložljiv čas, ki so ga imeli takrat zapos-
leni v kuhinjah ter glede na razvoj živilske in prehran-
ske stroke v zadnjem obdobju je mogoče ugotoviti, da 
so takratni recepti pogosto vsebovali npr. koncentrate 
za pripravo pečenk, juh in omak, nekatera odsveto-
vana živila (npr. barjene klobase, drobovina ipd.) ter 
so priporočali postopke toplotne obdelave [56], ki jih 
današnje smernice odsvetujejo [58]. 

Glede na to, da so v Sloveniji ustanovitelji osnovnih 
šol lokalne skupnosti [48], so šole neposredno odgov-
orne za izvajanje šolske prehrane. Na nivoju vzgoj-
no-izobraževalnega zavoda mora biti prehrana urejena s 
pravili, v katerih se opredeli natančnejše postopke (npr. 

evidence, nadzor nad koriščenjem obrokov, čas ponud-
be obrokov, način prijave in odjave na obroke ipd.). 
S pravili urejajo tudi ravnanje z neprevzetimi obroki 
[49], kar predstavlja pomemben vidik pri zmanjševanju 
odpadkov hrane in skrbi za ranljive skupine ljudi (npr. 
brezdomci, socialno-ekonomsko ogroženi itd.). Pred-
nost decentralizacije šolske prehrane je v tem, da se šole 
z jedilniki lahko bolj približajo lokalnim prehranjeval-
nim navadam otrok, okolju in tradicionalnim jedem, 
hkrati je kuharju pri pripravi jedi prepuščena možnost 
kreativnosti in prilagajanja lokalnim navadam.

V zadnjem času je v šolah opažen trend rasti po-
treb po zagotavljanju prilagojenih obrokov za otroke 
s posebnimi prehranskimi potrebami. Povečalo se 
je predvsem število otrok z dietami, ki niso nujno 
medicinsko utemeljene in predstavljajo veliko časov-
no breme in nenazadnje odgovornost za kuhinjsko 
osebje vzgojno-izobraževalnih zavodov. Z namenom 
ureditve tega področja je Zdravniška zbornica Slo-
venije leta 2018 sprejela priporočila, ki predvidevajo 
seznam medicinsko utemeljenih diet, in so predvsem 
namenjena zdravnikom pri predpisovanju in zagov-
arjanju strokovnih odločitev ob neupravičenih zahte-
vah po predpisovanju medicinsko neutemeljenih diet 
[59]. Skladno z zakonodajo je šola dolžna prilagoditi 
otrokovim zdravstvenim potrebam le malico, ostale 
dnevne obroke pa zagotavljajo v skladu s svojimi 
zmožnostmi [49]. V praksi običajno otrok prejme vse 
dnevne obroke, ki so prilagojeni njegovim potrebam.

3.3 Pregled ureditve šolske prehrane v nekaterih ev-
ropskih državah

     Švedska sodi med države z daljšo tradicijo ureditve 
šolske prehrane, kjer vsak učenec (7-19 let) [37,60], 
vključen v javno šolo [16] dnevno prejme brezplačno 
šolsko kosilo, katerega strošek se krije iz državnega 
proračuna. Brezplačna šolska kosila je Švedska uvedla 
leta 1946, sprva kot ukrep preprečevanja podhranjeno-
sti [38]. Področje šolske prehrane na Švedskem ureja 
Zakon o izobraževanju iz leta 1997 [36,38]. Dopol-
nitev zakona v letu 2011 vključuje določilo o pomenu 
hranljivosti šolskih obrokov, čeprav se nadzora nad 
tem ne izvaja [36]. 

     Za zagotavljanje obrokov so zadolžene lokalne 
skupnosti, obroke pa zagotavljajo na različne načine 
(npr. lastne kuhinje ali večji ponudniki, ki pripravlja-
jo obroke na nivoju občine in jih dostavljajo do šol) 
[60]. Leta 2013 je švedska agencija za hrano sprejela 
prehranske smernice na prostovoljni osnovi, ki določa-
jo, da naj šolski obrok vključuje eno ali več toplotno 
obdelanih jedi, zelenjavo, mleko in vodo za napitek ter 
kruh z namazom [38]. V zadnjem času so šole začele 
otrokom ponujati tudi zajtrk in malice. Velik poudarek 
prehranskih smernic je osredotočen na vključevanje 
lokalno pridelane hrane, trajnostni razvoj ter skrb za 
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okolje (npr. priporočilo glede manjših količin mesa v 
šolskih jedilnikih ter zmanjšanje odpadkov hrane za 50 
%). Kakovost spremljanja šolskih obrokov se izvaja 
na ravni šole s pomočjo validiranega spletnega orodja, 
ki vključuje šest elementov: organizacijo šolske preh-
rane, ponudbo obrokov in izobraževalni vidik šolske 
prehrane, trajnostno oskrba s hrano, izbiro, prehransko 
kakovost ter varnost hrane). Orodje uporablja 40 % šol 
na Švedskem [61], omogoča pa (samo)spremljanje in 
pridobitev povratne informacije s katerimi lahko vpli-
vajo na sprotno izboljšanje kakovosti ponudbe [36,61]. 
Raziskava, ki se je osredotočila na primerjavo kakovo-
sti obrokov pred uvedbo (leta 2011) in po uvedbi za-
kona (leta 2013) je pokazala, da se kakovost ponudbe 
na Švedskem postopno izboljšuje, čeprav strokovnjaki 
ob tem poudarjajo, da ni možno vseh učinkov pripisati 
izključno spremembi zakonodaje [39].

 Švedski model šolske prehrane umešča uživanje 
šolskih obrokov tudi v kontekst izobraževanja in preh-
ranske vzgoje. Prehrana predstavlja pomemben peda-
goški potencial, preko katerega se otroci učijo zdravega 
prehranjevanja, kulture prehranjevanja in socialnega 
vidika prehranjevanja [38,40]. Smernice spodbujajo, 
da učitelj zaužije obrok skupaj z otroci, čeprav se tudi 
to v praksi sistematično ne izvaja po vseh šolah [40].

 Podobno kot na Švedskem, zametki sistema šolske 
prehrane tudi na Finskem segajo v začetek 20. stoletja. 
Leta 1913 je začela država finančno spodbujati brez-
plačne obroke otrokom iz neprivilegiranih družin, leta 
1943 pa so zakonodajno obvezali občine, da poskrbi-
jo za brezplačen obrok za vse osnovnošolske otroke. 
Slednje je bilo sistemsko postopno uvedeno po celotni 
državi do leta 1948 [35,62,63]. Od leta 2004 dalje je 
ukrep šolske prehrane postal del uradnega učnega načr-
ta [63], osnovne in srednje šole pa so dolžne vsakemu 
otroku zagotoviti brezplačen obrok, ki ga sestavlja top-
la jed, solata, kruh in mleko [35] in vsebuje eno tretjino 
dnevnih prehranskih potreb [35]. V podporo izvajanja 
ukrepa so bila leta 2017 sprejeta tudi nacionalna preh-
ranska priporočila [62]. 

 Na Finskem se šolska prehrana izvaja decentrali-
zirano. Šola je v sodelovanju z občino dolžna zagotavl-
jati ponudbo šolskih obrokov. Za spremljanje in eval-
vacijo sistema so odgovorne občine [35], prav tako se 
s strani občin zagotavlja finančna sredstva (v višini 75 
% iz občinskega, 25 %  sredstev pa iz državnega pro-
računa) s katerimi se krije stroške kuharskega osebja, 
kuhinjske opreme in transporta [63]. Šole imajo lastne 
kuhinje možno pa je, da občina z javnim razpisom 
poišče zunanjega ponudnika [62]. Topel šolski obrok 
na Finskem vključuje pester nabor jedi, ki vključuje-
jo krompir, riž, testenine, ribe, belo ali rdeče meso ali 
zamenjave za meso (npr. jajca, stročnice), napitke (mle-
ko, napitke na osnovi rastlinskih virov ali kislo mle-
ko), polnovreden kruh, margarino. Ponudniki obrokov 

morajo zagotavljati, da se jedilniki ne ponavljajo pre-
pogosto (npr. rotacija jedilnikov na 6 tednov) [62]. Za 
spremljanje kakovosti ponudbe obrokov je odgovorna 
šola, ključna merila spremljanja pa so opredeljena s 
smernicami. Spremljanje kakovosti obrokov (energijs-
ka in hranilna sestava, vprašalnik za samospremljanje) 
je vključeno v vse faze oskrbe s hrano (od načrtovanja 
jedilnikov in receptov, nabave hrane do priprave jedi 
in serviranja obrokov). Načrtovanje in izvajanje zag-
otavljanja brezplačnih šolskih obrokov na nacionalni 
ravni spremlja nacionalna strokovna skupina (National 
Nutritional Council) [62]. V kolikor pouk traja več kot 
tri ure od kosila, so otroci upravičeni do brezplačne 
popoldanske malice, malice pa šole oziroma pogod-
beni zunanji ponudnik zagotovijo tudi kot dodatno 
ponudbo, ki je plačljiva. Dietni jedilniki so omogočeni 
le na podlagi zdravniškega izvida [62]. Podobno kot na 
Švedskem je tudi na Finskem sistem šolske prehrane 
povezan z izobraževalnim vidikom, preko katerega se 
izvaja prehranska vzgoja (kultura prehranjevanja) [62] 
in trajnostni načini ravnanja s hrano (lokalna oskrba, 
manj odpadkov hrane ipd.) [63]. 

 Na Islandiji je osnova za šolsko prehrano opredel-
jena v zakonu, ki ureja področje izobraževanja. Šolske 
obroke finančno pokrivajo starši, delno pa so zag-
otavljajo tudi subvencije s strani občin. Pričakuje se, 
da otroci dopoldansko malico prinesejo od doma, ki jo 
zaužijejo med 9. in 10. uro dopoldan, kosilo pa  imajo 
otroci zagotovljeno v šoli [64]. 

 Norveška v primerjavi z ostalimi skandinavskimi 
državami, ki imajo vzorno urejen sistem šolske preh-
rane, tovrstnega sistema na nacionalni ravni ni nikoli 
vzpostavila. Prav tako ima le malo šol na Norveškem 
šolsko kuhinjo in jedilnice. Večina otrok (95 %) pri-
naša s seboj hladne obroke (norv. matpakken), ki jih 
otroci zaužijejo v času kosila. Le ti navadno vsebujejo 
kruh, namaz in sir [65]. Tudi na Danskem šolska preh-
rana ni urejena na sistemski ravni, saj otroci v 85 % 
hrano prinašajo od doma [66]. Šolski obroki pri otrocih 
v starosti 7-10 let v 75 % običajno vključujejo sendvič 
z rženim kruhom, medtem ko je taka sestava šolskega 
obroka pri starejših otrocih (11-14 let) zaznana le v 50 
%. Nameščanje avtomatov v šolskem prostoru je na 
Danskem prepovedano [67]. 

     Madžarska nima urejenega sistema šolske preh-
rane, čeprav si država v zadnjem času prizadeva za 
vzpostavitev zakonodaje na tem področju. V šolah, 
kjer zagotavljajo šolske obroke, država omogoča sub-
vencijo glede na stopnjo socialne ogroženosti posa-
meznika. Najbolj ogroženi otroci imajo na voljo brez-
plačne obroke. Večino kuhinj je v lasti občin, ostale pa 
v lasti zunanjih ponudnikov. Nacionalna raziskava o 
sistemu šolskih keteringov (Canteen Panorama), ki so 
jo opravili leta 2017 (N=139 osnovnih šol) je pokazala, 
da so šole v 100 % otrokom zagotavljali topel obrok, 
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72 % šol je bilo vključenih v shemo šolskega mleka in 
95 % v shemo šolske zelenjave in sadja. 88% učencev 
se je prehranjevalo v šolski restavraciji (kantini), 44 % 
osnovnih šol pa je imelo možnost prodaje prigrizkov 
otrokom [34].

Italija ima decentraliziran sistem izobraževanja, 
kar vpliva tudi na tamkajšnji sistem šolske prehrane. 
Podatki italijanskega Ministrstva za zdravje kažejo, 
da ima približno 73 % osnovnih šol urejeno oskrbo z 
obroki (lastna kuhinja oziroma zunanji dobavitelji), 
50 % pa jih zagotavlja zdrave prigrizke (npr. sadje in 
jogurt). Večina javnih šol sklene pogodbo z zunanjim 
dobaviteljem prehrane. Zakonodaja iz leta 1999 določa, 
da mora vsaka osnovna šola pripraviti izobraževalni 
načrt, ki vključuje tudi vsebine kulture prehranjevan-
ja in lokalnih posebnosti. V ta okvir sodi tudi izbira 
zagotavljanja šolskih obrokov (šolska kuhinja ali zu-
nanji dobavitelj). Izvedba javnih razpisov za dobavi-
telje prehrane je v pristojnosti občin. Večina občin (67 
%) izbere dobavitelje šolskih obrokov preko javnih 
razpisov, 18 % pa zagotovi obroke iz lastne kuhinje. 
Preostanek občin se poslužuje javno-zasebnega part-
nerstva. Občine navadno zagotavljajo subvencije za 
šolsko prehrano. Za kakovost obrokov skrbi občinski 
dietetik, k sodelovanju glede kakovosti ponudbe šol-
skih obrokov pa so povabljeni tudi starši otrok (npr. 
nenapovedani obiski staršev, ki lahko ocenijo velikost 
porcije, higienske razmere, rok trajanja surovin ipd.) 
[68]. 

Izvor sistema šolske prehrane na Portugalskem 
sega v leto 1970. Sistem zagotavljanja šolske prehrane 
se glede na stopnjo izobraževanja izvaja v sodelovanju 
med šolo, občino (decentralizirano v vrtcih in osnovnih 
šolah) in državo (centralizirano v srednjih šolah). Sub-
vencioniranje je zagotovljeno po razredih (A, B, C) 
glede na stopnjo ogroženosti posameznika. Otroci, ki 
jih glede na socialno ogroženost razvrstijo v razred A 
prejmejo 100 % subvencijo, otroci iz razreda B 50 %, 
otroci iz razreda C (najmanj ogroženi) pa obroke v cel-
oti plačajo sami [6]. Šole zagotavljajo kosila, v prime-
ru popoldanskega pouka pa tudi večerjo [31]. Nekatere 
šole iz svojih finančnih virov zagotavljajo dodatek k 
šolski prehrani tekom dopoldanskih in popoldanskih 
odmorov, pri čemer subvencijo namenijo predvsem 
nabavi kruha (z maslom, sirom ali šunko), dodajajo pa 
še živila (mleko, sadje in zelenjavo) iz shem EU. Posa-
mezne šole imajo lastne kuhinje in osebje za pripravo 
obrokov, medtem ko druge vzpostavijo sodelovanje z 
zunanjimi dobavitelji [6,31]. 

Nemčija ima šolsko prehrano organizirano decen-
tralizirano. Zakonodaje na tem področju nima urejene, 
kar vodi v različne prakse prehranjevanja v šolah med 
zveznimi deželami [41]. Občina v sodelovanju s šolo 
določi ponudnika, ki bo šolo oskrboval z obroki. Do 
subvencioniranih šolskih obrokov so upravičeni le 
otroci, ki prihajajo iz družin z nizkim socialno-ekon-

omskim statusom [31]. Potreba po zagotovitvi sistema 
šolske prehrane v Nemčiji se v zadnjih desetih letih 
povečuje predvsem zaradi podaljševanja pouka [41].

Šolska prehrana v Združenem kraljestvu je orga-
nizirana decentralizirano [36]. Zaradi porasta debe-
losti med populacijo otrok in mladostnikov v zadnjih 
dvajsetih letih, je bilo Združeno kraljestvo prisiljeno 
ukrepati tudi na področju šolske prehrane. Navkljub 
temu, da začetki šolske prehrane v Angliji segajo v 
leto 1879 [33], je začelo leta 1980 področje močno 
stagnirati. Tamkajšnja vlada je razvrednotila oskrbo s 
šolsko prehrano, prehranske smernice pa niso bile več 
obvezne. Do leta 1990 je prehrana v šolah upadla za 
40 %, ponudba zunanjih ponudnikov pa je bila izredno 
nizka. Obroki so vsebovali veliko maščob, soli in slad-
korja. Vlada je kot odziv na zaskrbljujočo situacijo leta 
2001 sprejela zakonodajo, ki zagotavlja bolj zdrave 
izbire v šolah. Leta 2005 so sprejeli nova obvezujo-
ča prehranska priporočila za šolsko prehrano. Vlada je 
istočasno vzpostavila iniciativo »School Food Trust«, 
katere namen je bil zagotoviti upoštevanje nacionalnih 
prehranskih priporočil; povečati delež šolskih obrokov; 
zmanjšati neenakosti v zdravju med otroki; ter spodbu-
diti izboljšanje znanja in pridobitev veščin za zdravo 
prehranjevanje. V iniciativo za bolj kakovostno šolsko 
prehrano se je vključil tudi Jamie Oliver s kampanjo 
»Feed me better campaign«, s katero je želel približati 
otrokom zdrave obroke. Za vzpostavitev oblike šolske 
prehrane je odgovorno vodstvo javne šole, pri čemer 
je dolžno upoštevati navodila ministrstva, pristojnega 
za izobraževanje [69]. Šole lahko otrokom zagotavlja-
jo hladne ali tople obroke (npr. šolsko kosilo), lahko 
pa ob tem zagotovijo tudi zajtrk in malico. Avtomati 
s hrano so omogočeni, nimajo pa posebnih priporočil 
za obroke, ki jih otroci prinašajo od doma (38). Od 
sprejema nove zakonodaje septembra 2014, vsi otroci 
stari od 4-7 let ter otroci, ki prihajajo iz socialno-ekon-
omsko ogroženih družin, prejemajo brezplačno šolsko 
kosilo [31,36]. Obrok zaužit v šoli naj bi pokril 30 % 
dnevnih energijskih potreb [70]. 

Francija ima decentraliziran sistem šolske preh-
rane. Osnovne šole so v pristojnosti lokalnih skupnosti, 
od katerih je odvisen izbor tipa zagotavljanja šolskih 
obrokov. Slednje vpliva na to, da se šolska prehrana ra-
zlikuje od občine do občine [31]. Obroke zagotavljajo 
zunanji ponudniki, ki se določijo na občinski ravni [42], 
nekatere šole pa obroke pripravljajo v šolskih kuhin-
jah, kjer imajo zaposleno kuharsko osebje [31]. Pogod-
ba je lahko sklenjena z zunanjimi dobavitelji samo za 
pripravo obrokov, lahko pa za celotno vodenje šolske 
prehrane, vključno z upravljanjem prostorov, osebja, fi-
nančnega vidika itd. Glede zagotavljanja šolskega obro-
ka otrokom se starši odločajo sami. V primeru, ko je 
otrok prijavljen na topel obrok, ga mora zaužiti v šoli. 
V primeru otroka z alergijo je mogoče hrano prinašati 
od doma [42]. Obroki morajo biti pripravljeni skladno 

ŠOLSKA PREHRANA V SLOVENIJI IN V NEKATERIH EVROPSKIH DRŽAVAH



23

z nacionalnimi prehranskimi smernicami iz leta 2011, 
in morajo vključevati od 4 do 5 različnih jedi. Velikosti 
porcij se mora razlikovati glede na starost otroka. Za 
otroke, ki prihajajo iz socialno-ekonomskih ogroženih 
družin, država zagotavlja subvencijo, sicer pa so za os-
tale otroke šolski obroki plačljivi [31]. 

Sistem šolske prehrane je na Slovaškem organi-
ziran decentralizirano, šolske restavracije so zagotovl-
jene s strani lokalnih skupnosti. Delovanje ponudnikov 
ureja zakonodaja s področja izobraževanja. Ponudniki 
zagotavljajo tako prehrano za učence, kot za zapos-
lene, možno pa je pripravljati tudi obroke za zunan-
je odjemalce, če to odobri financer ter regijski jav-
no-zdravstveni inštitut. Imajo dva tipa kuhinj: lastne 
šolske kuhinje ter razdeljevalne kuhinje. Za kakovost 
šolskih obrokov je zadolženo kuharsko osebje. Obroki 
so za otroke delno plačljivi, starši plačajo ceno živila, 
lokalna skupnost pa pokrije stroške osebja ter stroške, 
ki nastanejo s pripravo hrane [31].

V Španiji področje šolske prehrane predvideva 
zakonodaja, ki ureja splošno izobraževanje. Šolske 
restavracije so del organizacije dela v šolah, vključno 
z načrtovanjem, razvojem in spremljanjem. Šole imajo 
lahko lastno kuhinjo ali pa jim obroke zagotavlja zu-
nanji dobavitelj [31].

4. Diskusija
Zdrava prehrana ugodno vpliva na duševno, social-

no in fizično blagostanje otroka, razvoj samozavesti 
in pozitivne samopodobe, prispeva k boljšim učnim 
sposobnostim, lažjemu spremljanju pouka ter posledič-
no boljšemu odnosu med učiteljem in otrokom [4]. Šol-
ska prehrana predstavlja enega izmed ključnih ukrepov 
s katerim lahko vplivamo na dolgoročno zdravje posa-
meznika, hkrati s tem pa istočasno s sporočili o pomenu 
zdrave prehrane vplivamo na doseganje večjega število 
otrok, mladostnikov, staršev ter različnih deležnikov. 
SZO je primarno kot odziv na porast debelosti ter ostale 
zdravstvene probleme otrok v evropski regiji (zobno 
zdravje, sedeč življenjski slog, slabe prehranjevalne na-
vade), pozvala države k implementaciji ukrepov šolske 
prehrane in oblikovala orodje za vzpostavitev prehran-
ske politike na nivoju šole. Implementacija prehranskih 
ukrepov v šolah naj bi temeljila na skupnosti, učnem 
načrtu, upoštevanju šolskega okolja in prehrani v šoli ter 
vključevanju zdravstvene službe [71]. 

Vsak izmed sistemov šolske prehrane, ki ga ima 
vzpostavljenega posamezna država, je unikaten ter 
odvisen od zgodovinskih, tradicionalnih, kulturnih 
in političnih ozadij države [38]. Sistemska ureditev 
šolske prehrane se tako posledično razlikuje od države 
do države [72], ključne razlike pa se kažejo pred-
vsem v: organiziranosti in geografski ureditvi države 
(centraliziran, decentraliziran sistem), zakonodaji in 
prehranskih priporočilih (obvezna oziroma neobvez-

na), sistemu izobraževanja (dolžina pouka in dnev-
ov v katerih poteka pouk), razpoložljivosti človeških 
(npr. zaposleno kuhinjsko osebje v šoli), prostorskih 
(šolske kuhinje, zunanji ponudniki) in finančnih virov 
(možnosti subvencij), načinov in praks zagotavljanja 
obrokov (npr. lastna kuhinja, zunanji ponudnik, pri-
našanje hrane od doma, nabava hrane v kiosku v šoli 
oziroma na prodajnih avtomatih), vključevanju loka-
lnih dobaviteljev hrane (lokalno kmetijstvo), številu 
dnevnih obrokov ter vključevanju različnih deležnikov 
(npr. staršev otrok ipd.) [68,72-74]. Različni dejavni-
ki tako onemogočajo oblikovanje enotnega modela 
šolske prehrane za vse države [71].

Literatura kaže, da je najpogostejši razlog za vz-
postavitev sistemov prehrane v šolah socialna skrb za 
ljudi, bodisi zaradi revščine, ki je bila v preteklosti 
prisotna zaradi posledic vojn, bodisi zaradi sprememb, 
povezanih s podaljševanjem delovnega časa in pouka 
ter slabih prehranjevalnih navad in porasta kroničnih 
bolezni v sodobnem času. Cilj uvedbe brezplačnih 
obrokov na Švedskem v preteklosti je bil predvsem 
izenačiti status žensk ter razbremeniti ženske iz delavs-
kega razreda. Otroci, ki prejemajo dnevni obrok v šoli 
tako niso odvisni od svojih staršev v času, ko so v šoli, 
staršem pa zaradi tovrstnega sistema ni potrebno prip-
ravljati obrokov, ki bi jih otroci prinašali s seboj v šolo. 
Od uvedbe sistemov šolske prehrane je ta izenačeval 
otroke različnih socialnih razredov, saj so vsi prejemali 
enako kosilo ne glede na ekonomski in socialni položaj 
[75]. Otrokom, ki prihajajo iz socialno-ekonomsko 
ogroženih družin predstavlja delno ali v celoti subven-
cioniran šolski obrok pomemben prispevek h kakovosti 
njihovega življenja [43]. Podobno vlogo ima omenjeni 
sistem še danes, čeprav se mu pridružuje tudi širši vidik 
t.j. vidik izobraževanja ter skrbi za zdravje.

Šolska prehrana ima poleg zadovoljitve občutka 
sitosti, užitka in zadovoljstva ter potreb po energi-
ji velik pomen za zdravje (ustrezna hranilna sestava 
obrokov, ustrezna živila), trajnostni razvoj (manj 
odpadkov hrane, trajnostna pridelava hrane), izo-
braževanje (krepitev zdravih prehranjevalnih navad, 
seznanitev z novimi okusi, čustveno izražanje, kreativ-
nost in samostojnost), razvoj socializacije (medvrst-
niška interakcija, navezava stikov), počitka in kulture 
prehranjevanja (prijetno vzdušje in prostor), hkrati pa 
je to lahko pomembno izhodišče za izogibanje sploš-
no poznanim mitom, da je družbena prehrana slabša 
in manj kakovostna od tiste, ki jo uživamo v domačem 
okolju [38]. Sistemi šolske prehrane poleg navedenega 
lahko pozitivno vplivajo na zdravje otrok (predvsem 
socialno ogroženih), v širšem smislu pa imajo vpliv na: 
varovanje okolja, razvoj okolju in naravi prijaznih ter 
trajnostnih oblik kmetovanja, krepitev lokalnega gos-
podarstva (nova delovna mesta), ozaveščanje ljudi o 
pomenu odpadkov hrane itd. [36,74]. 
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Ne glede na tip ureditve je šola okolje, kjer naj bi 
imel otrok s prehrano pozitivne izkušnje, pozitivno 
zavedanje, da uravnotežena prehrana ugodno vpliva 
na njegovo zdravje ter, da ga hrana, ki je pripravljena 
in ponujena v skladu s prehranskimi priporočili, na-
siti [62,76]. Zadovoljstvo otrok s šolskimi obroki je 
predpogoj za izboljšanje njihovega prehranskega sta-
tusa [36]. Istočasno je izrednega pomena tudi, da šola, 
poleg zdrave ponudbe obrokov spodbuja zdrav ritem 
prehranjevanja in zdrave prehranjevalne navade preko 
učnega načrta, ki ga ustrezno spremlja in vrednoti [62]. 
Pomembno vlogo pri tem naj bi predstavljal tudi pred-
met gospodinjstvo ter učenje praktičnih veščin priprave 
hrane [77]. Raznolikost držav tako vodi v ekstremno 
heterogenost in neprimerljivost ukrepov na področju 
politik šolske prehrane. Večina študij, ki so opravljene 
na tem področju, ne vključuje socialno-ekonomskih 
učinkov, čeprav se kaže, da ima šolsko okolje pomem-
ben vpliv na razvoj prehranjevalnih navad in s tem na 
zdravje otrok [72,73]. 

Glede na poročilo Evropske komisije imajo vse 
države članice EU (vključno Norveška in Švica), sk-
ladno s priporočilom SZO [4], vzpostavljene ukrepe 
za spodbujanje otrok in mladostnikov k zdravemu 
načinu prehranjevanja. Belgija in Združeno kraljestvo 
imata zaradi politične ureditve vzpostavljene regijsko 
prilagojene politike (Belgija za Flandrijo in Valoni-
jo, Združeno kraljestvo pa za Severno Irsko, Škotsko 
in Wales) [25]. Pod pojmom ukrepi za spodbujanje 
otrok in mladostnikov k zdravemu načinu prehranje-
vanja so mišljene različne aktivnost, ki na kakršen-
koli način spodbujajo zdravo prehrano. V ta segment 
sodijo sistemski ukrepi (npr. zakonodaja, sheme šols-
kega sadja, zelenjave in mleka, smernice zdrave preh-
rane), prakse priprave in ponudbe obrokov (npr. šolske 
restavracije, zunanji/notranji ponudniki obrokov, 
avtomati s hrano), izobraževanje kadra, ki skrbi za pri-
pravo in razdeljevanje obrokov, omejevanje marketin-
ga nezdrave hrane ter nenazadnje izobraževalni ukrepi, 
ki so del učnega načrta. Največ evropskih držav cilje 
politike šolske prehrane usmerja v izboljšanje prehrane 
otroka (97 %), v vzgojo za zdravo prehranjevanje (94 
%) in v preventivo pred debelostjo (88 %), le man-
jši delež politik držav (< 30 %) se z vidikom šolske 
prehrane osredotoči tudi na podporo staršem, krepit-
vi lokalnega gospodarstva, kmetijstvu ter izboljšanju 
prisotnosti otrok v šoli [25]. 

Skoraj 90 % držav v ponudbi obrokov najpogosteje 
zagotavlja kosilo in malico, nekoliko manj tudi zajtrk 
(65 %) in večerjo (47 %). Večina držav ima v svoji za-
konodaji in priporočilih zahtevo, da so obroki zaužiti 
v šoli pripravljeni v skladu z načeli zdrave prehrane. 
Večina evropskih držav (> 90 %) določa prehranska 
priporočila na nivoju živil (skupin živil), dve tretjini 
držav pa ima opredeljena tudi priporočila na nivoju en-

ergijske in hranilne sestave za kosila [25]. Tri četrtine 
držav, kot podporo pri izvajanju prehranskih smernic, 
opredeljuje starosti prilagojeno velikost porcij (t.i. por-
cijski normativ). Recepture v svojih politikah šolske 
prehrane opredeljuje 47 % držav. Države kot so Franci-
ja, Nemčija, Madžarska, Italija in Belgija (Flandrija) 
vzpostavljajo mesečne jedilnike (20 dni), kar vpliva na 
pestrost in raznolikost ponudbe jedi [25]. Posebnosti 
so tudi nordijske države, ki uporabljajo enotna preh-
ranska priporočila, ki so pripravljena v sodelovanju 
med Dansko, Finsko, Islandijo, Norveško, Švedsko, 
Ferskimi otoki in Grenlandijo [78], samo izvajanje za-
gotavljanja obrokov pa se tudi pri njih zelo razlikuje 
[36,79]. 

Raznolikost ureditve sistema šolske prehrane je 
povezana tudi z raznolikostjo v vrednotenju kakovosti 
šolskih obrokov in merjenju učinkov šolske prehrane. 
Posledica je nepoenotenost kazalnikov spremljan-
ja prehrane, kar predstavlja dodatno oviro pri oce-
ni učinkovitosti sistemov šolske prehrane med posa-
meznimi državami [25,36]. Evalvacija in merjenje 
učinkov šolske prehrane na otroke in njihovo zdravje 
predstavlja problem tudi v državah, ki imajo zgledno 
vzpostavljene sisteme (npr. Švedska) [16,37].

Raziskav, ki bi se osredotočale na zagotavljan-
je ustreznosti šolskih obrokov z vidika energijske in 
hranilne sestave je malo, poleg tega avtorji tudi pri 
tovrstnih raziskavah uporabljajo različne metodologi-
je raziskovanja (kvalitativni in kvantitativni pristopi). 
Raziskave so izvedene v različnih sezonah in okoljih, 
vključujejo različen obseg in starostne skupine preis-
kovancev, upoštevajo posebnosti v tradiciji prehran-
jevanja ter vključujejo različne oblike zagotavljanja 
obrokov (šolska kuhinja, zunanji ponudniki, avtomati 
s hrano, prinašanje hrane od doma…) itd. 

Slovenija po nam znanih podatkih nima celovi-
to opisanega sistema šolske prehrane, kar je ključna 
prednost tega prispevka. Poudariti je treba tudi nekat-
ere omejitve našega članka. Glede na pregled literature 
ugotavljamo, da so raziskave, ki opredeljujejo sistem 
šolske prehrane ter kakovost ponudbe šolskih obrokov 
relativno redke. Posamezne države trdijo, da je ukrep 
šolske prehrane v njihovi državi zadovoljiv, vendar 
primanjkuje objektivnih študij, ki bi ponazorile učinke 
v ožjem smislu t.j. vpliv šolske prehrane na zdravje 
otrok. Trenutni projekti, ki so bili usmerjeni v oceno 
in pregled prehranskih politik na nivoju šol ponujajo 
odlično izhodišče, čeprav je v literaturi premalo dobrih 
praks, ki bi zagotavljaje globlji vpogled v sistem šolske 
prehrane posamezne države in učinke na populacijo.
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5. Zaključki

Sistem šolske prehrane je v literaturi prepoznan kot 
pomemben ukrep držav, ki poleg simbola blagostanja 
predstavlja tudi skrb za zdravje otrok in mladostnikov. 
Navkljub temu, da je učinkovitost sistemov šolske preh-
rane zaradi organiziranosti, kompleksnosti, neustreznega 
monitoringa ter pomanjkanja evalvacij relativno slabo 
raziskano področje, je potrebno poudariti, da je ukrep 
šolske prehrane ključnega pomena za otrokovo zdravje. 
Države si zaradi globalnega problema nezdravega živl-
jenjskega sloga, in s tem povezanih bolezni, prizadevajo 
za vzpostavitev in udejanjanje politik šolske prehrane, ki 
bi čimbolj podprle cilje za zmanjševanje kroničnih ne-
nalezljivih bolezni. Glede na to, da se organiziranost izo-
braževalnega sistem med evropskimi državami razlikuje-
jo, se slednje odraža tudi na raznolikost sistemov šolske 
prehrane. Pri tem je izrazito pomembno, da se koncepti 
šolske prehrane vzpostavljajo ob upoštevanju okolja in 
potreb v državi, kulture in s tem povezanih prehranskih 
navad ter nenazadnje dobrih praks ostalih držav [36,73]. 
Poudariti je treba, da je na prehrano otroka potrebno gle-
dati celovito, saj je zagotavljanje obrokov v šoli le eden 
izmed elementov, ki vplivajo na otrokovo prehranjevanje, 
upoštevati pa je treba tudi vnos hrane, ki jo otrok zaužije 
izven šole. Pri izvajanju ukrepa šolske prehrane je zato 
ključna vključitev in sodelovanje različnih deležnikov 
(šola, starši, zdravstveni sistem na primarni ravni in drža-
va). Kljub prizadevanjem držav je eden izmed skupnih 
problemov predvsem zavračanje šolskih obrokov s strani 
mladostnikov. Skladno z navedenim je pomembno, da 
države na eni strani vztrajajo na ukrepih, ki omogočajo 
umik t.i. »motilcev« iz šolskega okolja (npr. avtomatov, 
neustrezne ponudbe živil v šolskih kantinah), na drugi pa 
omogočijo ponudbo, ki je zanimiva za otrokova čutila. 
Ob tem je treba omeniti tudi sodobne načine priprave 
hrane, redno usposabljanje kuharskega osebja, pomen iz-
gleda hrane na krožnikih ter nenazadnje razvoj pametnih 
tehnologij (npr. računalniško načrtovanje in vrednotenje 
obrokov), ki bi omogočale učinkovitejšo spremljanje im-
plementacije prehranskih smernic na nivoju šole, države 
ter širše na nivoju Evrope.
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Povzetek: Klinični farmacevt je postal v številnih državah nepogrešljiv član zdravstvenega tima v 
vseh aktivnostih zdravljenja z zdravili, kar obsega sprejem bolnika v bolnišnico, spremljanje tekom 
zdravljenja, odpust bolnika in ostale intervencije. Intervencije kliničnega farmacevta zmanjšujejo 
celokupne stroške zdravljenja, napake v zdravljenju z zdravili, težave v zdravljenju z zdravili ter 
izboljšajo kvaliteto življenja bolnikov. V literaturi je zaznati številne članke o pozitivnem ekonomskem 
vplivu kliničnih farmacevtov, a v realni praksi številni sistemi ne sledijo navedenemu in posledično 
imamo v sistemu malo kliničnih farmacevtov. V pregledu bomo predstavili nekaj pomembnejših 
raziskav, pregled stanja v Sloveniji in priporočila na tem področju.

Ključne besede: klinična farmacija; ekonomska korist; intervencije; Slovenija.

Abstract: A clinical pharmacist is becoming an indispensable member of the healthcare team in many 
countries in all medication-related processes. These activities include admission, monitoring during 
treatment, discharge, and other relevant interventions. Clinical pharmacist interventions lead to lower 
overall treatment costs, fewer medication errors and medication-related problems, and improved quality 
of life. There is much evidence about economic benefits in the literature, but many healthcare systems 
do not follow this practice, and therefore clinical pharmacists are relatively under-employed. In the 
review, we will present some important research on this topic, including an overview of the current 
Slovenian situation and recommendations.

Key words: clinical pharmacy; economic benefit; ambulatory setting; interventions; Slovenia.
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1. Klinična farmacija

Klinična farmacija je veja farmacije, ki se osredotoča 
predvsem na bolnika in njegovo zdravilo. V Sloveniji 
klinično farmacijo definira Zakon o lekarniški dejavnos-
ti (ZLD-1), ki je vstopil v veljavo leta 2017 in v 4. čle-
nu navaja, da je Klinična farmacija je specialistična 
farmacevtska dejavnost, ki zajema aktivnosti in storitve 
farmacevta oziroma farmacevtke, ki vodijo k celoviti os-
ebni obravnavi pacienta, racionalni in optimalni uporabi 
zdravil ter so komplementarne aktivnostim drugih zdravst-
venih delavcev. Vključuje sodelovanje specialista klinične 
farmacije v zdravstvenem timu pri obravnavi posameznega 
pacienta ali pri pripravi sistemskih rešitev in razvojno-ra-
ziskovalnih projektov na področju zdravljenja z zdravili, 
vključno s sodelovanjem pri kliničnih preskušanjih zdravil. 
(1) Klinična farmacija zajema aktivnosti in storitve far-
macevta oziroma farmacevtke, ki vodijo k celoviti osebni 
obravnavi pacienta, racionalni in optimalni uporabi zdravil 
ter so komplementarne aktivnostim drugih zdravstvenih 
delavcev (npr. zdravnikom). Poteka v bolnišnicah, zunan-
jih lekarnah in ambulantah. Klinična farmacija se je najprej 
razvila v bolnišnicah na oddelkih, čemur je sledil razvoj 
v zunanjih lekarnah in ambulantah farmacevtov svetov-
alcev, ki so tudi od leta 2016 del zdravstvenega sistema 
v Sloveniji. (2, 3, 4, 5) Za svoje delo klinični farmacevt 
potrebuje prisotnost bolnika in celotno dokumentacijo, saj 
le tako lahko najbolj objektivno oceni adherenco, prioritete 
bolnika v zdravljenju z zdravili, identificira neželene učin-
ke in ostale značilnosti zdravljenja z zdravili. (3, 4, 2) V lit-
eraturi je mogoče zaslediti številne raziskave o klinični in 
stroškovni učinkovitosti kliničnih farmacevtov, saj bistve-
no zmanjšajo napake v zdravljenju z zdravili, neracionalno 
polifarmakoterapijo, število potencialno neprimernih zdra-
vil za starostnike (PIM), pomembne interakcije med zdra-
vili in tako pomembno vplivajo na prisotnost kliničnega 
farmacevta kot polnopravnega člana tima v bolnišničnem 
okolju in ambulantah. Za navedeno obstajajo kvalitetni po-
datki iz dobro zasnovanih kliničnih raziskav in meta-anal-
iz. (6, 7, 8, 9, 10, 11)

V Sloveniji zaposlovanje kliničnih farmacevtov 
ne sledi popolnoma zakonski podlagi in aktualnim 
trendom. O klinični smiselnosti zaposlitve kliničnih 
farmacevtov je bilo že veliko napisano. (12) V tem 
prispevku se bomo osredotočili na ekonomsko smisel-
nost zaposlitve kliničnih farmacevtov, kar bo lahko v 
pomoč vodjam lekarn, direktorjem bolnišnic in svetom 
zavoda v procesu implementacije in zaposlovanja 
kliničnih farmacevtov. 

2. Ekonomski vpliv kliničnih farmacevtov in stanje 
v Sloveniji

Napake v zdravljenju z zdravili predstavljajo 
pomembno ekonomsko in klinično breme. Napaka v 
zdravljenju z zdravili je nenamerna napaka v zdravl-

jenju z zdravili, ki vodi oz. lahko povzroči značilno 
škodo za bolnika. (6) Po podatkih iz raziskav je razšir-
jenost ME v Evropi 9.8–25.8 % in v sistematičnem 
pregledu avtorjev Lewis in sodelavcev so izračunali, 
da je razširjenost ME v bolnišnicah okoli 7 %. (7, 8, 
9, 13) Napake v usklajevanju v zdravljenju z zdravi-
li se pojavljajo v vseh fazah zdravstvene oskrbe bol-
nikov, pri čemer se 22 % napak v zdravljenju z zdravili 
zgodi ob sprejemu v bolnišnice, 66 % med prehodom 
v oskrbi (npr. med posameznimi oddelki) in v času 
odpusta iz ustanove 12 %. (14) Pri zmanjšanju napak v 
zdravljenju z zdravili klinični farmacevti predstavlja-
jo ključnega strokovnjaka, pri čemer pa je ekonomski 
vidik pogosto relativno slabo opisan. (12) Ekonomske 
učinke zaposlitve kliničnih farmacevtov v bolnišnici 
so že pred leti raziskovali v Združenih državah Amer-
ike (ZDA). (15) V obsežni ameriški raziskavi, ki je 
vključevala 1081 ameriških bolnišnic, so avtorji Bond 
in ostali raziskali ekonomsko upravičenost zaposlitve 
kliničnih farmacevtov v ZDA. Izvedli so retrospektiv-
no presečno raziskavo, pri čemer so uporabili vnaprej 
pripravljena vprašanja s katerimi so želeli raziskati 
povezavo med številom kliničnih farmacevtov, nji-
hovimi kliničnimi storitvami in napakami v zdravljen-
ju z zdravili v ameriških bolnišnicah. Raziskovalci so 
v raziskavi zabeležili 429.827 napak v zdravljenju z 
zdravili (397,62 ± 469,87 na bolnišnico), kar je pred-
stavljalo 5,22% vseh sprejetih bolnikov v bolnišnice. 
Napako v zdravljenju z zdravili so opazili vsakih 22 ur. 

V nadaljevanju so avtorji raziskali različne pove-
zave med opazovanimi spremenljivkami in napakami 
v zdravljenju z zdravili, pri čemer so uporabili koei-
ficient korelacije. Raziskali so korelacijo med števi-
lom kliničnih farmacevtov na posteljo (Pearson koe-
ificient=29,2, p<0,001), med upravljanjem neželenih 
učinkov s strani farmacevta (Pearson koeificient = 
-0,34, p<0,001), upravljanjem protokolov za zdravila s 
strani farmacevta (Pearson koeificient=-0,40, p=0,013), 
vključenostjo farmacevta na vizite na oddelku (Pear-
son koeificient=-0,70, p<0,001), pregledom zgodovine 
zdravljenja z zdravili s strani farmacevta (Pearson koei-
ficient=-1,60, p<0,001) in pojavljanjem napak v zdravl-
jenju z zdravili. Iz navedenega je razvidno, da so ak-
tivnosti farmacevta v bolnišnicah bistveno prispevale 
k manjši pojavnosti napak v zdravljenju z zdravili, pri 
čemer je smiselno omeniti predvsem večje število far-
macevtov na posteljo in vključenost farmacevta na vizite 
na oddelkih in njegovo vključitev v protokole povezane 
z zdravili (npr. zdravila visokega tveganja). (15) Pre-
gled zgodovine v zdravljenju z zdravili ob sprejemu s 
strani kliničnega farmacevta je privedlo do celokupnega 
zmanjšanja napak v zdravljenju z zdravili za 51%, up-
ravljanje protokolov za zdravila s strani kliničnega far-
macevta za 38%, vključenost kliničnega farmacevta na 
oddelčne vizite za 29% in upravljanje neželenih učinkov 
s strani farmacevta za 13%. 
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V nadaljevanju so avtorji izračunali ekonomsko ko-
rist navedenih intervencij, pri čemer so izračunali, da je 
strošek zaposlitve kliničnega farmacevta 49.439 USD, 
vsaka napaka v zdravljenju z zdravili pa stane sistem 
v povprečju 2378 USD. Posledično so izračunali ce-
lokupno zmanjšanje stroškov za sistem za zgoraj na-
vedene intervencije: pregled zgodovine v zdravljenju 
z zdravili ob sprejemu s strani kliničnega farmacevta 
(806,594 USD ± 692,205 na bolnišnico/leto), upravl-
janje protokolov za zdravila s strani kliničnega far-
macevta (496,669 USD ± 259,284 na bolnišnico/leto), 
vključenost kliničnega farmacevta na oddelčne vizite 
(433,676 USD ± 344,613 na bolnišnico/leto) in upra-
vljanje neželenih učinkov s strani farmacevta (137,472 
USD ± 103,366 na bolnišnico/leto). 

Rezultati navedene raziskave kažejo izrazito ekon-
omsko upravičenost zaposlitve kliničnih farmacevtov 
v bolnišnicah in njihovo vključenost v vse procese 
povezane z zdravljenjem z zdravili. Raziskava Bond 
in soavtorjev ima tudi številne omejitve, predvsem leto 
objave (2001), ameriški zdravstveni sistem ter cene 
zdravstvenih storitev, ki se bistveno razlikujejo od 
naših v Sloveniji. Kljub navedenemu pa daje ta nacio-
nalna raziskava pomemben vpogled v področje napak 
v zdravljenju z zdravili in v vlogo kliničnega farmace-
vta v zdravstvenem timu. K temu je potrebno doda-
ti drugo ekonomsko analizo stroškovne koristnosti 
zaposlitve kliničnih farmacevtov v ZDA. (8) Izvedena 
farmakoekonomska raziskava na Medicinski fakulte-
ti Harvard je prikazala ekonomsko korist zaposlitve 
kliničnega farmacevta v letnem obdobju za 270.000 
USD, pri čemer so avtorji upoštevali zgolj vključenost 
kliničnega farmacevta na vizite na oddelku in s tem 
povezane intervencije. (8) Rezultati obeh navedenih 
raziskav prikazujeta pomemben ekonomski doprinos 
kliničnega farmacevta in njegovo visoko donosnost 
naložbe (angl. return on investment, kratica ROI), ki 
se giblje v vrednostih 1:5 ali več. (8, 15)

V Sloveniji bolnišnični položaj kliničnih farmace-
vtov dobro definirata ZLD-1 in Pravilnik o izvajanju 
storitev lekarniške dejavnosti v bolnišnični lekarni 
(Uradni list RS, št. 28/18), ki sta klinične farmacevte 
umestila zelo natančno v zdravstveni sistem in opre-
deljujeta ključno vlogo kliničnega farmacevta v op-
timizaciji zdravljenja z zdravili, upravljanju napak v 
zdravljenju z zdravili, neželenih učinkov in farmakoe-
konomiki zdravil v bolnišnicah. (1, 16) Kljub dejst-
vu, da ZLD-1 nalaga bolnišnicam kadrovske potrebe 
za zagotavljanje nemotene lekarniške dejavnosti, ki 
vključuje tudi klinično farmacijo, zaposlovanje za en-
krat še ne sledi tem zakonskim obvezam. Iz poročila 
Lekarniške zbornice Slovenije (LZS), je mogoče raz-
brati, da se je število specialistov klinične farmacije 
in magistrov farmacije rahlo povišalo, a povišanja so 
minimalna, zato bo potrebno v bolnišnicah okrepiti 
zaposlovanje kliničnih farmacevtov. (17) Povečano 

vlogo farmacevtskih storitev v bolnišnicah je mogoče 
razbrati tudi iz mednarodnih akreditacijskih standardov 
za zdravstvene organizacije. Po navedenih standardih 
se akreditirajo številne domače in tuje zdravstvene 
ustanove, v nekaterih državah je zunanja akreditacija 
obvezna za plačilo zdravstvenih storitev. Mednarodni 
akreditacijski standardi za zdravstvene organizacije 
AACI (angl. American Accreditation Commission In-
ternational), Verzija 5.0, januar 2019, tako vključuje 
celotno 21. poglavje farmacevtskih storitev, kjer jasno 
umešča vodjo farmacevtskih storitev v bolnišnici kot 
strokovnjaka, ki je odgovoren za celoten proces upra-
vljanja z zdravili v bolnišnici. Ta proces je vezan na 
sledljivost zdravil, izdaje na posameznega bolnika, up-
ravljanje s sistemom napak v zdravljenju z zdravili in 
njegovo aktivno vključitev v vse pomembne komisije 
v bolnišnici, ki so povezane z zdravili. (18)

     Pomembno mesto delovanja kliničnih farmacev-
tov predstavlja tudi primarni nivo zdravstvenega varst-
va, npr. lekarne in ambulante. Slovenija in vse zahodne 
države se soočajo z veliko stopnjo starejše populacije 
in posledično se izdatki Zavoda za zdravstveno Za-
varovanje (ZZZS) v Sloveniji za zdravila na recept 
praviloma višajo iz leta v leto. Polifarmakoterapija 
oz. polifarmacija (predvsem iracionalna) predstavlja 
bistveno večji problem kot pred desetletji, pri čemer 
se izrazito povečuje število bolnikov, ki prejemajo 5-9 
učinkovin hkrati (Kazalnik KK14 ZZZS). V letu 2017 
je 5-9 učinkovin hkrati v Sloveniji prejemalo 210.929 
zavarovancev ZZZS, v letu 2019 pa že 220.902. Prav 
tako se vztrajno povečuje število zavarovancev, ki 
prejemajo 10 in več učinkovin hkrati (Kazalnik KK15 
ZZZS). V letu 2017 je 10 in več učinkovin hkrati preje-
malo 41.187 bolnikov, v letu 2019 pa že 45.880. Temu 
sledijo tudi stroški za zdravila. Glede na natančne regi-
jske rezultati po obeh kazalnikih, je razvidno, da je v 
Sloveniji prisotna velika neenakost med regijami, pri 
čemer izstopajo prav regije z nižjim bruto družben-
im proizvodom (npr. OE ZZZS MS, OE Ravne na 
Koroškem in OE), med tem ko je delež starostnikov 
nad 65 let podoben v vseh slovenskih regijah (približ-
no 20-22%). (19) 

Glede na navedene podatke ambulante farmacevtov 
svetovalcev v zdravstvenih domovih lahko pomembno 
vplivajo na zmanjšanje celokupnih stroškov zdravl-
jenja z zdravili in pocenijo zdravljenje. V Sloveni-
ji je mogoče zabeležiti raziskavo, v kateri so avtorji 
poročali o ekonomskih izidih na primarnem nivoju 
zdravstvenega varstva. Raziskovalci so raziskali, ali 
je z vključevanjem farmacevta svetovalca neposred-
no v proces zdravljenja z zdravili v ZD Ljutomer 
mogoče izboljšati kakovost predpisovanja zdravil pri 
starostnikih s polifarmakoterapijo. Raziskovalci so se 
osredotočili tudi na ekonomske izide intervencij far-
macevta svetovalca. Farmacevt svetovalec je v obd-
obju 2012-2014 opravil 625 različnih intervencij, od 
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tega so jih zdravniki sprejeli 48,6%. Vključeni so bili 
tisti bolniki, ki so prejemali 10 zdravil ali več hkrati. 
Rezultati raziskave so pokazali, da se je z upoštevan-
jem intervencij farmacevta število predpisanih zdra-
vil zmanjšalo za 11,2 %, povezava je bila statistično 
značilna (p<0,01). Število kontraindiciranih kombi-
nacij zdravil (t.i X interakcij) se je z upoštevanjem 
farmacevta zmanjšalo za 42 %, kar je bilo statistično 
značilno (p<0,041) in število klinično pomembnih in-
terakcij tipa X se je zmanjšalo za 50 % (iz 6 na 3). Vse 
upoštevane intervencije farmacevta svetovalca so priv-
edle do zmanjšanja celokupnih stroškov zdravljenja za 
143.488,9 €, kar je vsaj 5-krat več kot strošek te far-
macevtske storitve za plačnika in potrjujejo smiselnost 
navedenih intervencij (ROI=1:5). 

Avtorji so kot najpomembnejše intervencije v ekon-
omskem smislu navedli uvedbo zdravila za nezdravlje-
no diagnozo, čemur je sledila ukinitev kontraindicirane 
kombinacije. Raziskovalca sta dokazala tudi pozitiven 
vpliv na boljše sledenje smernicam za zdravljenje 
srčnega popuščanja v kolikor so intervencije farmace-
vta bile sprejete, kar dokazuje pomembnost intervencij 
tudi za boljše sledenje smernicam, to pa lahko vodi k 
boljšim kliničnim izidom. (20, 21) Kljub pozitivnim 
ekonomskim podatkom, pa žal realizacija ambulant 
farmacevta svetovalca na primarnem nivoju ne sledi 
vedno ugodnim rezultatom. Tako podatki o realizaci-
ji storitev za ZD Murska Sobota v letu 2019 znašajo 
le 1,89% planirane realizacije, za ZD Gornja Rad-
gona 26,85%, za ZD Lendava/Lendva 13,6%, čemur 
sledi najvišja realizacija ZD Ljutomer 63,02%. (22) 
Navedeni podatki so skrb vzbujajoči, saj pomeni, da 
v določenih okoljih Pomurja zdravniki na primarnem 
nivoju ne napotujejo bolnikov k farmacevtu svetoval-
cu in občani tako ne pridejo do navedenih storitev. Za 
izboljšanje realizacije bo potrebna večja osveščenost 
vodstev ZD-jev in aktivnost osebnih zdravnikov, far-
macevtov ter vodstev ZD-jev za večjo napotitev bol-
nikov v ambulanto farmacevta svetovalca, kar bo ime-
lo tudi zelo ugodne finančne posledice za plačnika in 
bistveno manj težav v zdravljenju z zdravili (prednost 
za bolnika). 

3. Zaključek

Zaposlitev kliničnega farmacevta predstavlja zelo 
pomemben korak k zmanjševanju napak v zdravljenju 
z zdravili in zmanjšanju celokupnih stroškov zdravl-
jenja na vseh ravneh zdravstvenega varstva ter pred-
stavlja zelo donosno naložbo (ROI=1:5). Vključitev 
kliničnega farmacevta v vse postopke v zdravljen-
ju z zdravili je tudi v Sloveniji zelo dobro zakonsko 
definirana. Temu pa žal še ni sledila večina bolnišnic, 
saj zaposlovanje ne sledi temu trendu. Zatorej bo po-
trebno okrepiti zaposlovanje in vodstva bolnišnic ter 
svete zavoda seznaniti z zakonskimi podlagami in pozi-
tivnim ekonomskim vplivom zaposlovanja kliničnega 
farmacevta. Na ambulantnem nivoju bo potrebno pov-
ečati realizacijo programa Farmacevtskega svetovanja 
in okrepiti napotitev bolnikov v ambulante farmacevta 
svetovalca.
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New generation impact and vibration 
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Nova generacija udarne in vibracijske 
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Abstract: The article reviews the know-why and the know-how of an invention based on the patented 
dissipative granular high-pressure technology. It was found that by proper selection of damping material 
and hydrostatic pressure to which material is exposed during the loading, one can match material 
maximum damping properties with the frequency or rate of the applied loading. In this way one can fully 
utilize damping characteristics of the selected material and maximize the energy absorption properties of 
a damper. Using this unique potential of the dissipative granular high-pressure technology one can build 
ultimate damping elements that surpass the existing damping elements for sever orders of magnitude.  
Applications of such damping elements include for instance supports for industrial machines to damp 
vibrations, fundaments in building constructions to reduce susceptibility to earthquake damage and 
resonance, as well as trains and railway tracks to reduce vibration during travel, and to improve passive 
car safety in road transportation. 

This article reviews phenomenological description of the time-dependent response of polymeric material 
when excited by impact- or vibrational loading needed in development of the new generation impact- 
and vibration isolation.

Key words: effect of pressure; viscoelasticity; dissipative granular materials; damping elements; 
thermoplastic polyurethane; earthquake and railway isolation; passive car safety.

Povzetek: Članek obravnava znanje izuma, ki temelji na patentirani disipativni zrnati visokotlačni 
tehnologiji. Ugotovljeno je bilo, da je z ustrezno izbiro dušilnega materiala in hidrostatičnim tlakom, 
ki mu je material izpostavljen med nakladanjem, mogoče ujemati največje lastnosti dušenja materiala 
s pogostostjo ali hitrostjo uporabljene obremenitve. Na ta način lahko v celoti izkoristimo lastnosti 
dušenja izbranega materiala in povečamo absorpcijske lastnosti lopute. Z uporabo tega edinstvenega 
potenciala disipativne zrnate visokotlačne tehnologije je mogoče zgraditi vrhunske dušilne elemente, ki 
za nekaj vrst presegajo obstoječe dušilne elemente. Uporaba takšnih blažilnih elementov vključuje na 
primer nosilce za industrijske stroje za dušenje vibracij, temelje v gradbenih konstrukcijah za zmanjšanje 
dovzetnosti za potresne poškodbe in resonanco, pa tudi vlake in železniške tire za zmanjšanje vibracij 
med potovanjem in za izboljšanje pasivne varnosti avtomobilov na cestah prevoz.

Ta članek obravnava fenomenološki opis časovno odvisnega odziva polimernega materiala, ko ga vzbudi 
udarna ali vibracijska obremenitev, potrebna pri razvoju nove generacije izolacije udarcev in vibracij.

Ključne besede: učinek tlaka; visokoelastičnost; disipativni zrnati materiali; dušilni elementi; 
termoplastični poliuretan; potresna in železniška izolacija; pasivna varnost avtomobilov.
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1. Introduction

Isolation against harmonic excitations is well under-
stood and elaborated, whereas dampers for impact and 
non-harmonic excitations, such as collision of vehicles, 
foundation for high speed trains, forging machines, and 
protection against earthquakes, is still subject of intensive 
research and development. The most promising damping 
solutions are still viscoelastic dampers, which drawback is 
that dampers with a given geometry, made from materials 
with sufficient damping properties, have insufficient stiff-
ness and vice versa. Figure 1 shows a schematic comparison 
of stiffness and damping of cylindrical elements made from 
different known materials. As seen from the diagram stiff-
ness of existing materials can differ more than 107 times, 
and their corresponding damping more than 108 times! 

These differences for typical engineering polymers 
that are used in damping applications are schematically 
shown in Fig. 2. In this case damping and stiffness may 
differ more than 1000 times.

From the two diagrams one may conclude that there 
is an engineering challenge how to overcome the short-
comings of the existing materials in order to construct 
dampers with required stiffness that will, at the same 
time, have desired energy absorption and damping 
properties. In different areas of application over the 
years many different engineering solutions have been 
developed which, however, still do not fulfil our ex-
pectations. 

This rises the scientific question if it would be pos-
sible to increase stiffness of a selected material with 
desired damping and vice versa?  The answer is pos-
itive!  

In this paper we review the know-why and the know-
how of an invention [1, 2] that is based on the so-called 
dissipative granular high-pressure technology. It was 
found that by proper selection of damping material and 
pressure to which material is exposed during the load-
ing, one can match its maximum damping properties 
with the frequency or rate of the applied loading. In 
this way one would fully utilize damping characteris-
tics of the selected material and maximize the energy 
absorption properties of the damper. Using this unique 
property of polymeric materials enabled us to design 
and build ultimate adaptive damping elements. For do-
ing this one has to utilize a patented finding [1] that 
viscoelastic granular materials with properly selected 
multimodal size-distribution exhibit fluid-like behav-
ior, while maintaining its behavior of the bulk material 
from which the granular material was made. Hence, 
such material may be used as a “pressurizing media” 
to impose inherent hydrostatic pressure on itself and 
consequently change its own damping properties.

The research-based invention utilizes knowledge 
that has been acquired over years in the field of char-
acterization and mathematical modelling of time-de-
pendent behavior of polymeric materials.  We review 
and demonstrate that by utilizing the knowledge on the 
effect of inherent hydrostatic pressure on the time- and 
frequency-dependent behaviour of polymers it become 
possible to design and build the ultimate isolation 
against impact and non-harmonic excitations in differ-
ent areas of application that surpasses existing isola-
tions by several orders of magnitude. 

In order to understand the know-why of the in-
vention one needs to understand the fundamentals of 
time-dependent behaviour and its relation to thermo-
mechanical boundary conditions to which material is 
exposed. More specifically, the interrelated effects of 
temperature and hydrostatic pressure on the material 
behaviour need to be investigated. 

2. Theoretical background

Unlike elastic materials such as metals, ceramics, 
etc., polymers exhibit a so-called time-dependent behav-
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ior, i.e, they undergo time-dependent changes in strain or 
stress under the application of external stress or strain.  
Figure 3 schematically presents comparison of material 
responses (strains) between elastic and viscoelastic ma-
terials under the application of a constant load (stress). 

     Due to the time-dependent nature of polymers, one 
can distinguish between two processes when material is 
subjected to an external load [3, 4]. These processes are 
creep and relaxation. They are distinguished by their type 
of external loading.  In case of creep the applied loading 
is stress, and in case of relaxation  the loading is strain. 
From a thermodynamic point of view, during relaxation 
material is »loaded« with a continously diminishing 
amount of energy. When all the imposed energy is con-
sumed for molecular rearrangements, the relaxation pro-
cess ceases. On the other hand, during creep, energy used 
for molecular rearrangement is continuously supplied to 
the material, and therefore a creep process effectively 
stops upon reaching the material equilibrium strain state, 
for crosslinked polymers, or failure of the material, for 
thermoplastic polymers.

Creep process 

Creep process describes a time-dependent response of 
viscoelastic material in the form of a strain, ε(t), when it 
is subjected to a constant external load in the form of a 
stress, σ_0, commonly generated by a deadweight, [3, 4].

The general relationship for an uniaxial creep process 
is given as 

which, in the case when the applied stress has the 
form of a step function σ(u)=σ_0 h(u), simplifies into

where σ_0 is the magnitude of the applied stress, 
h(u) is the Heaviside function (step function), δ(u) is 
the Dirac function (impulse function), u is an integra-

tion variable of time, and D(t) is the time-dependent 
mechanical property of viscoelastic material called 
uniaxial creep compliance,

Relaxation process 

On the other hand, relaxation process describes a 
time-dependent response of viscoelastic material in the 
form of a decaying stress, σ(t), when it is subjected to the 
constant strain ε_0, [3, 4]. The general relationship for an 
uniaxial relaxation process is

which, in the case when the applied strain has the 
form of a step function ε(u)=ε_0 h(u), simplifies into

where material function, E(t), called uniaxial relax-
ation modulus, has the form

It is important to note that uniaxial creep compli-
ance and relaxation modulus (or in general compliances 
and moduli) are not reciprocal values, i.e. E(t)≠1⁄D(t) ,  
except for the limiting values, i.e., elastic instant val-
ues and equilibrium values. The two material response 
functions, creep-compliance and relaxation modulus, 
are related through a convolution integral interrelation, 

which is mathematically an inverse problem and re-
quires special numerical techniques to be applied. 

Uniaxial creep and relaxation functions for differ-
ent types of polymers are schematically shown in Fig. 
4, where the index “g” and “e” denote the so-called  
glassy (elastic), and equilibrium value of the response 
respectively, which is typical for elastomers, thermo-
sets and partially also for semi-crystalline polymers. 
Amorphous polymers do not have equilibrium values, 
since their molecular structure allow them to creep un-
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Figure 4: a) Creep and b) relaxation behavior for different types of 
polymers
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𝑑𝑑𝑑𝑑𝜎𝜎𝜎𝜎(𝑢𝑢𝑢𝑢)
𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢

𝑡𝑡𝑡𝑡

0
𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢, (1) 
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𝑡𝑡𝑡𝑡
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     It is important to note that uniaxial creep compliance and relaxation modulus (or in general compliances and 
moduli) are not reciprocal values, i.e. 𝐸𝐸𝐸𝐸(𝑡𝑡𝑡𝑡) ≠ 1 𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡)⁄ ,  except for the limiting values, i.e., elastic instant values 
and equilibrium values. The two material response functions, creep-compliance and relaxation modulus, are 
related through a convolution integral interrelation,   
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which is mathematically an inverse problem and requires special numerical techniques to be applied.  
 
     Uniaxial creep and relaxation functions for different types of polymers are schematically shown in Fig. 4, 
where the index “g” and “e” denote the so-called  glassy (elastic), and equilibrium value of the response 
respectively, which is typical for elastomers, thermosets and partially also for semi-crystalline polymers. 
Amorphous polymers do not have equilibrium values, since their molecular structure allow them to creep until 
their mechanical failure or to relax until the process of the molecular rearrangement stops.  
 

Figure 4: a) Creep and b) relaxation behavior for different types of polymers 
 
 

 
 
 
Material functions and constitutive description of time-depndent materials 
     Mechanical properties of time-dependent materials are also rate- and frequency-dependent, i.e., material 
response depends on the rate and frequency of the applied stress or strain.  In general, viscoelastic behavior of 
solid polymer is determined with 21 material functions listed in Table 1 [3, 4]. They differ by type and mode of 
loading. Seven of them are obtained in the static mode and the remaining 14 in the dynamic mode of loading.  
 
It is important to stress that Poisson’s ration need to be determined from relaxation experiments and NOT from 
creep experiments, where deformations are changing with time.  
 

Table 1: Time-dependnt material functions 
Type of loading 
 
Mode of loading 
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(volumetric) 

Poisson's 
ratio 
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Dynamic 
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til their mechanical failure or to relax until the process 
of the molecular rearrangement stops. 

Material functions and constitutive description of 
time-depndent materials

     Mechanical properties of time-dependent ma-
terials are also rate- and frequency-dependent, i.e., 
material response depends on the rate and frequency 
of the applied stress or strain.  In general, viscoelastic 
behavior of solid polymer is determined with 21 ma-
terial functions listed in Table 1 [3, 4]. They differ by 
type and mode of loading. Seven of them are obtained 
in the static mode and the remaining 14 in the dynamic 
mode of loading. 

It is important to stress that Poisson’s ration need 
to be determined from relaxation experiments and 
NOT from creep experiments, where deformations are 
changing with time. 

Within the framework of linear theory of viscoelas-
ticity, material functions are interrelated in the Laplace 
space. Thus, it is sufficient to determine (measure) 
only two material functions in order to calculate the 
remaining 19 material functions [3]. Unfortunately, 
the interconversion procedures need to be done numer-
ically. Table 2 presents the relations between material 
functions in the Laplace space, denoted with s.

    From the theory of elasticity it is known that 
shear and bulk material functions provide complete 
description for the material since stress-strain fields 
for solids in general, i.e. σij and εij, can be expressed 

through the sum of a deviatoric part which refers to 
changes of shape of a metarial, and a dilatometric part 
which refers to its changes in volume.  The same is true 
for time-dependent behavior, however, their behavior 
should be presented in an integral formulation,

where u represents an integral variable of time, G(t) 
and K(t) are shear and bulk relaxation moduli, and J(t) 
and B(t) are shear and bulk creep compliances, respec-
tively. Since  time-dependent changes in bulk proper-
ties are small (changes in time are from 2 to 4 times) in 
comparison to time-dependent changes in shear prop-
erties, which can change in time for orders of mag-
nitude (from 100 to 10000 times) [3-7]. Therefore, 
for many engineering applications one may consider 
that the time- or frequency/rate-dependent behavior 
of polymers and products made from polymeric ma-
terials, are primarily governed by shear material func-
tions. Therefore, shear material functions will be used 
to explain the effect of temperature and the effect of 
pressure on the mechanical behavior of polymers.

2.1. Effect of temperature

     The effect of temperature on the time-dependent 
behavior of polymers may be described by a so-called 
free volume concept. This concept is stating that be-
havior of polymers, regardless of the type or mode of 
loading, is solely governed by the rate of molecular 
rearrangements accuring inside the material, whereas 
the rate depends on the instantly available free volume 
to allow the rearrangements of the polymer chains. 

     By increasing the temperature, segmental mobil-
ity or molecular rearrangements in a polymer increases 
[5-7].  This so called micro-Brownian thermal motion 
causes and increase the free volume, i.e., an increas 
of available space for relative motion of molecules 
under the application of loading, and thereby acceler-
ates creep or relaxation processes. On a macroscale, 
this phenomenon can be observed as horizontal shift 
of time-dependent mechanical properties to shorter 
times along the logarithmic time-axis, as schematical-
ly shown  in Fig. 5  for the case of crosslinked materi-

Table 1: Time-dependnt material functions

Table 2: Relations between material functions in Laplace space

Figure 5: Effect of temperature on a) shear creep compliance and b) 
shear relaxation modulus
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space. Thus, it is sufficient to determine (measure) only two material functions in order to calculate the remaining 
19 material functions [3]. Unfortunately, the interconversion procedures need to be done numerically. Table 2 
presents the relations between material functions in the Laplace space, denoted with 𝑠𝑠𝑠𝑠. 
 

Table 2: Relations between material functions in Laplace space 
 

Materi
al 
functio
n 

Expressed as a function of 

𝐆𝐆𝐆𝐆 and 𝐄𝐄𝐄𝐄 𝐆𝐆𝐆𝐆 and 𝛝𝛝𝛝𝛝 𝐄𝐄𝐄𝐄 and 𝛝𝛝𝛝𝛝 𝐊𝐊𝐊𝐊 and 𝐄𝐄𝐄𝐄 𝐊𝐊𝐊𝐊 and 𝛝𝛝𝛝𝛝 𝐊𝐊𝐊𝐊 and 𝐆𝐆𝐆𝐆 

𝐊𝐊𝐊𝐊 
𝐺𝐺𝐺𝐺(𝑠𝑠𝑠𝑠)𝐸𝐸𝐸𝐸(𝑠𝑠𝑠𝑠)

9𝐺𝐺𝐺𝐺(𝑠𝑠𝑠𝑠) − 3𝐸𝐸𝐸𝐸(𝑠𝑠𝑠𝑠)
 
2𝐺𝐺𝐺𝐺(𝑠𝑠𝑠𝑠)(1 + ϑ(s))

3(1 − 2ϑ(s))
 

𝐸𝐸𝐸𝐸(𝑠𝑠𝑠𝑠)
3(1 − 2ϑ(s))

 - - - 

𝐆𝐆𝐆𝐆 - - 
𝐸𝐸𝐸𝐸(𝑠𝑠𝑠𝑠)

2(1 + ϑ(s))
 

3𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠)𝐸𝐸𝐸𝐸(𝑠𝑠𝑠𝑠)
9𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠) − 𝐸𝐸𝐸𝐸(𝑠𝑠𝑠𝑠)

 
3𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠)(1 − 2ϑ(s))

2(1 + ϑ(s))
 - 

𝐄𝐄𝐄𝐄 - 
2𝐺𝐺𝐺𝐺(𝑠𝑠𝑠𝑠)(1
+ ϑ(s)) 

- - 
3𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠)(1
− 2ϑ(s)) 

9𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠)𝐺𝐺𝐺𝐺(𝑠𝑠𝑠𝑠)
3𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠) + 𝐺𝐺𝐺𝐺(𝑠𝑠𝑠𝑠)

 

𝛝𝛝𝛝𝛝 
𝐸𝐸𝐸𝐸(𝑠𝑠𝑠𝑠)

2𝐺𝐺𝐺𝐺(𝑠𝑠𝑠𝑠)
− 1 - - 

1
2
−

𝐸𝐸𝐸𝐸(𝑠𝑠𝑠𝑠)
6𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠)

 - 
3𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠) − 2𝐺𝐺𝐺𝐺(𝑠𝑠𝑠𝑠)
6𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠) + 2𝐺𝐺𝐺𝐺(𝑠𝑠𝑠𝑠)

 

       
 𝐉𝐉𝐉𝐉 and 𝐃𝐃𝐃𝐃 𝐉𝐉𝐉𝐉 and 𝛝𝛝𝛝𝛝 𝐃𝐃𝐃𝐃 and 𝛝𝛝𝛝𝛝 𝐁𝐁𝐁𝐁 and 𝐃𝐃𝐃𝐃 𝐁𝐁𝐁𝐁 and 𝛝𝛝𝛝𝛝 𝐁𝐁𝐁𝐁 and 𝐉𝐉𝐉𝐉 

𝐁𝐁𝐁𝐁 
9𝐷𝐷𝐷𝐷(𝑠𝑠𝑠𝑠)
− 3𝐽𝐽𝐽𝐽(𝑠𝑠𝑠𝑠) 

3𝐽𝐽𝐽𝐽(𝑠𝑠𝑠𝑠)(1 − 2ϑ(s))
2(1 + ϑ(s))

 
3𝐷𝐷𝐷𝐷(𝑠𝑠𝑠𝑠)(1
− 2ϑ(s)) 

- - - 

𝐉𝐉𝐉𝐉 - - 
2𝐷𝐷𝐷𝐷(𝑠𝑠𝑠𝑠)(1
+ ϑ(s)) 

3𝐷𝐷𝐷𝐷(𝑠𝑠𝑠𝑠)

−
𝐵𝐵𝐵𝐵(𝑠𝑠𝑠𝑠)

3
 

3𝐵𝐵𝐵𝐵(𝑠𝑠𝑠𝑠)(1 + 2ϑ(s))
3(1 − 2ϑ(s))

 - 

𝐃𝐃𝐃𝐃 - 
𝐽𝐽𝐽𝐽(𝑠𝑠𝑠𝑠)

2(1 + ϑ(s))
 - - 

𝐵𝐵𝐵𝐵(𝑠𝑠𝑠𝑠)
3(1 − 2ϑ(s))

 
𝐵𝐵𝐵𝐵(𝑠𝑠𝑠𝑠)

9
−
𝐽𝐽𝐽𝐽(𝑠𝑠𝑠𝑠)

3
 

𝛝𝛝𝛝𝛝 
𝐽𝐽𝐽𝐽(𝑠𝑠𝑠𝑠)

2𝐷𝐷𝐷𝐷(𝑠𝑠𝑠𝑠)
− 1 - - 

1
2
−

𝐵𝐵𝐵𝐵(𝑠𝑠𝑠𝑠)
6𝐷𝐷𝐷𝐷(𝑠𝑠𝑠𝑠)

 - 
3𝐽𝐽𝐽𝐽(𝑠𝑠𝑠𝑠) − 2𝐵𝐵𝐵𝐵(𝑠𝑠𝑠𝑠)
6𝐽𝐽𝐽𝐽(𝑠𝑠𝑠𝑠) + 2𝐵𝐵𝐵𝐵(𝑠𝑠𝑠𝑠)

 

 
 
     From the theory of elasticity it is known that shear and bulk material functions provide complete description 
for the material since stress-strain fields for solids in general, i.e. 𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 and 𝜀𝜀𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, can be expressed through the sum of 
a deviatoric part which refers to changes of shape of a metarial, and a dilatometric part which refers to its changes 
in volume.  The same is true for time-dependent behavior, however, their behavior should be presented in an 
integral formulation, 
 

𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 2� 𝐺𝐺𝐺𝐺(𝑡𝑡𝑡𝑡 − 𝑢𝑢𝑢𝑢)
𝑑𝑑𝑑𝑑𝜀𝜀𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑢𝑢𝑢𝑢)
𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢

𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢
𝑡𝑡𝑡𝑡

0
+ 𝛿𝛿𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 � 𝐾𝐾𝐾𝐾(𝑡𝑡𝑡𝑡 − 𝑢𝑢𝑢𝑢)

𝑑𝑑𝑑𝑑𝜀𝜀𝜀𝜀𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘(𝑢𝑢𝑢𝑢)
𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢

𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢
𝑡𝑡𝑡𝑡

0
,       and (8) 

 

𝜀𝜀𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) =
1
2
� 𝐽𝐽𝐽𝐽(𝑡𝑡𝑡𝑡 − 𝑢𝑢𝑢𝑢)

𝑑𝑑𝑑𝑑𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑢𝑢𝑢𝑢)
𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢

𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢
𝑡𝑡𝑡𝑡

0
+

1
3
𝛿𝛿𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 � 𝐵𝐵𝐵𝐵(𝑡𝑡𝑡𝑡 − 𝑢𝑢𝑢𝑢)

𝑑𝑑𝑑𝑑𝜎𝜎𝜎𝜎𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘(𝑢𝑢𝑢𝑢)
𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢

𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢
𝑡𝑡𝑡𝑡

0
, (9) 

 
where 𝑢𝑢𝑢𝑢 represents an integral variable of time, 𝐺𝐺𝐺𝐺(𝑡𝑡𝑡𝑡) and 𝐾𝐾𝐾𝐾(𝑡𝑡𝑡𝑡) are shear and bulk relaxation moduli, and 𝐽𝐽𝐽𝐽(𝑡𝑡𝑡𝑡) and 
𝐵𝐵𝐵𝐵(𝑡𝑡𝑡𝑡) are shear and bulk creep compliances, respectively. Since  time-dependent changes in bulk properties are 
small (changes in time are from 2 to 4 times) in comparison to time-dependent changes in shear properties, which 
can change in time for orders of magnitude (from 100 to 10000 times) [3-7]. Therefore, for many engineering 
applications one may consider that the time- or frequency/rate-dependent behavior of polymers and products made 
from polymeric materials, are primarily governed by shear material functions. Therefore, shear material functions 
will be used to explain the effect of temperature and the effect of pressure on the mechanical behavior of polymers. 
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2.1 Effect of temperature 

 
     The effect of temperature on the time-dependent behavior of polymers may be described by a so-called free 
volume concept. This concept is stating that behavior of polymers, regardless of the type or mode of loading, is 
solely governed by the rate of molecular rearrangements accuring inside the material, whereas the rate depends 
on the instantly available free volume to allow the rearrangements of the polymer chains.  
 
     By increasing the temperature, segmental mobility or molecular rearrangements in a polymer increases [5-7].  
This so called micro-Brownian thermal motion causes and increase the free volume, i.e., an increas of available 
space for relative motion of molecules under the application of loading, and thereby accelerates creep or relaxation 
processes. On a macroscale, this phenomenon can be observed as horizontal shift of time-dependent mechanical 
properties to shorter times along the logarithmic time-axis, as schematically shown  in Fig. 5  for the case of 
crosslinked materials. In both cases, for shear creep compliance, Fig. 5a,  and for shear relaxation modulus, Fig. 
5b, an increas of temperature from 𝑇𝑇𝑇𝑇1 to  𝑇𝑇𝑇𝑇2 will cause a parallel shift of the response function towards shorter 
times.  
 

Figure 5: Effect of temperature on a) shear creep compliance and b) shear relaxation modulus 
 

 
 
 
     From Fig. 5 one observes that material property at a given time strongly depends on material temperature. 
Teherefore, one cannot talk about time-dependent behavior of polymeric materials without stating the temperature 
at which this behavior was observed!  
 
Time-temperature superposition 
     As observed in Fig. 5, by increasing temperature, one accelerates creep or relaxation process in viscoelastic 
material. This phenomenon may be utilized to predict long term material behavior at lower temperatures by 
performing experiments at higher temperature. Hence, one can reduce the time for measuring the material 
functions by utilizing the so-called time-temperature superposition principle. Thus, the time-temperature 
superposition principle may be used to extend the time scale beyond the range that can be observed in a single 
experiment. It enables generation of master curves, i.e., viscoelastic material functions, by moving isothermal 
segments of material functions, measured at different temperatures, along the logarithmic time-axis in respect to 
a selected segment at the reference temperature, Tref [6].  The shift of each segment in respect to the reference 
segment is determined by a shift factor, log aT, or in general by a thermal shift-function, log aT (T), which presents 
the ffect of temperature on the mechanical behavior of polymers, Fig. 6. 

 
Figure 6: a) generation of master curve at 𝑇𝑇𝑇𝑇ref = 𝑇𝑇𝑇𝑇3 for a case of shear relaxation modulus and 

b) representation of shift factors as function of temperature 
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     Within the framework of linear theory of viscoelasticity, material functions are interrelated in the Laplace 
space. Thus, it is sufficient to determine (measure) only two material functions in order to calculate the remaining 
19 material functions [3]. Unfortunately, the interconversion procedures need to be done numerically. Table 2 
presents the relations between material functions in the Laplace space, denoted with 𝑠𝑠𝑠𝑠. 
 

Table 2: Relations between material functions in Laplace space 
 

Materi
al 
functio
n 

Expressed as a function of 

𝐆𝐆𝐆𝐆 and 𝐄𝐄𝐄𝐄 𝐆𝐆𝐆𝐆 and 𝛝𝛝𝛝𝛝 𝐄𝐄𝐄𝐄 and 𝛝𝛝𝛝𝛝 𝐊𝐊𝐊𝐊 and 𝐄𝐄𝐄𝐄 𝐊𝐊𝐊𝐊 and 𝛝𝛝𝛝𝛝 𝐊𝐊𝐊𝐊 and 𝐆𝐆𝐆𝐆 

𝐊𝐊𝐊𝐊 
𝐺𝐺𝐺𝐺(𝑠𝑠𝑠𝑠)𝐸𝐸𝐸𝐸(𝑠𝑠𝑠𝑠)

9𝐺𝐺𝐺𝐺(𝑠𝑠𝑠𝑠) − 3𝐸𝐸𝐸𝐸(𝑠𝑠𝑠𝑠)
 
2𝐺𝐺𝐺𝐺(𝑠𝑠𝑠𝑠)(1 + ϑ(s))

3(1 − 2ϑ(s))
 

𝐸𝐸𝐸𝐸(𝑠𝑠𝑠𝑠)
3(1 − 2ϑ(s))

 - - - 

𝐆𝐆𝐆𝐆 - - 
𝐸𝐸𝐸𝐸(𝑠𝑠𝑠𝑠)

2(1 + ϑ(s))
 

3𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠)𝐸𝐸𝐸𝐸(𝑠𝑠𝑠𝑠)
9𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠) − 𝐸𝐸𝐸𝐸(𝑠𝑠𝑠𝑠)

 
3𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠)(1 − 2ϑ(s))

2(1 + ϑ(s))
 - 

𝐄𝐄𝐄𝐄 - 
2𝐺𝐺𝐺𝐺(𝑠𝑠𝑠𝑠)(1
+ ϑ(s)) 

- - 
3𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠)(1
− 2ϑ(s)) 

9𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠)𝐺𝐺𝐺𝐺(𝑠𝑠𝑠𝑠)
3𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠) + 𝐺𝐺𝐺𝐺(𝑠𝑠𝑠𝑠)

 

𝛝𝛝𝛝𝛝 
𝐸𝐸𝐸𝐸(𝑠𝑠𝑠𝑠)

2𝐺𝐺𝐺𝐺(𝑠𝑠𝑠𝑠)
− 1 - - 

1
2
−

𝐸𝐸𝐸𝐸(𝑠𝑠𝑠𝑠)
6𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠)

 - 
3𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠) − 2𝐺𝐺𝐺𝐺(𝑠𝑠𝑠𝑠)
6𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠) + 2𝐺𝐺𝐺𝐺(𝑠𝑠𝑠𝑠)

 

       
 𝐉𝐉𝐉𝐉 and 𝐃𝐃𝐃𝐃 𝐉𝐉𝐉𝐉 and 𝛝𝛝𝛝𝛝 𝐃𝐃𝐃𝐃 and 𝛝𝛝𝛝𝛝 𝐁𝐁𝐁𝐁 and 𝐃𝐃𝐃𝐃 𝐁𝐁𝐁𝐁 and 𝛝𝛝𝛝𝛝 𝐁𝐁𝐁𝐁 and 𝐉𝐉𝐉𝐉 

𝐁𝐁𝐁𝐁 
9𝐷𝐷𝐷𝐷(𝑠𝑠𝑠𝑠)
− 3𝐽𝐽𝐽𝐽(𝑠𝑠𝑠𝑠) 

3𝐽𝐽𝐽𝐽(𝑠𝑠𝑠𝑠)(1 − 2ϑ(s))
2(1 + ϑ(s))

 
3𝐷𝐷𝐷𝐷(𝑠𝑠𝑠𝑠)(1
− 2ϑ(s)) 

- - - 

𝐉𝐉𝐉𝐉 - - 
2𝐷𝐷𝐷𝐷(𝑠𝑠𝑠𝑠)(1
+ ϑ(s)) 

3𝐷𝐷𝐷𝐷(𝑠𝑠𝑠𝑠)

−
𝐵𝐵𝐵𝐵(𝑠𝑠𝑠𝑠)

3
 

3𝐵𝐵𝐵𝐵(𝑠𝑠𝑠𝑠)(1 + 2ϑ(s))
3(1 − 2ϑ(s))

 - 

𝐃𝐃𝐃𝐃 - 
𝐽𝐽𝐽𝐽(𝑠𝑠𝑠𝑠)

2(1 + ϑ(s))
 - - 

𝐵𝐵𝐵𝐵(𝑠𝑠𝑠𝑠)
3(1 − 2ϑ(s))

 
𝐵𝐵𝐵𝐵(𝑠𝑠𝑠𝑠)

9
−
𝐽𝐽𝐽𝐽(𝑠𝑠𝑠𝑠)

3
 

𝛝𝛝𝛝𝛝 
𝐽𝐽𝐽𝐽(𝑠𝑠𝑠𝑠)

2𝐷𝐷𝐷𝐷(𝑠𝑠𝑠𝑠)
− 1 - - 

1
2
−

𝐵𝐵𝐵𝐵(𝑠𝑠𝑠𝑠)
6𝐷𝐷𝐷𝐷(𝑠𝑠𝑠𝑠)

 - 
3𝐽𝐽𝐽𝐽(𝑠𝑠𝑠𝑠) − 2𝐵𝐵𝐵𝐵(𝑠𝑠𝑠𝑠)
6𝐽𝐽𝐽𝐽(𝑠𝑠𝑠𝑠) + 2𝐵𝐵𝐵𝐵(𝑠𝑠𝑠𝑠)

 

 
 
     From the theory of elasticity it is known that shear and bulk material functions provide complete description 
for the material since stress-strain fields for solids in general, i.e. 𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 and 𝜀𝜀𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, can be expressed through the sum of 
a deviatoric part which refers to changes of shape of a metarial, and a dilatometric part which refers to its changes 
in volume.  The same is true for time-dependent behavior, however, their behavior should be presented in an 
integral formulation, 
 

𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 2� 𝐺𝐺𝐺𝐺(𝑡𝑡𝑡𝑡 − 𝑢𝑢𝑢𝑢)
𝑑𝑑𝑑𝑑𝜀𝜀𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑢𝑢𝑢𝑢)
𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢

𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢
𝑡𝑡𝑡𝑡
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+ 𝛿𝛿𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 � 𝐾𝐾𝐾𝐾(𝑡𝑡𝑡𝑡 − 𝑢𝑢𝑢𝑢)

𝑑𝑑𝑑𝑑𝜀𝜀𝜀𝜀𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘(𝑢𝑢𝑢𝑢)
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𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢
𝑡𝑡𝑡𝑡

0
,       and (8) 

 

𝜀𝜀𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) =
1
2
� 𝐽𝐽𝐽𝐽(𝑡𝑡𝑡𝑡 − 𝑢𝑢𝑢𝑢)
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𝑡𝑡𝑡𝑡

0
+

1
3
𝛿𝛿𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 � 𝐵𝐵𝐵𝐵(𝑡𝑡𝑡𝑡 − 𝑢𝑢𝑢𝑢)
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𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢
𝑡𝑡𝑡𝑡

0
, (9) 

 
where 𝑢𝑢𝑢𝑢 represents an integral variable of time, 𝐺𝐺𝐺𝐺(𝑡𝑡𝑡𝑡) and 𝐾𝐾𝐾𝐾(𝑡𝑡𝑡𝑡) are shear and bulk relaxation moduli, and 𝐽𝐽𝐽𝐽(𝑡𝑡𝑡𝑡) and 
𝐵𝐵𝐵𝐵(𝑡𝑡𝑡𝑡) are shear and bulk creep compliances, respectively. Since  time-dependent changes in bulk properties are 
small (changes in time are from 2 to 4 times) in comparison to time-dependent changes in shear properties, which 
can change in time for orders of magnitude (from 100 to 10000 times) [3-7]. Therefore, for many engineering 
applications one may consider that the time- or frequency/rate-dependent behavior of polymers and products made 
from polymeric materials, are primarily governed by shear material functions. Therefore, shear material functions 
will be used to explain the effect of temperature and the effect of pressure on the mechanical behavior of polymers. 
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als. In both cases, for shear creep compliance, Fig. 5a,  
and for shear relaxation modulus, Fig. 5b, an increas of 
temperature from T_1 to  T_2 will cause a parallel shift 
of the response function towards shorter times. 

From Fig. 5 one observes that material property at 
a given time strongly depends on material temperature. 
Teherefore, one cannot talk about time-dependent be-
havior of polymeric materials without stating the tem-
perature at which this behavior was observed!

Figure 6a shows curve segments of the mechanical 
behavior measured at different temperatures T1 through  
T5, and the master-curve for the reference temperature 
T3 obtained from horizontal shifting. Figure 6b shows 
the corresponding shift factors as function of tempera-
ture. The function log aT (T) is often called the thermal 
shift-function.   According to the existing knowledge, 
the time-temperature superposition may be applied for 
thermorheological simple materials. These are primar-
ily single-phase or single transition homopolymers and 
random copolymers. Thermorheological simplicity re-
quires that all respondance times, i.e. relaxation and 
retardation times depend equally on temperature for 
which one can express thermal shift-functions [6], as

or in logarithmic scale,

There are many theories used for modeling the ef-
fect of temperature on the time-dependent behavior of 
polymers [6], however the most well known model was 
proposed by Williams, Landel and Ferry in 1955 [8], 
known as the WLF model,

where c1
0, c2

0, and B are material constants, and f0 
and αf  are the fractional free volume and the corre-
sponding volumetric thermal expansion coefficient, re-
spectively, all determined at the reference temperature 
T0.

The shifting is the »weakest step« of time/tempera-
ture–, and time/pressure– (discussed in continuation) 

superposition procedure. In the past shifting was per-
formed »manually«. Recently this problem has been 
resolved  by our team [10]. We have developed the 
closed form mathematical methodology for performing 
the time-temperature and/or time-pressure superposi-
tion, called CFS-algorithm, which completely removes 
issues related to »manual« shifting procedure. CFS 
methodology recently became the new ISO 18437-
6:2017 standard .

The proposed mathematical formulation of the 
shifting procedure takes into account that material 
functions measured at two different temperatures rep-
resent the material behavior at two different thermody-
namic states, which differ in the corresponding Gibbs 
free energy [11] by

where W denotes Gibbs free energy, S is the internal 
entropy of the material, while T0 and Tk  represent two 
selected equilibrium thermodynamic states at which 
the corresponding segments of the material function 
have been measured. The rate at which mechanical en-
ergy is absorbed per unit volume of a viscoelastic ma-
terial at a given boundary condition Tk is equal to the 
stress power, i.e. the rate at which work is performed. 
The stress power at time t is defined as

The absorbed mechanical energy causes material in-
herent structural (molecular) rearrangements during the 
relaxation or creep process. Thus, any two segments of 
the material function, measured at the reference state T0, 
and any other selected state Tk, that need to be superim-
posed (shifted) into a master curve should have the same 
energy release rate at all points of the superimposing in-
terval. This criterion may be expressed as

Equation (15) is fulfilled when the overlapping area 
H between two segments is equal to zero, as shown in 
Fig. 7.

Figure 6: a) generation of master curve at Tref=T3 for a case of shear 
relaxation modulus and b) representation of shift factors as function 
of temperature

Figure 7: Schematics of the CFS procedure for an example of shear 
relaxation modulus
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= −
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 (12) 

 
where 𝑐𝑐𝑐𝑐10, 𝑐𝑐𝑐𝑐20, and B are material constants, and 𝑓𝑓𝑓𝑓0 and 𝛼𝛼𝛼𝛼𝑓𝑓𝑓𝑓  are the fractional free volume and the corresponding 
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     The shifting is the »weakest step« of time/temperature–, and time/pressure– (discussed in continuation) 
superposition procedure. In the past shifting was performed »manually«. Recently this problem has been resolved  
by our team [10]. We have developed the closed form mathematical methodology for performing the time-
temperature and/or time-pressure superposition, called CFS-algorithm, which completely removes issues related 
to »manual« shifting procedure. CFS methodology recently became the new ISO 18437-6:2017 standard1. 
 
    The proposed mathematical formulation of the shifting procedure takes into account that material functions 
measured at two different temperatures represent the material behavior at two different thermodynamic states, 
which differ in the corresponding Gibbs free energy [11] by 
 

∆𝑊𝑊𝑊𝑊 = � 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘

𝑇𝑇𝑇𝑇0
, (13) 

 
1 (https://www.iso.org/obp/ui/#iso:std:iso:18437:-6:ed-1:v1:en) 
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where 𝑊𝑊𝑊𝑊  denotes Gibbs free energy, 𝑆𝑆𝑆𝑆 is the internal entropy of the material, while 𝑇𝑇𝑇𝑇0  and 𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘  represent two 
selected equilibrium thermodynamic states at which the corresponding segments of the material function have 
been measured. The rate at which mechanical energy is absorbed per unit volume of a viscoelastic material at a 
given boundary condition 𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘 is equal to the stress power, i.e. the rate at which work is performed. The stress 
power at time 𝑡𝑡𝑡𝑡 is defined as 
 

𝑑𝑑𝑑𝑑𝑊𝑊𝑊𝑊(𝑡𝑡𝑡𝑡,𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘)𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 = 𝜎𝜎𝜎𝜎(𝑡𝑡𝑡𝑡,𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘)
𝑑𝑑𝑑𝑑𝜀𝜀𝜀𝜀(𝑡𝑡𝑡𝑡)
𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡

. (14) 

 
     The absorbed mechanical energy causes material inherent structural (molecular) rearrangements during the 
relaxation or creep process. Thus, any two segments of the material function, measured at the reference state 𝑇𝑇𝑇𝑇0, 
and any other selected state 𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘, that need to be superimposed (shifted) into a master curve should have the same 
energy release rate at all points of the superimposing interval. This criterion may be expressed as 
 

𝑑𝑑𝑑𝑑𝑊𝑊𝑊𝑊(𝑡𝑡𝑡𝑡,𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜)
𝑑𝑑𝑑𝑑 log 𝑡𝑡𝑡𝑡

�
𝑡𝑡𝑡𝑡=𝑡𝑡𝑡𝑡𝑗𝑗𝑗𝑗

=
𝑑𝑑𝑑𝑑𝑊𝑊𝑊𝑊(𝑡𝑡𝑡𝑡,𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘)
𝑑𝑑𝑑𝑑 log 𝑡𝑡𝑡𝑡

�
𝑡𝑡𝑡𝑡=𝑡𝑡𝑡𝑡𝑘𝑘𝑘𝑘

. (15) 

 
     Equation (15) is fulfilled when the overlapping area H between two segments is equal to zero, as shown in 
Fig. 7. 
 

Figure 7: Schematics of the CFS procedure for an example of shear relaxation modulus 
 

 
 
     This yields to the closed form equation for the shift factor 
 

log 𝑎𝑎𝑎𝑎𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘 =
∑ �

log 𝑡𝑡𝑡𝑡𝑘𝑘𝑘𝑘,𝑖𝑖𝑖𝑖+1 + log 𝑡𝑡𝑡𝑡𝑘𝑘𝑘𝑘,𝑖𝑖𝑖𝑖
2 ∙ �log𝐺𝐺𝐺𝐺𝑘𝑘𝑘𝑘,𝑖𝑖𝑖𝑖+1 − log𝐺𝐺𝐺𝐺𝑘𝑘𝑘𝑘,𝑖𝑖𝑖𝑖��𝑈𝑈𝑈𝑈−1

𝑖𝑖𝑖𝑖=1 − 𝐴𝐴𝐴𝐴0
log𝐺𝐺𝐺𝐺0,𝑁𝑁𝑁𝑁1 − log𝐺𝐺𝐺𝐺0,1

, (16) 

 
where 

𝐴𝐴𝐴𝐴0 = �
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     Figure 6a shows curve segments of the mechanical behavior measured at different temperatures 𝑇𝑇𝑇𝑇1 through  
𝑇𝑇𝑇𝑇5, and the master-curve for the reference temperature 𝑇𝑇𝑇𝑇3 obtained from horizontal shifting. Figure 6b shows the 
corresponding shift factors as function of temperature. The function log 𝑎𝑎𝑎𝑎T(𝑇𝑇𝑇𝑇) is often called the thermal shift-
function.   According to the existing knowledge, the time-temperature superposition may be applied for 
thermorheological simple materials. These are primarily single-phase or single transition homopolymers and 
random copolymers. Thermorheological simplicity requires that all respondance times, i.e. relaxation and 
retardation times depend equally on temperature for which one can express thermal shift-functions [6], as 
 

𝑎𝑎𝑎𝑎𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇) =
𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖(𝑇𝑇𝑇𝑇)
𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖(𝑇𝑇𝑇𝑇0) ,   𝑖𝑖𝑖𝑖 = 1, 2, 3, … (10) 

or in logarithmic scale, 
 

log aT (T) = log ti(T) − log ti(T0) ,   i = 1, 2, 3, … (11) 
 
There are many theories used for modeling the effect of temperature on the time-dependent behavior of polymers 
[6], however the most well known model was proposed by Williams, Landel and Ferry in 1955 [8], known as the 
WLF model,  

log 𝑎𝑎𝑎𝑎𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇) = −
(𝐵𝐵𝐵𝐵 2,303𝑓𝑓𝑓𝑓0⁄ )(𝑇𝑇𝑇𝑇 − 𝑇𝑇𝑇𝑇0)

𝑓𝑓𝑓𝑓0 𝛼𝛼𝛼𝛼𝑓𝑓𝑓𝑓⁄ + 𝑇𝑇𝑇𝑇 − 𝑇𝑇𝑇𝑇0
= −

𝑐𝑐𝑐𝑐10(𝑇𝑇𝑇𝑇 − 𝑇𝑇𝑇𝑇0)
𝑐𝑐𝑐𝑐20 + 𝑇𝑇𝑇𝑇 − 𝑇𝑇𝑇𝑇0

= −
𝑐𝑐𝑐𝑐10∆𝑇𝑇𝑇𝑇
𝑐𝑐𝑐𝑐20 + ∆𝑇𝑇𝑇𝑇

 (12) 

 
where 𝑐𝑐𝑐𝑐10, 𝑐𝑐𝑐𝑐20, and B are material constants, and 𝑓𝑓𝑓𝑓0 and 𝛼𝛼𝛼𝛼𝑓𝑓𝑓𝑓  are the fractional free volume and the corresponding 
volumetric thermal expansion coefficient, respectively, all determined at the reference temperature 𝑇𝑇𝑇𝑇0. 
 
     The shifting is the »weakest step« of time/temperature–, and time/pressure– (discussed in continuation) 
superposition procedure. In the past shifting was performed »manually«. Recently this problem has been resolved  
by our team [10]. We have developed the closed form mathematical methodology for performing the time-
temperature and/or time-pressure superposition, called CFS-algorithm, which completely removes issues related 
to »manual« shifting procedure. CFS methodology recently became the new ISO 18437-6:2017 standard1. 
 
    The proposed mathematical formulation of the shifting procedure takes into account that material functions 
measured at two different temperatures represent the material behavior at two different thermodynamic states, 
which differ in the corresponding Gibbs free energy [11] by 
 

∆𝑊𝑊𝑊𝑊 = � 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘

𝑇𝑇𝑇𝑇0
, (13) 

 
1 (https://www.iso.org/obp/ui/#iso:std:iso:18437:-6:ed-1:v1:en) 
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This yields to the closed form equation for the shift 
factor

where

For further details, see Gergesova et al. [10] and the 
new ISO 18437-6:2017 standard.

2.2 Effect of pressure 

Hydrostatic pressure can be presented as a stress load-
ing, since pressure is essentially a 3D stress, i.e.,  p=σkk.  
Pressure affects polymers in the solid state as well as in 
the molten state. When a polymeric material is pressurized, 
and simultaneously exposed to an external mechanical ex-
citation of strain or stress, not only the local movement 
of molecules is constrained, but also their relative motion 
to each other is hindered. Consequently, molecular rear-
rangements enforced by external loading are slowed down, 
which on the macroscale is observed as a slow-down in the 
creep and relaxation processes. Hence, hydrostatic pres-
sure causes changes in the macroscopic time-dependency 
of polymers. The effect of pressure on creep and relaxation 
process is demonstrated in Fig 8.  As shown, higher pres-
sure,  p2>p1,  shifts the material properties to longer times, 
which indicates that the applied pressure affects all molec-
ular processes equally. Hence, increased pressure does not 
change the shape of the response functions but moves them 
in parallel along the logarithmic time-axis. 

Suppose that the shaded areas in Fig 8 indicate a ma-
terial lifetime. Considering that pressure shifts creep and 
relaxation response functions to longer times one may 
conclude that by exposing material to high enough pres-
sure its glassy state properties may extend the lifetime of 
a product.

On the macro scale an increase of pressure to which 
material is exposed has similar effect on material me-
chanical properties as a decrease in temperature.  In 
both cases we observe “shifting” of response functions 
along the logarithmic time scale. Hence, similar to the 
time-temperature superposition, we may talk about the 
time-pressure superposition principle. However, they are 

governed by different processes on the molecular scale. A 
temperature change causes a change in the average kinet-
ic energy of polymeric molecules, while a change in pres-
sure does not change the energy state of the molecules but 
limits the available space for local molecular movements.

Time-pressure superposition

The time-pressure superposition principle allows 
shifting of response function segments, measured at 
different isobaric conditions, into a single “master-
curve” that extends over a time scale beyond what 
can be normally measured in a real-time experiment 
at reference room conditions. It has to be stressed that 
time-pressure superposition principle may be applied 
only for piezo-rheologically simple materials. These 
are materials where all molecular groups equally re-
spond to the applied pressure. Time-pressure superpo-
sition is (still) not sufficiently investigated, therefore 
it is not clear if it is walid for multi-phase materials, 
such as block- and graft- copolymers, hybrid materials, 
polymers blends, and bituminous materials [4-6].

On the macro scale, the time-pressure superposition 
works similarly as the time-temperature superposition. 
Experiments are performed at different pressures while 
maintaining the temperature constant. Measured seg-
ments of relatively short times at different pressures al-
low construction of the so-called master-curve, which 
defines behavior of a material at selected reference pres-
sure and temperature conditions, as shown in Figure 9a.  
For each particular segment the amount of shifting re-
quired to construct the mastercurve is specified with the 
shift factor a_pi. The sign of the shift factor for a par-
ticular pressure pi is determined by the shift direction of 
the segment relative to the reference pressure (pi=pref)  at 
which the mastercurve is constructed.  Shift factors cor-
responding to higher pressures (relative to the reference 
pressure) are positive, since they move the mastercurve 
to longer times. In addition, one obtains the interrela-
tion between the applied pressure and the corresponding 
shift factors, as demonstrated in figure 9b. 

Shifting of the measured segments should be pere-
formed with the standardized CFS algorithm  (ISO 
18437-6:2017) proposed by Gergesova et al. [10].

Figure 8: Shift of the creep compliance (left) and relaxation modu-
lus (right) towards longer times under applied pressure. Schematics 
presents behavior of crosslinked elastomers.

Figure 9: a) Segments of shear relaxation modulus measured at dif-
ferent pressures and the mastercurve composed by shifting the seg-
ments for the reference pressure p3; b) shift factors ap in dependence 
on pressure
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      Hydrostatic pressure can be presented as a stress loading, since pressure is essentially a 3D stress, i.e.,  𝑝𝑝𝑝𝑝 =
𝜎𝜎𝜎𝜎𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘.  Pressure affects polymers in the solid state as well as in the molten state. When a polymeric material is 
pressurized, and simultaneously exposed to an external mechanical excitation of strain or stress, not only the local 
movement of molecules is constrained, but also their relative motion to each other is hindered. Consequently, 
molecular rearrangements enforced by external loading are slowed down, which on the macroscale is observed as 
a slow-down in the creep and relaxation processes. Hence, hydrostatic pressure causes changes in the macroscopic 
time-dependency of polymers. The effect of pressure on creep and relaxation process is demonstrated in Fig. 8.  
As shown, higher pressure,  𝑝𝑝𝑝𝑝2 > 𝑝𝑝𝑝𝑝1 ,  shifts the material properties to longer times, which indicates that the 
applied pressure affects all molecular processes equally. Hence, increased pressure does not change the shape of 
the response functions but moves them in parallel along the logarithmic time-axis.  
 
     Suppose that the shaded areas in Fig.  8 indicate a material lifetime. Considering that pressure shifts creep and 
relaxation response functions to longer times one may conclude that by exposing material to high enough pressure 
its glassy state properties may extend the lifetime of a product.  
 
Figure 8: Shift of the creep compliance (left) and relaxation modulus (right) towards longer times under applied 

pressure. Schematics presents behavior of crosslinked elastomers. 
 
 

 
 
     On the macro scale an increase of pressure to which material is exposed has similar effect on material 
mechanical properties as a decrease in temperature.  In both cases we observe “shifting” of response functions 
along the logarithmic time scale. Hence, similar to the time-temperature superposition, we may talk about the 
time-pressure superposition principle. However, they are governed by different processes on the molecular scale. 
A temperature change causes a change in the average kinetic energy of polymeric molecules, while a change in 
pressure does not change the energy state of the molecules but limits the available space for local molecular 
movements. 
 
Time-pressure superposition 
     The time-pressure superposition principle allows shifting of response function segments, measured at different 
isobaric conditions, into a single “mastercurve” that extends over a time scale beyond what can be normally 
measured in a real-time experiment at reference room conditions. It has to be stressed that time-pressure 
superposition principle may be applied only for piezo-rheologically simple materials. These are materials where 
all molecular groups equally respond to the applied pressure. Time-pressure superposition is (still) not sufficiently 
investigated, therefore it is not clear if it is walid for multi-phase materials, such as block- and graft- copolymers, 
hybrid materials, polymers blends, and bituminous materials [4-6]. 
 
     On the macro scale, the time-pressure superposition works similarly as the time-temperature superposition. 
Experiments are performed at different pressures while maintaining the temperature constant. Measured segments 
of relatively short times at different pressures allow construction of the so-called master-curve, which defines 
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behavior of a material at selected reference pressure and temperature conditions, as shown in Figure 9a.  For each 
particular segment the amount of shifting required to construct the mastercurve is specified with the shift factor 
𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖. The sign of the shift factor for a particular pressure 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖  is determined by the shift direction of the segment 
relative to the reference pressure (𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖 = 𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓)  at which the mastercurve is constructed.  Shift factors corresponding 
to higher pressures (relative to the reference pressure) are positive, since they move the mastercurve to longer 
times. In addition, one obtains the interrelation between the applied pressure and the corresponding shift factors, 
as demonstrated in figure 9b.   
 

Figure 9: a) Segments of shear relaxation modulus measured at different pressures and the mastercurve 
composed by shifting the segments for the reference pressure p3; b) shift factors ap in dependence on pressure 

 

 
 
    Shifting of the measured segments should be pereformed with the standardized CFS algorithm  (ISO 18437-
6:2017) proposed by Gergesova et al. [10]. 
 
Modelling the effect of pressure on polymers  
     Over years, several models were developed that are capable of accounting for the pressure effect on mechanical 
properties of polymers. Among those most universal models are the FMT model, proposed by Fillers, Moonan 
and Tschoegl [12], and the Knauss-Emri model [13], where both models consider simultaneous effects of 
temperature and pressure. The FMT model is applicable for describing the effect of pressure and temperature in 
the equilibrium state, while the Knauss-Emri model may be used for modeling material behavior under varying 
temperature and pressure conditions, i.e., under conditions when material is not in its thermodynamic equilibrium. 
It is important to mention that when pressure and temperature are constant the Knauss-Emri model reduces to the 
WLF and FMT equations. 
 
     Since impact loading is time-varying loading, the appropriate model is the Knauss-Emri model [13], where the 
stress-strain relations are expressed through deviatoric part, 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡), which refers to changes of shape, and a 
dilatometric part, 𝜎𝜎𝜎𝜎𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘(𝑡𝑡𝑡𝑡), which refers to changes in volume,   
 

𝜎𝜎𝜎𝜎𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘(𝑡𝑡𝑡𝑡) = 3� 𝐾𝐾𝐾𝐾[𝑡𝑡𝑡𝑡′(𝑡𝑡𝑡𝑡) − 𝜉𝜉𝜉𝜉′(𝜉𝜉𝜉𝜉)]
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕(𝜉𝜉𝜉𝜉)
𝜕𝜕𝜕𝜕𝜉𝜉𝜉𝜉

𝑡𝑡𝑡𝑡

0
𝑑𝑑𝑑𝑑𝜉𝜉𝜉𝜉, (18) 

 

𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 2� 𝐺𝐺𝐺𝐺[𝑡𝑡𝑡𝑡′(𝑡𝑡𝑡𝑡) − 𝜉𝜉𝜉𝜉′(𝜉𝜉𝜉𝜉)]
𝜕𝜕𝜕𝜕𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝜉𝜉𝜉𝜉)
𝜕𝜕𝜕𝜕𝜉𝜉𝜉𝜉

𝑡𝑡𝑡𝑡

0
𝑑𝑑𝑑𝑑𝜉𝜉𝜉𝜉, (19) 

where 

𝑡𝑡𝑡𝑡′(𝑡𝑡𝑡𝑡) − 𝜉𝜉𝜉𝜉′(𝜉𝜉𝜉𝜉) = �
𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢

𝜙𝜙𝜙𝜙[𝑇𝑇𝑇𝑇(𝑢𝑢𝑢𝑢),𝜕𝜕𝜕𝜕(𝑢𝑢𝑢𝑢)] ,
𝑡𝑡𝑡𝑡

𝜉𝜉𝜉𝜉
 (20) 
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Modelling the effect of pressure on polymers 

Over years, several models were developed that are 
capable of accounting for the pressure effect on me-
chanical properties of polymers. Among those most 
universal models are the FMT model, proposed by Fill-
ers, Moonan and Tschoegl [12], and the Knauss-Emri 
model [13], where both models consider simultaneous 
effects of temperature and pressure. The FMT mod-
el is applicable for describing the effect of pressure 
and temperature in the equilibrium state, while the 
Knauss-Emri model may be used for modeling mate-
rial behavior under varying temperature and pressure 
conditions, i.e., under conditions when material is not 
in its thermodynamic equilibrium. It is important to 
mention that when pressure and temperature are con-
stant the Knauss-Emri model reduces to the WLF and 
FMT equations.

Since impact loading is time-varying loading, the 
appropriate model is the Knauss-Emri model [13], 
where the stress-strain relations are expressed through 
deviatoric part, Sij(t), which refers to changes of shape, 
and a dilatometric part, σkk(t), which refers to changes 
in volume,  

where

Here K(t) and  G(t) are time-dependent bulk- and 
shear- modulus, and B(t)=K^(-1) (t) is the time-depen-
dent bulk creep compliance (an inverse of time-depen-
dent bulk modulus),  f_0, and α_f (t)  are the fractional 
free volume and the corresponding time-dependent 
volumetric thermal expansion coefficient, all deter-
mined at reference temperature, T_0, and pressure  
p_0. To measure the required above mentioned materi-
al functions one needs a special measuring system that 
was developed and elaborated by our group and it is 
briefly presented in continuation. 

Characterization of the effect of pressure on polymers

To measure the material functions needed in the 
Knauss-Emri model, an unique experimental setup was 
developed by Moonan and Tschoegl [12] ,  which was 
later upgraded by Kralj, Prodan and Emri [14, 15].  

The measuring system is schematically presented in 
Fig. 10, and consist of four subsystems. The first is the 
thermal subsystem, consisting of a circulator and ther-
mal bath that allows measurements to be performed at 
different temperatures. The second is the pressurizing 
subsystem, consisting of a pressure vessel, piping and 
a hand pump that allow measurements to be performed 
at different pressures. The third is the electronic sub-
system, consisting of an electromagnet, permanent 
magnet and motor charger, carrier amplifier and data 
acquisition, used for controlling specimen excitations 
and signal acquiring, data storing and their analysis. 
The fourth is the measuring subsystem, consisting of 
two measuring inserts: relaxometer and dilatometer, 
shown in Fig. 11. The measuring system allows mea-
surements of thermo-mechanical time-dependent prop-
erties of polymers at different temperature and pres-
sure conditions, ranging from -50°C to 120°C and 0.1 
to 500 MPa, respectively.

The relaxometer, Fig. 11a,  is used for measuring 
time-dependent mechanical properties in shear. The 
specimen is subjected to a load in a form of a constant 
torsional angle or shear strain, applied by the loading 
device, consisting of a triggering mechanism and elec-
tric motor. By measuring the torque moment via a load 
cell, one can measure the decaying shear stress. Know-
ing the applied cause (i.e., the constant shear strain), 
and the resulting response (i.e., decaying shear stress) 
of the material, one can determine the time-dependent 
shear relaxation modulus at different temperature and 
pressure conditions.

The dilatometer, Fig. 11b, is used to measure 
time-dependent bulk (volumetric) properties of poly-
mers at different temperature and pressure conditions. 
Measurements are performed by monitoring changes in 
the length of the specimen L(t,T,p), which result from 
the imposed changes in pressure and/or temperature us-
ing a built-in Linear Variable Differential Transformer 
(LVDT). For isotropic materials the volume V(t,T,p) 
can be estimated from the relative change in length, by 
assuming that relative change of specimen dimensions 
is equal in all direction. Knowing the volume change 
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behavior of a material at selected reference pressure and temperature conditions, as shown in Figure 9a.  For each 
particular segment the amount of shifting required to construct the mastercurve is specified with the shift factor 
𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖. The sign of the shift factor for a particular pressure 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖  is determined by the shift direction of the segment 
relative to the reference pressure (𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖 = 𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓)  at which the mastercurve is constructed.  Shift factors corresponding 
to higher pressures (relative to the reference pressure) are positive, since they move the mastercurve to longer 
times. In addition, one obtains the interrelation between the applied pressure and the corresponding shift factors, 
as demonstrated in figure 9b.   
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composed by shifting the segments for the reference pressure p3; b) shift factors ap in dependence on pressure 
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𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 2� 𝐺𝐺𝐺𝐺[𝑡𝑡𝑡𝑡′(𝑡𝑡𝑡𝑡) − 𝜉𝜉𝜉𝜉′(𝜉𝜉𝜉𝜉)]
𝜕𝜕𝜕𝜕𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝜉𝜉𝜉𝜉)
𝜕𝜕𝜕𝜕𝜉𝜉𝜉𝜉

𝑡𝑡𝑡𝑡

0
𝑑𝑑𝑑𝑑𝜉𝜉𝜉𝜉, (19) 

where 

𝑡𝑡𝑡𝑡′(𝑡𝑡𝑡𝑡) − 𝜉𝜉𝜉𝜉′(𝜉𝜉𝜉𝜉) = �
𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢

𝜙𝜙𝜙𝜙[𝑇𝑇𝑇𝑇(𝑢𝑢𝑢𝑢),𝜕𝜕𝜕𝜕(𝑢𝑢𝑢𝑢)] ,
𝑡𝑡𝑡𝑡

𝜉𝜉𝜉𝜉
 (20) 
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log𝜙𝜙𝜙𝜙[𝑇𝑇𝑇𝑇(𝑢𝑢𝑢𝑢), 𝜕𝜕𝜕𝜕(𝑢𝑢𝑢𝑢)] =
𝑏𝑏𝑏𝑏

2.303
�

1
𝑓𝑓𝑓𝑓[𝑇𝑇𝑇𝑇(𝑢𝑢𝑢𝑢), 𝜕𝜕𝜕𝜕(𝑢𝑢𝑢𝑢)] −

1
𝑓𝑓𝑓𝑓0
� , and (21) 

 

𝑓𝑓𝑓𝑓[𝑇𝑇𝑇𝑇(𝑢𝑢𝑢𝑢), 𝜕𝜕𝜕𝜕(𝑢𝑢𝑢𝑢)] = 𝑓𝑓𝑓𝑓0 + � 𝛼𝛼𝛼𝛼(𝑢𝑢𝑢𝑢 − 𝜆𝜆𝜆𝜆)
𝜕𝜕𝜕𝜕𝑇𝑇𝑇𝑇(𝜆𝜆𝜆𝜆)
𝜕𝜕𝜕𝜕𝜆𝜆𝜆𝜆

𝑑𝑑𝑑𝑑𝜆𝜆𝜆𝜆
𝑢𝑢𝑢𝑢

0
+

1
3
� 𝐵𝐵𝐵𝐵(𝑢𝑢𝑢𝑢 − 𝜆𝜆𝜆𝜆)

𝜕𝜕𝜕𝜕𝜎𝜎𝜎𝜎𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘(𝜆𝜆𝜆𝜆)
𝜕𝜕𝜕𝜕𝜆𝜆𝜆𝜆

𝑑𝑑𝑑𝑑𝜆𝜆𝜆𝜆.
𝑢𝑢𝑢𝑢

0
 (22) 

 
     Here 𝐾𝐾𝐾𝐾(𝑡𝑡𝑡𝑡) and  𝐺𝐺𝐺𝐺(𝑡𝑡𝑡𝑡) are time-dependent bulk- and shear- modulus, and 𝐵𝐵𝐵𝐵(𝑡𝑡𝑡𝑡) = 𝐾𝐾𝐾𝐾−1(𝑡𝑡𝑡𝑡) is the time-dependent 
bulk creep compliance (an inverse of time-dependent bulk modulus),  𝑓𝑓𝑓𝑓0, and 𝛼𝛼𝛼𝛼𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡)  are the fractional free volume 
and the corresponding time-dependent volumetric thermal expansion coefficient, all determined at reference 
temperature, 𝑇𝑇𝑇𝑇0, and pressure  𝑝𝑝𝑝𝑝0. To measure the required above mentioned material functions one needs a special 
measuring system that was developed and elaborated by our group and it is briefly presented in continuation.  
 
Characterization of the effect of pressure on polymers 
     To measure the material functions needed in the Knauss-Emri model, an unique experimental setup was 
developed by Moonan and Tschoegl [12] ,  which was later upgraded by Kralj, Prodan and Emri [14, 15].   
 
     The measuring system is schematically presented in Fig. 10, and consist of four subsystems. The first is the 
thermal subsystem, consisting of a circulator and thermal bath that allows measurements to be performed at 
different temperatures. The second is the pressurizing subsystem, consisting of a pressure vessel, piping and a 
hand pump that allow measurements to be performed at different pressures. The third is the electronic subsystem, 
consisting of an electromagnet, permanent magnet and motor charger, carrier amplifier and data acquisition, used 
for controlling specimen excitations and signal acquiring, data storing and their analysis. The fourth is the 
measuring subsystem, consisting of two measuring inserts: relaxometer and dilatometer, shown in Fig. 11. The 
measuring system allows measurements of thermo-mechanical time-dependent properties of polymers at different 
temperature and pressure conditions, ranging from -50°C to 120°C and 0.1 to 500 MPa, respectively. 
 

Figure 10: Schematic representation of the measuring system 
 

 
 
     The relaxometer, Fig. 11a,  is used for measuring time-dependent mechanical properties in shear. The specimen 
is subjected to a load in a form of a constant torsional angle or shear strain, applied by the loading device, 
consisting of a triggering mechanism and electric motor. By measuring the torque moment via a load cell, one can 
measure the decaying shear stress. Knowing the applied cause (i.e., the constant shear strain), and the resulting 
response (i.e., decaying shear stress) of the material, one can determine the time-dependent shear relaxation 
modulus at different temperature and pressure conditions. 
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𝑏𝑏𝑏𝑏
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� , and (21) 

 

𝑓𝑓𝑓𝑓[𝑇𝑇𝑇𝑇(𝑢𝑢𝑢𝑢), 𝜕𝜕𝜕𝜕(𝑢𝑢𝑢𝑢)] = 𝑓𝑓𝑓𝑓0 + � 𝛼𝛼𝛼𝛼(𝑢𝑢𝑢𝑢 − 𝜆𝜆𝜆𝜆)
𝜕𝜕𝜕𝜕𝑇𝑇𝑇𝑇(𝜆𝜆𝜆𝜆)
𝜕𝜕𝜕𝜕𝜆𝜆𝜆𝜆

𝑑𝑑𝑑𝑑𝜆𝜆𝜆𝜆
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𝜕𝜕𝜕𝜕𝜆𝜆𝜆𝜆

𝑑𝑑𝑑𝑑𝜆𝜆𝜆𝜆.
𝑢𝑢𝑢𝑢

0
 (22) 

 
     Here 𝐾𝐾𝐾𝐾(𝑡𝑡𝑡𝑡) and  𝐺𝐺𝐺𝐺(𝑡𝑡𝑡𝑡) are time-dependent bulk- and shear- modulus, and 𝐵𝐵𝐵𝐵(𝑡𝑡𝑡𝑡) = 𝐾𝐾𝐾𝐾−1(𝑡𝑡𝑡𝑡) is the time-dependent 
bulk creep compliance (an inverse of time-dependent bulk modulus),  𝑓𝑓𝑓𝑓0, and 𝛼𝛼𝛼𝛼𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡)  are the fractional free volume 
and the corresponding time-dependent volumetric thermal expansion coefficient, all determined at reference 
temperature, 𝑇𝑇𝑇𝑇0, and pressure  𝑝𝑝𝑝𝑝0. To measure the required above mentioned material functions one needs a special 
measuring system that was developed and elaborated by our group and it is briefly presented in continuation.  
 
Characterization of the effect of pressure on polymers 
     To measure the material functions needed in the Knauss-Emri model, an unique experimental setup was 
developed by Moonan and Tschoegl [12] ,  which was later upgraded by Kralj, Prodan and Emri [14, 15].   
 
     The measuring system is schematically presented in Fig. 10, and consist of four subsystems. The first is the 
thermal subsystem, consisting of a circulator and thermal bath that allows measurements to be performed at 
different temperatures. The second is the pressurizing subsystem, consisting of a pressure vessel, piping and a 
hand pump that allow measurements to be performed at different pressures. The third is the electronic subsystem, 
consisting of an electromagnet, permanent magnet and motor charger, carrier amplifier and data acquisition, used 
for controlling specimen excitations and signal acquiring, data storing and their analysis. The fourth is the 
measuring subsystem, consisting of two measuring inserts: relaxometer and dilatometer, shown in Fig. 11. The 
measuring system allows measurements of thermo-mechanical time-dependent properties of polymers at different 
temperature and pressure conditions, ranging from -50°C to 120°C and 0.1 to 500 MPa, respectively. 
 

Figure 10: Schematic representation of the measuring system 
 

 
 
     The relaxometer, Fig. 11a,  is used for measuring time-dependent mechanical properties in shear. The specimen 
is subjected to a load in a form of a constant torsional angle or shear strain, applied by the loading device, 
consisting of a triggering mechanism and electric motor. By measuring the torque moment via a load cell, one can 
measure the decaying shear stress. Knowing the applied cause (i.e., the constant shear strain), and the resulting 
response (i.e., decaying shear stress) of the material, one can determine the time-dependent shear relaxation 
modulus at different temperature and pressure conditions. 
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behavior of a material at selected reference pressure and temperature conditions, as shown in Figure 9a.  For each 
particular segment the amount of shifting required to construct the mastercurve is specified with the shift factor 
𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖. The sign of the shift factor for a particular pressure 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖  is determined by the shift direction of the segment 
relative to the reference pressure (𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖 = 𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓)  at which the mastercurve is constructed.  Shift factors corresponding 
to higher pressures (relative to the reference pressure) are positive, since they move the mastercurve to longer 
times. In addition, one obtains the interrelation between the applied pressure and the corresponding shift factors, 
as demonstrated in figure 9b.   
 

Figure 9: a) Segments of shear relaxation modulus measured at different pressures and the mastercurve 
composed by shifting the segments for the reference pressure p3; b) shift factors ap in dependence on pressure 

 

 
 
    Shifting of the measured segments should be pereformed with the standardized CFS algorithm  (ISO 18437-
6:2017) proposed by Gergesova et al. [10]. 
 
Modelling the effect of pressure on polymers  
     Over years, several models were developed that are capable of accounting for the pressure effect on mechanical 
properties of polymers. Among those most universal models are the FMT model, proposed by Fillers, Moonan 
and Tschoegl [12], and the Knauss-Emri model [13], where both models consider simultaneous effects of 
temperature and pressure. The FMT model is applicable for describing the effect of pressure and temperature in 
the equilibrium state, while the Knauss-Emri model may be used for modeling material behavior under varying 
temperature and pressure conditions, i.e., under conditions when material is not in its thermodynamic equilibrium. 
It is important to mention that when pressure and temperature are constant the Knauss-Emri model reduces to the 
WLF and FMT equations. 
 
     Since impact loading is time-varying loading, the appropriate model is the Knauss-Emri model [13], where the 
stress-strain relations are expressed through deviatoric part, 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡), which refers to changes of shape, and a 
dilatometric part, 𝜎𝜎𝜎𝜎𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘(𝑡𝑡𝑡𝑡), which refers to changes in volume,   
 

𝜎𝜎𝜎𝜎𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘(𝑡𝑡𝑡𝑡) = 3� 𝐾𝐾𝐾𝐾[𝑡𝑡𝑡𝑡′(𝑡𝑡𝑡𝑡) − 𝜉𝜉𝜉𝜉′(𝜉𝜉𝜉𝜉)]
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕(𝜉𝜉𝜉𝜉)
𝜕𝜕𝜕𝜕𝜉𝜉𝜉𝜉

𝑡𝑡𝑡𝑡

0
𝑑𝑑𝑑𝑑𝜉𝜉𝜉𝜉, (18) 

 

𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 2� 𝐺𝐺𝐺𝐺[𝑡𝑡𝑡𝑡′(𝑡𝑡𝑡𝑡) − 𝜉𝜉𝜉𝜉′(𝜉𝜉𝜉𝜉)]
𝜕𝜕𝜕𝜕𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝜉𝜉𝜉𝜉)
𝜕𝜕𝜕𝜕𝜉𝜉𝜉𝜉

𝑡𝑡𝑡𝑡

0
𝑑𝑑𝑑𝑑𝜉𝜉𝜉𝜉, (19) 

where 

𝑡𝑡𝑡𝑡′(𝑡𝑡𝑡𝑡) − 𝜉𝜉𝜉𝜉′(𝜉𝜉𝜉𝜉) = �
𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢

𝜙𝜙𝜙𝜙[𝑇𝑇𝑇𝑇(𝑢𝑢𝑢𝑢),𝜕𝜕𝜕𝜕(𝑢𝑢𝑢𝑢)] ,
𝑡𝑡𝑡𝑡

𝜉𝜉𝜉𝜉
 (20) 

 

Figure 10: Schematic representation of the measuring system
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of a specimen one can determine different thermo-me-
chanical properties of polymers, such as the bulk creep 
compliance B(t,T,p), equilibrium bulk creep compli-
ance B(T,p)=B(t→∞,T,p), equilibrium bulk modulus, 
K(T,p)=K(t→∞,T,p)=1⁄(B(t,p)), linear thermal expan-
sion coefficient α(T,p)=α(t→∞,T,p), volumetric ther-
mal expansion coefficient 3α( T,p)=3α(t→∞,T,p), and 
compressibility β( T,p)=β(t→∞,T,p).

As an example, we show experimental results on 
shear relaxation modulus for semicrystalline polyam-
ide 6 (PA6), Fig. 12, and elastomeric natural rubber, 
Fig. 13. Both materials are commonly used for damp-
ing vibrations and impact loading. The diagrams on 
the left show measured segments at indicated constant 
pressures, whereas the diagrams on the right show the 
corresponding master curves. 

Figure 12 displays behavior of PA6. Even though 
PA6 is a semicrystalline material, the range of pressures 
available for measurements of shear relaxation modulus 
at selected reference temperature was not high enough to 
reach the material glassy state. Therefore, in Fig. 12, only 
the transition region of the shear modulus is visible.

Natural rubber is a cross-linked material, which 
means that it should exhibit both glassy and equilibri-
um plateaus.  However, at the highest pressure of 400 
MPa material starts to enter its glassy plateau, whereas 
at atmospheric pressure it  again only starts to approach 
its rubbery equilibrium plateau, Fig. 13. To reach both 
plateaus one would need to perform experiments at 
higher temperatures and much higher pressures.

Natural rubber is a cross-linked material, which 
means that it should exhibit both glassy and equilibri-
um plateaus.  However, at the highest pressure of 400 
MPa material starts to enter its glassy plateau, whereas 
at atmospheric pressure it  again only starts to approach 
its rubbery equilibrium plateau, Fig. 13. To reach both 
plateaus one would need to perform experiments at 
higher temperatures and much higher pressures.

3. Flowability of granular systems

We found [1, 2] that viscoelastic granular materi-
als with properly selected multimodal size-distribution 
exhibit fluid-like behavior, while maintaining behav-
ior of the bulk material from which they were made. 
Hence, they may be used as “pressurizing media” to 
impose inherent hydrostatic pressure on itself within 
a flexible rigid container, and consequently change its 
own damping properties. In order to obtain a hydro-
static pressure within the granular system one need to 
be able to measure flowability (readiness to flow) of 
a granular material in the state of no-motion, i.e., the 
so-called zero-rate fluidity.   In order to study the so-
called zero-rate fluidity of granular systems we have 
developed a new apparatus, called the Granular Fric-
tion Analyzer (GFA) [16-18]. 

The design of the GFA apparatus is based on the 
realization that Newtonian fluids have unique prop-
erty to redirect forces applied to them to all direc-
tions equally, and throughout the volume they occu-
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     The dilatometer, Fig. 11b, is used to measure time-dependent bulk (volumetric) properties of polymers at 
different temperature and pressure conditions. Measurements are performed by monitoring changes in the length 
of the specimen 𝐿𝐿𝐿𝐿(𝑡𝑡𝑡𝑡,𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝), which result from the imposed changes in pressure and/or temperature using a built-in 
Linear Variable Differential Transformer (LVDT). For isotropic materials the volume 𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡,𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝) can be estimated 
from the relative change in length, by assuming that relative change of specimen dimensions is equal in all 
direction. Knowing the volume change of a specimen one can determine different thermo-mechanical properties 
of polymers, such as the bulk creep compliance 𝐵𝐵𝐵𝐵(𝑡𝑡𝑡𝑡,𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝), equilibrium bulk creep compliance 𝐵𝐵𝐵𝐵(𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝) = 𝐵𝐵𝐵𝐵(𝑡𝑡𝑡𝑡 →
∞,𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝), equilibrium bulk modulus, 𝐾𝐾𝐾𝐾(𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝) = 𝐾𝐾𝐾𝐾(𝑡𝑡𝑡𝑡 → ∞,𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝) = 1 𝐵𝐵𝐵𝐵(𝑡𝑡𝑡𝑡, 𝑝𝑝𝑝𝑝)⁄ , linear thermal expansion coefficient 
𝛼𝛼𝛼𝛼(𝑇𝑇𝑇𝑇,𝑝𝑝𝑝𝑝) = 𝛼𝛼𝛼𝛼(𝑡𝑡𝑡𝑡 → ∞,𝑇𝑇𝑇𝑇,𝑝𝑝𝑝𝑝) , volumetric thermal expansion coefficient 3𝛼𝛼𝛼𝛼( 𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝) = 3𝛼𝛼𝛼𝛼(𝑡𝑡𝑡𝑡 → ∞,𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝) , and 
compressibility 𝛽𝛽𝛽𝛽( 𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝) = 𝛽𝛽𝛽𝛽(𝑡𝑡𝑡𝑡 → ∞,𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝).  
 

Figure 11: (a) relaxometer insert and (b) dilatometer insert of the measuring system 
 

 
 
 
     As an example, we show experimental results on shear relaxation modulus for semicrystalline polyamide 6 
(PA6), Fig. 12, and elastomeric natural rubber, Fig. 13. Both materials are commonly used for damping vibrations 
and impact loading. The diagrams on the left show measured segments at indicated constant pressures, whereas 
the diagrams on the right show the corresponding master curves.  
 

Figure 12: Polyamide 6 PA6: a) shear relaxation modulus segments measured at different pressures and 
b) segments shifted to mastercurve with the shift factors 

 

 
 
     Figure 12 displays behavior of PA6. Even though PA6 is a semicrystalline material, the range of pressures 
available for measurements of shear relaxation modulus at selected reference temperature was not high enough to 
reach the material glassy state. Therefore, in Fig. 12, only the transition region of the shear modulus is visible. 
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     The dilatometer, Fig. 11b, is used to measure time-dependent bulk (volumetric) properties of polymers at 
different temperature and pressure conditions. Measurements are performed by monitoring changes in the length 
of the specimen 𝐿𝐿𝐿𝐿(𝑡𝑡𝑡𝑡,𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝), which result from the imposed changes in pressure and/or temperature using a built-in 
Linear Variable Differential Transformer (LVDT). For isotropic materials the volume 𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡,𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝) can be estimated 
from the relative change in length, by assuming that relative change of specimen dimensions is equal in all 
direction. Knowing the volume change of a specimen one can determine different thermo-mechanical properties 
of polymers, such as the bulk creep compliance 𝐵𝐵𝐵𝐵(𝑡𝑡𝑡𝑡,𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝), equilibrium bulk creep compliance 𝐵𝐵𝐵𝐵(𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝) = 𝐵𝐵𝐵𝐵(𝑡𝑡𝑡𝑡 →
∞,𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝), equilibrium bulk modulus, 𝐾𝐾𝐾𝐾(𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝) = 𝐾𝐾𝐾𝐾(𝑡𝑡𝑡𝑡 → ∞,𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝) = 1 𝐵𝐵𝐵𝐵(𝑡𝑡𝑡𝑡, 𝑝𝑝𝑝𝑝)⁄ , linear thermal expansion coefficient 
𝛼𝛼𝛼𝛼(𝑇𝑇𝑇𝑇,𝑝𝑝𝑝𝑝) = 𝛼𝛼𝛼𝛼(𝑡𝑡𝑡𝑡 → ∞,𝑇𝑇𝑇𝑇,𝑝𝑝𝑝𝑝) , volumetric thermal expansion coefficient 3𝛼𝛼𝛼𝛼( 𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝) = 3𝛼𝛼𝛼𝛼(𝑡𝑡𝑡𝑡 → ∞,𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝) , and 
compressibility 𝛽𝛽𝛽𝛽( 𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝) = 𝛽𝛽𝛽𝛽(𝑡𝑡𝑡𝑡 → ∞,𝑇𝑇𝑇𝑇, 𝑝𝑝𝑝𝑝).  
 

Figure 11: (a) relaxometer insert and (b) dilatometer insert of the measuring system 
 

 
 
 
     As an example, we show experimental results on shear relaxation modulus for semicrystalline polyamide 6 
(PA6), Fig. 12, and elastomeric natural rubber, Fig. 13. Both materials are commonly used for damping vibrations 
and impact loading. The diagrams on the left show measured segments at indicated constant pressures, whereas 
the diagrams on the right show the corresponding master curves.  
 

Figure 12: Polyamide 6 PA6: a) shear relaxation modulus segments measured at different pressures and 
b) segments shifted to mastercurve with the shift factors 

 

 
 
     Figure 12 displays behavior of PA6. Even though PA6 is a semicrystalline material, the range of pressures 
available for measurements of shear relaxation modulus at selected reference temperature was not high enough to 
reach the material glassy state. Therefore, in Fig. 12, only the transition region of the shear modulus is visible. 
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Figure 13: Natural rubber, NR: a) shear relaxation modulus segments measured at different pressures and b) 

segments shifted to mastercurve with the shift factors 
 

 
 
     Natural rubber is a cross-linked material, which means that it should exhibit both glassy and equilibrium 
plateaus.  However, at the highest pressure of 400 MPa material starts to enter its glassy plateau, whereas at 
atmospheric pressure it  again only starts to approach its rubbery equilibrium plateau, Fig. 13. To reach both 
plateaus one would need to perform experiments at higher temperatures and much higher pressures. 
 
3. Flowability of granular systems 

 
     We found [1, 2] that viscoelastic granular materials with properly selected multimodal size-distribution exhibit 
fluid-like behavior, while maintaining behavior of the bulk material from which they were made. Hence, they 
may be used as “pressurizing media” to impose inherent hydrostatic pressure on itself within a flexible rigid 
container, and consequently change its own damping properties. In order to obtain a hydrostatic pressure within 
the granular system one need to be able to measure flowability (readiness to flow) of a granular material in the 
state of no-motion, i.e., the so-called zero-rate fluidity.   In order to study the so-called zero-rate fluidity of 
granular systems we have developed a new apparatus, called the Granular Friction Analyzer (GFA) [16-18]. 
 
Figure 14: Schematics of vertical PV(z) and horizontal PH(z) internal pressure; and axial εa (z) and tangential 

εt (z) strains at uniaxial compression in the case of (a) Newtonian fluid and (b) Granular material 
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     The design of the GFA apparatus is based on the realization that Newtonian fluids have unique property to 
redirect forces applied to them to all directions equally, and throughout the volume they occupy. Hence, if we 
expose a Newtonian fluid to uniaxial compression loading  𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇 within a closed cylinder,  via a piston, the pressure 
distribution in all directions will be constant, 𝑝𝑝𝑝𝑝𝐹𝐹𝐹𝐹 = 𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇 𝐴𝐴𝐴𝐴⁄ = 𝑝𝑝𝑝𝑝𝑉𝑉𝑉𝑉 = 𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻 ,  as shown in Fig. 14a. On the other hand, if 
we expose granular material to the same load, the pressure distribution in axial z-direction will diminish with the 
distance from the piston, as shown in Fig. 14b. Since one cannot measure pressure distribution directly, one should 
measure deformation of the cylinder surface in axial, 𝜀𝜀𝜀𝜀𝑎𝑎𝑎𝑎(𝑧𝑧𝑧𝑧), and  tangential, 𝜀𝜀𝜀𝜀𝑡𝑡𝑡𝑡(𝑧𝑧𝑧𝑧),  direction along the axis of the 
cylinder, using straingauges [17], or digital immage correlation (DIC) technic [18]. 
 
     As a measure of the flowability of granular materials we have introduced the GFA index for characterizing 
the flow behaviour of granular materials under uniaxial compression loading. The calculation of the GFA index 
is based on the integration of the internal pressure distribution along the cylinder wall, within which the granular 
material is being uniaxially compressed by a piston, and normalized by the pressure distribution of a Newtonian 
fluid [17, 18], 
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∫ 𝑃𝑃𝑃𝑃V(𝑧𝑧𝑧𝑧)𝑑𝑑𝑑𝑑𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿
0
𝑃𝑃𝑃𝑃F. 𝐿𝐿𝐿𝐿

=
𝐴𝐴𝐴𝐴

𝐹𝐹𝐹𝐹T. 𝐿𝐿𝐿𝐿
� 𝑃𝑃𝑃𝑃V(𝑧𝑧𝑧𝑧) 𝑑𝑑𝑑𝑑𝑧𝑧𝑧𝑧
𝐿𝐿𝐿𝐿

0
, (23) 
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     Here 𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖  is the inner diameter of the cylinder, whereas 𝐸𝐸𝐸𝐸𝑤𝑤𝑤𝑤 , 𝜈𝜈𝜈𝜈𝑤𝑤𝑤𝑤  , 𝜀𝜀𝜀𝜀𝑡𝑡𝑡𝑡 and 𝜀𝜀𝜀𝜀𝑎𝑎𝑎𝑎 denote the Young’s modulus, the 
Poisson’s ratio, and the tangential and axial strain of the cylinder wall, respectively. Taking the measurements of 
tangential 𝜀𝜀𝜀𝜀𝑡𝑡𝑡𝑡  and axial strain 𝜀𝜀𝜀𝜀𝑎𝑎𝑎𝑎  on the cylinder wall in n points along the z axis the related vertical internal 
pressure 𝑃𝑃𝑃𝑃V(𝑧𝑧𝑧𝑧) can be calculated and based on that the GFA-index.  
 
     We have used the GFA apparatus and the GFA-index to optimize the flowability of granular materials used in 
the new generation damping elements.  Granular materials with properly selected flowability may be used as 
“pressurizing media” to impose inherent hydrostatic pressure on itself within a flexible rigid container, and, 
consequently, change its own stiffness and damping properties. 
 
 
4. Advanced impact and vibration isolation 

 

Figure 11: (a) relaxometer insert and (b) dilatometer insert of the 
measuring system

Figure 12: Polyamide 6 PA6: a) shear relaxation modulus segments 
measured at different pressures and b) segments shifted to master-
curve with the shift factors

Figure 13: Natural rubber, NR: a) shear relaxation modulus seg-
ments measured at different pressures and b) segments shifted to 
mastercurve with the shift factors

Figure 14: Schematics of vertical PV(z) and horizontal PH(z) internal 
pressure; and axial εa (z) and tangential εt (z) strains at uniaxial com-
pression in the case of (a) Newtonian fluid and (b) Granular material
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py. Hence, if we expose a Newtonian fluid to uniaxial 
compression loading  FT within a closed cylinder,  via 
a piston, the pressure distribution in all directions will 
be constant, pF=FT⁄A=pV=pH,  as shown in Fig. 14a. On 
the other hand, if we expose granular material to the 
same load, the pressure distribution in axial z-direc-
tion will diminish with the distance from the piston, as 
shown in Fig. 14b. Since one cannot measure pressure 
distribution directly, one should measure deformation 
of the cylinder surface in axial, ε_a (z), and  tangential, 
ε_t (z),  direction along the axis of the cylinder, using 
straingauges [17], or digital immage correlation (DIC) 
technic [18].

As a measure of the flowability of granular mate-
rials we have introduced the GFA index for character-
izing the flow behaviour of granular materials under 
uniaxial compression loading. The calculation of the 
GFA index is based on the integration of the internal 
pressure distribution along the cylinder wall, within 
which the granular material is being uniaxially com-
pressed by a piston, and normalized by the pressure 
distribution of a Newtonian fluid [17, 18],

where

and

Here Di is the inner diameter of the cylinder, where-
as Ew, νw , εt and εa denote the Young’s modulus, the 
Poisson’s ratio, and the tangential and axial strain of 
the cylinder wall, respectively. Taking the measure-
ments of tangential ε_t and axial strain εa on the cylin-
der wall in n points along the z axis the related vertical 
internal pressure PV (z) can be calculated and based on 
that the GFA-index. 

We have used the GFA apparatus and the GFA-index 
to optimize the flowability of granular materials used in 
the new generation damping elements.  Granular mate-
rials with properly selected flowability may be used as 
“pressurizing media” to impose inherent hydrostatic pres-
sure on itself within a flexible rigid container, and, conse-
quently, change its own stiffness and damping properties.

4. Advanced impact and vibration isolation

The existing solutions for structural and vibration 
control do not and cannot fully utilize damping char-

acteristics of time- and frequency-dependent materials 
because their maximal damping properties are locat-
ed at frequencies that are far away from the frequen-
cy range of engineering interest, as it is schematically 
shown in Fig. 15.

    The frequency domain material functions may 
be obtained through the interconversion from the cor-
responding creep and relaxation functions measured in 
time domain [3, 9],

and

where G’(ω) and J’(ω) are the storrage modulus 
and storrage complaince, and G’’(ω) and J’’(ω) are the 
loss modulus and loss compliance, respectively. The 
first two represent material stiffness, whereas the last 
two its damping and energy absorption properties.

   As it was shown, by exposing material to hy-
drostatic pressure their properties will be shifted along 
the logarithmic time- and frequency-scale. In time-do-
main increased pressure shifts material properties to 
longer times, while in frequency-domain all four mate-
rial functions, the storrage modulus and storrage com-
plaince, and the loss modulus and loss compliance are 
shifted to the left towards lower frequencies, as it is 
shematically shown with the arrow in Fig. 15.  Hence, 
by proper selection of a hydrostatic pressure to which 
material is exposed one can match the frequency range 
of its maximum damping properties with the resonance 
frequency of the selected vibrating structure, or with 
a rate of an impact loading. In this way we can fully 
utilize damping characteristics of the selected damping 
material and maximize the energy absorption proper-
ties of a damper. 

     Now, an immediate question is how to gener-
ate the hydrostatic pressure within a selected damping 
material? The easiest engineering solution would be to 
use a uniaxial or bi-axial loading. Unfortunately, this 
is not possible!  Pressure is a sum of principle stress-
es,  p=σ11+σ22+σ33, and as soon as the applied loading 
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 (26) 
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tangential 𝜀𝜀𝜀𝜀𝑡𝑡𝑡𝑡  and axial strain 𝜀𝜀𝜀𝜀𝑎𝑎𝑎𝑎  on the cylinder wall in n points along the z axis the related vertical internal 
pressure 𝑃𝑃𝑃𝑃V(𝑧𝑧𝑧𝑧) can be calculated and based on that the GFA-index.  
 
     We have used the GFA apparatus and the GFA-index to optimize the flowability of granular materials used in 
the new generation damping elements.  Granular materials with properly selected flowability may be used as 
“pressurizing media” to impose inherent hydrostatic pressure on itself within a flexible rigid container, and, 
consequently, change its own stiffness and damping properties. 
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     The existing solutions for structural and vibration control do not and cannot fully utilize damping 
characteristics of time- and frequency-dependent materials because their maximal damping properties are located 
at frequencies that are far away from the frequency range of engineering interest, as it is schematically shown in 
Fig. 15.  
 

Figure 15:  Frequency dependence of damping for materials used in vibration and impact isolations 

 
 
     The frequency domain material functions may be obtained through the interconversion from the corresponding 
creep and relaxation functions measured in time domain [3, 9], 
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where 𝐺𝐺𝐺𝐺′(𝜔𝜔𝜔𝜔) and 𝐽𝐽𝐽𝐽′(𝜔𝜔𝜔𝜔) are the storrage modulus and storrage complaince, and 𝐺𝐺𝐺𝐺′′(𝜔𝜔𝜔𝜔) and 𝐽𝐽𝐽𝐽′′(𝜔𝜔𝜔𝜔) are the loss 
modulus and loss compliance, respectively. The first two represent material stiffness, whereas the last two its 
damping and energy absorption properties.  
 
    As it was shown, by exposing material to hydrostatic pressure their properties will be shifted along the 
logarithmic time- and frequency-scale. In time-domain increased pressure shifts material properties to longer 
times, while in frequency-domain all four material functions, the storrage modulus and storrage complaince, and 
the loss modulus and loss compliance are shifted to the left towards lower frequencies, as it is shematically shown 
with the arrow in Fig. 15.  Hence, by proper selection of a hydrostatic pressure to which material is exposed one 
can match the frequency range of its maximum damping properties with the resonance frequency of the selected 
vibrating structure, or with a rate of an impact loading. In this way we can fully utilize damping characteristics of 
the selected damping material and maximize the energy absorption properties of a damper.  
 
     Now, an immediate question is how to generate the hydrostatic pressure within a selected damping material? 
The easiest engineering solution would be to use a uniaxial or bi-axial loading. Unfortunately, this is not possible!  
Pressure is a sum of principle stresses,  𝑝𝑝𝑝𝑝 = 𝜎𝜎𝜎𝜎11 + 𝜎𝜎𝜎𝜎22 + 𝜎𝜎𝜎𝜎33, and as soon as the applied loading is not three 
dimensional the shear stresses will appear and, before reaching the pressures that are needed to shift material 
functions, the shear stresses will reach a critical value and damping material will fail. This is schematically 
demonstrated in Fig. 16.  
 

Figure 16:  Material failure envelope 
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is not three dimensional the shear stresses will appear 
and, before reaching the pressures that are needed to 
shift material functions, the shear stresses will reach 
a critical value and damping material will fail. This is 
schematically demonstrated in Fig. 16. 

As mentioned in section 3, the inventive solution 
is to use granular materials for which it is valid that 
as dimension of particles becomes smaller the shear 
stresses within the material diminish faster than the 
principle stresses,

At the same time, as flowability analysis showed, 
granular materials when excited beyond a certain lev-
el of stress flow similarly as liquids while maintain-
ing all properties of a bulk material. Hence, micro- to 
macro- size multimodal elastomeric granular material 
may be used as a pressurizing media (similarly as air 
in tires) to impose hydrostatic pressure on themselves, 
and change frequency dependence of its own energy 
absorption properties. With proper adjustment of pres-
sure, we also adjust the stiffness of the damping ele-
ment (again, similar as with air in tires). Our proposed 
solution consists of micro- and macro-sized particles 
[1,2]. Smaller particles lead to more surface area per 
unit volume, which increases the magnitude of fric-
tional dissipation energy caused by particle-particle in-
teraction; while larger particles will allow macroscopic 
flow, as described above. Hence, our proposed solution 
utilizes all possible energy dissipation mechanisms 
and represents an optimal (ultimate) solution for the 
proposed novel damping system. Such patented damp-
ing elements [1, 2] consist of elastomeric granular ma-
terial, which is encapsulated in a flexible tube made 
out of rigid fibers, as schematically shown in Fig. 17.

This design enables us to pressurize the granular 
material inside the damping element. At higher pres-
sures properties of material shift to lower frequencies, 
compared to the reference values, see Fig. 18.

Working principle of such damping element is sche-
matically explained in Fig. 18.  The bell-shaped solid 
line shows the “original” dynamic response of a struc-

ture exposed to, for example, an earthquake excitation 
and, as a dashed line, the reduced dynamic response 
of the structure when the new damping elements are 
applied. The solid line on the right-hand side of Fig. 18 
schematically shows the energy absorption frequency 
dependence of an elastomeric granular material at at-
mospheric pressure p0. If the same elastomeric material 
is pressurized to a properly selected pressure p>p0 its 
damping properties may be frequency adjusted such so 
to match the earthquake excitation frequency, shown 
with the dashed line, and reduce the dynamic response 
of the structure 

Experimental results on TPU

     As an example, we show the results of the effect 
of hydrostatic pressure on stiffness and damping prop-
erties of a commercial TPU material from the Elastol-
lan® 11 series , i.e., 1190A, which is already used in 
manufacturing of vibration insulation.

     Material stiffness is represented with the storage 
modulus G’(ω), whereas its damping by the loss modu-
lus G’’(ω). The experiments to determine TPU’s G’(ω) 
and G’’(ω) pressure dependence were performed on 
our high-pressure experimental setup presented above. 
For details on experimental procedure see [19]. 

     For clarity reasons the results on storage G’(ω),  
and loss modulus G’’(ω) are shown for only two pres-
sures, i.e., 1 bar and 2000 bar. The full symbols present 
measurements done at lower pressure,  p=1 bar, where-
as the empty symbols present measurements done at 
higher pressure, p=2000 bar. The results for the stor-
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     Working principle of such damping element is schematically explained in Fig. 18.  The bell-shaped solid line 
shows the “original” dynamic response of a structure exposed to, for example, an earthquake excitation and, as a 
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     As an example, we show the results of the effect of hydrostatic pressure on stiffness and damping properties 
of a commercial TPU material from the Elastollan® 11 series2, i.e., 1190A, which is already used in manufacturing 
of vibration insulation. 
 
     Material stiffness is represented with the storage modulus  𝑮𝑮𝑮𝑮′(𝛚𝛚𝛚𝛚), whereas its damping by the loss modulus 
𝑮𝑮𝑮𝑮′′(𝝎𝝎𝝎𝝎). The experiments to determine TPU’s 𝑮𝑮𝑮𝑮′(𝛚𝛚𝛚𝛚) and 𝑮𝑮𝑮𝑮′′(𝛚𝛚𝛚𝛚) pressure dependence were performed on our 
high-pressure experimental setup presented above. For details on experimental procedure see [19].  
 

 
2 "Thermoplastic Polyurethane Elastomers (TPU), Elastollan R Product Range," (2016). 
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As mentioned in section 3, the inventive solution is to use granular materials for which it is valid that as dimension 
of particles becomes smaller the shear stresses within the material diminish faster than the principle stresses, 

lim
𝑉𝑉𝑉𝑉→0

𝜎𝜎𝜎𝜎𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

= ∞  .  (29) 

 
     At the same time, as flowability analysis showed, granular materials when excited beyond a certain level of 
stress flow similarly as liquids while maintaining all properties of a bulk material. Hence, micro- to macro- size 
multimodal elastomeric granular material may be used as a pressurizing media (similarly as air in tires) to impose 
hydrostatic pressure on themselves, and change frequency dependence of its own energy absorption properties. 
With proper adjustment of pressure, we also adjust the stiffness of the damping element (again, similar as with air 
in tires). Our proposed solution consists of micro- and macro-sized particles [1,2]. Smaller particles lead to more 
surface area per unit volume, which increases the magnitude of frictional dissipation energy caused by particle-
particle interaction; while larger particles will allow macroscopic flow, as described above. Hence, our proposed 
solution utilizes all possible energy dissipation mechanisms and represents an optimal (ultimate) solution for the 
proposed novel damping system. Such patented damping elements [1, 2] consist of elastomeric granular material, 
which is encapsulated in a flexible tube made out of rigid fibers, as schematically shown in Fig. 17. 
 
     This design enables us to pressurize the granular material inside the damping element. At higher pressures 
properties of material shift to lower frequencies, compared to the reference values, see Fig. 18. 
 
Figure 17: Damping elements consisting of pressurized elastomeric granular material within a tube made from 

rigid fibers. 
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Figure 16:  Material failure envelope
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age modulus G’(ω) are shown in Fig. 19, and for the 
loss modulus G’’(ω)  in Fig. 20. As expected, the value 
of both material functions representing stiffness and 
damping greatly increase as the pressure is increased 
from 1 to 2000 bar.

Since the vibrations and noise causing the most 
discomfort are located in the frequency range between 
1 and 1000 Hz, we will examine the effect of hydro-
static pressure on TPU material stiffness, represented 
by G’(ω),  and TPU material damping, represented by 
G’’(ω),  at 1 Hz and 1000 Hz, at a reference tempera-
ture Tref=60°C. Comparison is shown in Fig. 21.

Figure 21 contains two diagrams, the left diagram 
shows the effect of pressure on G’ (ω), and the right 
diagram the effect of pressure on G’’ (ω). In both cas-
es is shown material performance at 1Hz and 1000Hz. 
At frequency 1 Hz and pressure 1 bar, the storage 
modulus is G’ (ω=1Hz,p=1bar)=2.99MPa, whereas 

at pressure 2000 bar the storage modulus increases 
to G’ (ω=1Hz,p=2000bar)=4.07MPa.  Hence, mate-
rial becomes 1.4 times stiffer. At the same frequen-
cy of 1Hz the loss modulus at pressure 1 bar is G’’ 
(ω=1Hz,p=1bar)=0,29MPa, whereas at pressure 2000 
bar it rises to G’’ (ω=1Hz,p=2000bar)=0,92MPa. This 
means that at elevated pressure the materials ability to 
dissipate energy increases 3.15 times. 

At ω=1000 Hz, we observe analogous 
trends. At 1bar the storage modulus is G’ 
(ω=1000Hz,p=1bar)=6.899MPa, whereas at the 
pressure 2000 bar the storage modulus becomes G’ 
(ω=1000Hz,p=2000bar)=23.89MPa, meaning that 
material stiffness is increased 3.46 times. At the 
same time the loss modulus at pressure 1 bar isG’’ 
(ω=1000Hz,p=1bar)=2.33MPa, and at pressure 2000 
bar it becomes G’’ (ω=1000Hz,p=2000bar)=12.65MPa. 
Thus, the material ability to dissipate energy has in-
creased 5.41 times. 

Of course, by further increasing material hydrostat-
ic pressure one may increase the stiffness and damping 
properties much further, as it is demonstrated in con-
tinuation. 

Stiffness of an isolation depends on its geometry 
and the storage modulus of a material from which it is 
built, whereas, its energy absorption capability is de-
fined by isolation total volume and material loss mod-
ulus. Hence, if we keep the geometry and volume of 
an isolation constant both its stiffness and its energy 
absorption capability will depend on material storage 
and loss modulus only. In fact, the main interest is to 
understand how much (how many times) we can in-
crease stiffness and energy absorption of an isolation 
by exposing the material from which it is made of to a 
selected hydrostatic pressure. Therefore, we introduce 
two coefficients, first, defining the increase of isola-
tion stiffness by exposing it to a selected hydrostatic 
pressure p, relative to the isolation stiffness at the en-
vironmental pressure p0 = 0.1MPa:

and the second

which defines an increase of isolation energy ab-
sorption (damping) obtained by exposing the analyzed 
TPU to a selected hydrostatic pressure. Comparison 
is made within the frequency range (1 - 10000Hz), 
which is of main interest for an impact and vibration 
isolation. The results are shown in two different forms: 
(i) Kk(p,ω) and Kd(p,ω) as functions of frequency, for 
four different pressures; and (ii) Kk(p,ω) and Kd(p,ω) 
as functions of hydrostatic pressure, for four different 
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     For clarity reasons the results on storage 𝐺𝐺𝐺𝐺′(ω),  and loss modulus 𝐺𝐺𝐺𝐺′′(𝜔𝜔𝜔𝜔) are shown for only two pressures, 
i.e., 1 bar and 2000 bar. The full symbols present measurements done at lower pressure,  𝑝𝑝𝑝𝑝 = 1 𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏, whereas the 
empty symbols present measurements done at higher pressure, 𝑝𝑝𝑝𝑝 = 2000 𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏. The results for the storage modulus 
𝐺𝐺𝐺𝐺′(ω) are shown in Fig. 19, and for the loss modulus 𝐺𝐺𝐺𝐺′′(𝜔𝜔𝜔𝜔)  in Fig. 20. As expected, the value of both material 
functions representing stiffness and damping greatly increase as the pressure is increased from 1 to 2000 bar. 
 

Figure 19: Storage modulus,  𝐺𝐺𝐺𝐺′(ω), at 𝑝𝑝𝑝𝑝 = 1 𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏 and 𝑝𝑝𝑝𝑝 = 2000 𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏 
 

 
 

Figure 20:  Loss modulus 𝑮𝑮𝑮𝑮′′(𝛚𝛚𝛚𝛚) at  𝒑𝒑𝒑𝒑 = 𝟏𝟏𝟏𝟏 𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 and 𝒑𝒑𝒑𝒑 = 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 
 
 

 
      Since the vibrations and noise causing the most discomfort are located in the frequency range between 1 and 
1000 Hz, we will examine the effect of hydrostatic pressure on TPU material stiffness, represented by 𝐺𝐺𝐺𝐺′(ω),  and 
TPU material damping, represented by 𝐺𝐺𝐺𝐺′′(ω),  at 1 Hz and 1000 Hz, at a reference temperature 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 60∘𝐶𝐶𝐶𝐶. 
Comparison is shown in Fig. 21. 
 

Figure 21: Storage, 𝑮𝑮𝑮𝑮′(𝛚𝛚𝛚𝛚),  and loss, 𝑮𝑮𝑮𝑮′′(𝛚𝛚𝛚𝛚), modulus of TPU at  𝒑𝒑𝒑𝒑 = 𝟏𝟏𝟏𝟏 𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 and 𝒑𝒑𝒑𝒑 = 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 
at 1 HZ and 1000 Hz. 
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     Figure 21 contains two diagrams, the left diagram shows the effect of pressure on 𝐺𝐺𝐺𝐺′(ω), and the right diagram 
the effect of pressure on 𝐺𝐺𝐺𝐺′′(ω). In both cases is shown material performance at 1Hz and 1000Hz. At frequency 
1 Hz and pressure 1 bar, the storage modulus is 𝐺𝐺𝐺𝐺′(ω = 1𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 = 1𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) = 2.99𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, whereas at pressure 2000 
bar the storage modulus increases to 𝐺𝐺𝐺𝐺′(ω = 1𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 = 2000𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) = 4.07𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃.  Hence, material becomes 1.4 
times stiffer. At the same frequency of 1Hz the loss modulus at pressure 1 bar is 𝐺𝐺𝐺𝐺′′(ω = 1𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 = 1𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) =
0,29𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, whereas at pressure 2000 bar it rises to 𝐺𝐺𝐺𝐺′′(ω = 1𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 = 2000𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) = 0,92𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃. This means that 
at elevated pressure the materials ability to dissipate energy increases 3.15 times.  
 
     At ω=1000 Hz, we observe analogous trends. At 1bar the storage modulus is 𝐺𝐺𝐺𝐺′(ω = 1000𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 = 1𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) =
6.899𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, whereas at the pressure 2000 bar the storage modulus becomes 𝐺𝐺𝐺𝐺′(ω = 1000𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 = 2000𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) =
23.89𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, meaning that material stiffness is increased 3.46 times. At the same time the loss modulus at pressure 
1 bar is𝐺𝐺𝐺𝐺′′(ω = 1000𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 = 1𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) = 2.33𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, and at pressure 2000 bar it becomes 𝐺𝐺𝐺𝐺′′(ω = 1000𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 =
2000𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) = 12.65𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃. Thus, the material ability to dissipate energy has increased 5.41 times.  
 
     Of course, by further increasing material hydrostatic pressure one may increase the stiffness and damping 
properties much further, as it is demonstrated in continuation.  
 
     Stiffness of an isolation depends on its geometry and the storage modulus of a material from which it is built, 
whereas, its energy absorption capability is defined by isolation total volume and material loss modulus. Hence, 
if we keep the geometry and volume of an isolation constant both its stiffness and its energy absorption capability 
will depend on material storage and loss modulus only. In fact, the main interest is to understand how much (how 
many times) we can increase stiffness and energy absorption of an isolation by exposing the material from which 
it is made of to a selected hydrostatic pressure. Therefore, we introduce two coefficients, first, defining the increase 
of isolation stiffness by exposing it to a selected hydrostatic pressure p, relative to the isolation stiffness at the 
environmental pressure p0 = 0.1MPa: 
 

𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔) =
𝐺𝐺𝐺𝐺′(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔)
𝐺𝐺𝐺𝐺′(𝑝𝑝𝑝𝑝0,𝜔𝜔𝜔𝜔)

  .  (30) 

 
and the second 
 

𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔) =
𝐺𝐺𝐺𝐺′′(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔)
𝐺𝐺𝐺𝐺′′(𝑝𝑝𝑝𝑝0,𝜔𝜔𝜔𝜔)

  .  (31) 
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     Figure 21 contains two diagrams, the left diagram shows the effect of pressure on 𝐺𝐺𝐺𝐺′(ω), and the right diagram 
the effect of pressure on 𝐺𝐺𝐺𝐺′′(ω). In both cases is shown material performance at 1Hz and 1000Hz. At frequency 
1 Hz and pressure 1 bar, the storage modulus is 𝐺𝐺𝐺𝐺′(ω = 1𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 = 1𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) = 2.99𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, whereas at pressure 2000 
bar the storage modulus increases to 𝐺𝐺𝐺𝐺′(ω = 1𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 = 2000𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) = 4.07𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃.  Hence, material becomes 1.4 
times stiffer. At the same frequency of 1Hz the loss modulus at pressure 1 bar is 𝐺𝐺𝐺𝐺′′(ω = 1𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 = 1𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) =
0,29𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, whereas at pressure 2000 bar it rises to 𝐺𝐺𝐺𝐺′′(ω = 1𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 = 2000𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) = 0,92𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃. This means that 
at elevated pressure the materials ability to dissipate energy increases 3.15 times.  
 
     At ω=1000 Hz, we observe analogous trends. At 1bar the storage modulus is 𝐺𝐺𝐺𝐺′(ω = 1000𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 = 1𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) =
6.899𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, whereas at the pressure 2000 bar the storage modulus becomes 𝐺𝐺𝐺𝐺′(ω = 1000𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 = 2000𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) =
23.89𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, meaning that material stiffness is increased 3.46 times. At the same time the loss modulus at pressure 
1 bar is𝐺𝐺𝐺𝐺′′(ω = 1000𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 = 1𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) = 2.33𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, and at pressure 2000 bar it becomes 𝐺𝐺𝐺𝐺′′(ω = 1000𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 =
2000𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) = 12.65𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃. Thus, the material ability to dissipate energy has increased 5.41 times.  
 
     Of course, by further increasing material hydrostatic pressure one may increase the stiffness and damping 
properties much further, as it is demonstrated in continuation.  
 
     Stiffness of an isolation depends on its geometry and the storage modulus of a material from which it is built, 
whereas, its energy absorption capability is defined by isolation total volume and material loss modulus. Hence, 
if we keep the geometry and volume of an isolation constant both its stiffness and its energy absorption capability 
will depend on material storage and loss modulus only. In fact, the main interest is to understand how much (how 
many times) we can increase stiffness and energy absorption of an isolation by exposing the material from which 
it is made of to a selected hydrostatic pressure. Therefore, we introduce two coefficients, first, defining the increase 
of isolation stiffness by exposing it to a selected hydrostatic pressure p, relative to the isolation stiffness at the 
environmental pressure p0 = 0.1MPa: 
 

𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔) =
𝐺𝐺𝐺𝐺′(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔)
𝐺𝐺𝐺𝐺′(𝑝𝑝𝑝𝑝0,𝜔𝜔𝜔𝜔)

  .  (30) 

 
and the second 
 

𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔) =
𝐺𝐺𝐺𝐺′′(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔)
𝐺𝐺𝐺𝐺′′(𝑝𝑝𝑝𝑝0,𝜔𝜔𝜔𝜔)

  .  (31) 
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     Figure 21 contains two diagrams, the left diagram shows the effect of pressure on 𝐺𝐺𝐺𝐺′(ω), and the right diagram 
the effect of pressure on 𝐺𝐺𝐺𝐺′′(ω). In both cases is shown material performance at 1Hz and 1000Hz. At frequency 
1 Hz and pressure 1 bar, the storage modulus is 𝐺𝐺𝐺𝐺′(ω = 1𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 = 1𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) = 2.99𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, whereas at pressure 2000 
bar the storage modulus increases to 𝐺𝐺𝐺𝐺′(ω = 1𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 = 2000𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) = 4.07𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃.  Hence, material becomes 1.4 
times stiffer. At the same frequency of 1Hz the loss modulus at pressure 1 bar is 𝐺𝐺𝐺𝐺′′(ω = 1𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 = 1𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) =
0,29𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, whereas at pressure 2000 bar it rises to 𝐺𝐺𝐺𝐺′′(ω = 1𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 = 2000𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) = 0,92𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃. This means that 
at elevated pressure the materials ability to dissipate energy increases 3.15 times.  
 
     At ω=1000 Hz, we observe analogous trends. At 1bar the storage modulus is 𝐺𝐺𝐺𝐺′(ω = 1000𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 = 1𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) =
6.899𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, whereas at the pressure 2000 bar the storage modulus becomes 𝐺𝐺𝐺𝐺′(ω = 1000𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 = 2000𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) =
23.89𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, meaning that material stiffness is increased 3.46 times. At the same time the loss modulus at pressure 
1 bar is𝐺𝐺𝐺𝐺′′(ω = 1000𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 = 1𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) = 2.33𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, and at pressure 2000 bar it becomes 𝐺𝐺𝐺𝐺′′(ω = 1000𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧, 𝑝𝑝𝑝𝑝 =
2000𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏) = 12.65𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃. Thus, the material ability to dissipate energy has increased 5.41 times.  
 
     Of course, by further increasing material hydrostatic pressure one may increase the stiffness and damping 
properties much further, as it is demonstrated in continuation.  
 
     Stiffness of an isolation depends on its geometry and the storage modulus of a material from which it is built, 
whereas, its energy absorption capability is defined by isolation total volume and material loss modulus. Hence, 
if we keep the geometry and volume of an isolation constant both its stiffness and its energy absorption capability 
will depend on material storage and loss modulus only. In fact, the main interest is to understand how much (how 
many times) we can increase stiffness and energy absorption of an isolation by exposing the material from which 
it is made of to a selected hydrostatic pressure. Therefore, we introduce two coefficients, first, defining the increase 
of isolation stiffness by exposing it to a selected hydrostatic pressure p, relative to the isolation stiffness at the 
environmental pressure p0 = 0.1MPa: 
 

𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔) =
𝐺𝐺𝐺𝐺′(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔)
𝐺𝐺𝐺𝐺′(𝑝𝑝𝑝𝑝0,𝜔𝜔𝜔𝜔)

  .  (30) 

 
and the second 
 

𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔) =
𝐺𝐺𝐺𝐺′′(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔)
𝐺𝐺𝐺𝐺′′(𝑝𝑝𝑝𝑝0,𝜔𝜔𝜔𝜔)

  .  (31) 

 

Figure 19: Storage modulus,  G’ ω), at p=1 bar and p=2000 bar

Figure 20:  Loss modulus G’’(ω) at  p=1 bar and p=2000 bar

Figure 21: Storage, G’(ω),  and loss, G’’(ω), modulus of TPU at  p=1 
bar and p=2000 bar at 1 HZ and 1000 Hz.
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frequencies. In fact, all mentioned diagrams present 
the same information, i.e., how much hydrostatic pres-
sure we need at a given frequency to obtain a selected 
increase of isolation stiffness and energy absorption.

Figure 22 shows Kk(p,ω) and  Kd(p,ω)  at four se-
lected pressure conditions, i.e., , 50, 100, 200 and 300 
MPa,  as functions of frequency within the frequency 
range  1-10000Hz.

From Fig. 22a one may observe that TPU 1190A 
stiffness is very sensitive to excitation frequency, par-
ticularly at highest pressure. At the same time exci-
tation frequency has much smaller effect on material 
damping, Fig. 22b, and this is so for all pressures. One 
also observes that pressure has significant effect on 
both, stiffness and damping. At highest pressure stiff-
ness increases for about 4 to 10 times, and its damping 
for about 10 to 16 times, depending on the frequency 
of excitation. It is also interesting to observe that at 
highest pressure damping start to decrease as soon as 
the excitation frequency is higher than 1000Hz. 

The effect of pressure is seen more clearly in Fig. 
23, which shows Kk(p,ω) and  K(p,ω)  at four select-
ed excitation frequencies, i.e., 1, 10, 1000 and 10000 

Hz, as functions of pressure, within the range up to 
300 MPa. The two figures, Figs. 22 and 23, essentially 
show the same information just presented in a differ-
ent way. However, the different “angle of observation” 
provides quite different physical inside.

    From Fig. 23b one sees that damping monotoni-
cally increases with applied hydrostatic pressure at all 
frequencies almost equally up to 200MPa when, for the 
highest excitation frequency, the slope of the increase 
declines. The improvement of damping relative to the 
damping at reference pressure, caused by hydrostatic 
pressure, is the largest at 100Hz excitation, followed 
by 1000Hz, 1Hz and 10000Hz. 

Quite different is true for stiffness, displayed in 
Fig. 23a. Here one observes that stiffness monotoni-
cally increases with the applied hydrostatic pressure 
for all excitation frequencies, and the largest improve-
ment is observed at the highest excitation frequency, 
and the smallest for the excitation of 1Hz. One also 
observes that the largest “gap” is observed between the 
excitation frequencies 1Hz and 100Hz.

All these observations confirm that the effect of 
pressure on stiffness and damping is nonlinear and 
need to be carefully investigated for each particular 
material to be used for the new generation damping 
elements. These observations also confirm that vibra-
tion isolation based on the patented dissipative granu-
lar high-pressure technology can surpass the existing 
solutions for several orders of magnitude and allows 
new generation engineering solutions in different areas 
of application.

5. Discussion on possible engineering applications 

As mentioned in the introduction, in existing engi-
neering solutions any improvement of material damp-
ing would “soften” the material, and any improvement 
of stiffens would either lead to bigger dimensions of 
a loaded body, or to lower damping of the used ma-
terial. Any simultaneous improvement of damping 
and stiffness, as offered by the new dissipative gran-
ular high-pressure technology, would therefore have 
the potential for new engineering applications, which 
would not be achievable with the currently known 
technologies. We list a few examples to demonstrate 
the wide range of possible new applications:

•	 High-energy absorption in automotive indus-
try where dampers are needed to reduce the 
peak forces under impact loading or reduce vi-
brations caused by non-harmonic excitations. 
Currently, any improvement of damping 
would lead to higher volume of the used damp-
er. Newly developed dampers based on the 
high-pressure technology combine high ener-
gy absorption with high stiffness and therefore 
allow for small build-in volume. They exhibit 
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which defines an increase of isolation energy absorption (damping) obtained by exposing the analyzed TPU to a 
selected hydrostatic pressure. Comparison is made within the frequency range (1 - 10000Hz), which is of main 
interest for an impact and vibration isolation. The results are shown in two different forms: (i) 𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔) and 
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔) as functions of frequency, for four different pressures; and (ii) 𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔) and 𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔) as functions of 
hydrostatic pressure, for four different frequencies. In fact, all mentioned diagrams present the same information, 
i.e., how much hydrostatic pressure we need at a given frequency to obtain a selected increase of isolation stiffness 
and energy absorption. 
 
     Figure 22 shows K𝑘𝑘𝑘𝑘(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔) and  Kd(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔)  at four selected pressure conditions, i.e., , 50, 100, 200 and 300 MPa,  
as functions of frequency within the frequency range  1-10000Hz. 
 

Figure 22: (a) 𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔) and (b) 𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔) of 1190A as functions of frequency for four selected pressures 
 

 
 
     From Fig. 22a one may observe that TPU 1190A stiffness is very sensitive to excitation frequency, particularly 
at highest pressure. At the same time excitation frequency has much smaller effect on material damping, Fig. 22b, 
and this is so for all pressures. One also observes that pressure has significant effect on both, stiffness and 
damping. At highest pressure stiffness increases for about 4 to 10 times, and its damping for about 10 to 16 times, 
depending on the frequency of excitation. It is also interesting to observe that at highest pressure damping start to 
decrease as soon as the excitation frequency is higher than 1000Hz.  
 
     The effect of pressure is seen more clearly in Fig. 23, which shows K𝑘𝑘𝑘𝑘(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔) and  𝐾𝐾𝐾𝐾(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔)  at four selected 
excitation frequencies, i.e., 1, 10, 1000 and 10000 Hz, as functions of pressure, within the range up to 300 MPa. 
The two figures, Figs. 22 and 23, essentially show the same information just presented in a different way. 
However, the different “angle of observation” provides quite different physical inside.    
 

Figure 23: (a) 𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔) and (b) 𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑(𝑝𝑝𝑝𝑝,𝜔𝜔𝜔𝜔) of 1190A as functions of hydrostatic pressure at four selected 
frequencies 
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     From Fig. 23b one sees that damping monotonically increases with applied hydrostatic pressure at all 
frequencies almost equally up to 200MPa when, for the highest excitation frequency, the slope of the increase 
declines. The improvement of damping relative to the damping at reference pressure, caused by hydrostatic 
pressure, is the largest at 100Hz excitation, followed by 1000Hz, 1Hz and 10000Hz.  
 
     Quite different is true for stiffness, displayed in Fig. 23a. Here one observes that stiffness monotonically 
increases with the applied hydrostatic pressure for all excitation frequencies, and the largest improvement is 
observed at the highest excitation frequency, and the smallest for the excitation of 1Hz. One also observes that 
the largest “gap” is observed between the excitation frequencies 1Hz and 100Hz. 
 
     All these observations confirm that the effect of pressure on stiffness and damping is nonlinear and need to be 
carefully investigated for each particular material to be used for the new generation damping elements. These 
observations also confirm that vibration isolation based on the patented dissipative granular high-pressure 
technology can surpass the existing solutions for several orders of magnitude and allows new generation 
engineering solutions in different areas of application. 
  
 
5. Discussion on possible engineering applications  

 
    As mentioned in the introduction, in existing engineering solutions any improvement of material damping 
would “soften” the material, and any improvement of stiffens would either lead to bigger dimensions of a loaded 
body, or to lower damping of the used material. Any simultaneous improvement of damping and stiffness, as 
offered by the new dissipative granular high-pressure technology, would therefore have the potential for new 
engineering applications, which would not be achievable with the currently known technologies. We list a few 
examples to demonstrate the wide range of possible new applications: 
• High-energy absorption in automotive industry where dampers are needed to reduce the peak forces under 
impact loading or reduce vibrations caused by non-harmonic excitations. Currently, any improvement of damping 
would lead to higher volume of the used damper. Newly developed dampers based on the high-pressure 
technology combine high energy absorption with high stiffness and therefore allow for small build-in volume. 
They exhibit almost instantaneous response- and recovery time under vibrational and impact loading which is 
needed for safety applications.  

 

Figure 22: (a) Kk(p,ω) and (b) Kd(p,ω) of 1190A as functions of fre-
quency for four selected pressures

Figure 23: (a) Kk(p,ω) and (b) Kd(p,ω) of 1190A as functions of hy-
drostatic pressure at four selected frequencies
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almost instantaneous response- and recovery 
time under vibrational and impact loading 
which is needed for safety applications. 

•	 The use of the new dampers based on high 
pressure technology would substantially re-
duce vibrations, size and weight of currently 
used shock absorbers in the axels of vehicles. 
Particularly for heavy duty trucks the new 
dampers might replace currently used air sus-
pensions. 

•	 Passive car bumpers based on new technology 
will absorb more energy under impact loading 
and might be used for safety reasons in auton-
omous driving cars when getting out of con-
trol. 

•	 Damper applications in foundations for heavy 
machines and railroads. The unique combina-
tion of high damping and high stiffness of the 
new dampers allows for applications where 
heavy loads or forces must be transferred into a 
fundament, yet high shock absorbance and vi-
bration damping is needed. Such applications 
are the foundlings of heavy forge hummers or 
heavy sheet steel presses where repeating im-
pact occurs.

•	 For high speed trains or high-speed freight 
trains high forces must be supported while vi-
brations must be minimized by rail carrying 
sleeper (ref patent). Heavy loads can be sus-
tained by hydrostatically loaded polymers.

•	 Application of dampers for earthquake protec-
tion. As can be seen from the failure envelope 
of pressurized polymers, uniaxial- or two-di-
mensional pressure loading will cause shear 
failure of polymers, whereas three-dimension-
al pressure will be sustained up to extreme-
ly high loads. The reason that polymers can 
sustain almost infinitely high pressure allows 
their application for the protection of high-rise 
buildings, towers and bridges against s-waves 
emitted by earthquakes.  

It must be stated however, that the proper selec-
tion of the size and geometry of the damper device, the 
choice of the proper polymeric material and the choice 
of the applied hydrostatic preloading of the damping 
element still remains to the skill and responsibility of 
the design engineer.
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Abstract: This article presents new technological advances, trends and the latest scientific results of the 
bottom-up nanotechnology method called Ultrasonic Spray Pyrolysis (USP) in comparison with other 
similar processes. USP can produce micro and even nanoparticles from aerosol, which is generated with 
the use of ultrasound from a chosen solution. Review will show some latest key findings in the field of 
USP, with the focus of getting a new improved solution, not only in Nanotechnology, but also in a wide 
range of materials̀  synthesis, including Micro- and Metastable or Multicomponent forms to increase 
their transition for special application in different engineering areas in the future. The paper concludes 
with a presentation of the USP synthesis of TiO2 nanoparticles and their characterization.

Key words: Ultrasonic Spray Pyrolysis; Nanotechnology; TiO2 nanoparticles.

Povzetek: V članku so predstavljeni novi tehnološki pristopi, trendi in najnovejši znanstveni rezultati 
nanotehnoloških metod od spodaj navzgor, s fokusom na t.i. imenovani ultrazvočni razpršilni pirolizi 
(USP), v primerjavi z drugimi sorodnimi postopki. USP lahko proizvede mikro in celo nanodelce iz 
aerosola, ki se tvori z uporabo ultrazvoka iz izbrane raztopine v generatorju. V prispevku bo prikazano 
stanje in nekatere najnovejše ključne ugotovitve na področju USP, s poudarkom na novih izboljšanih 
rešitvah, ne samo v nanotehnologiji, temveč tudi v širokem spektru sinteze materialov, vključno z 
mikro- in metastabilnimi ali večkomponentnimi oblikami za izboljšanje njihovega prenosa specialne 
uporabe za različna inženirska področja v prihodnosti. Članek zaključujemo s prikazom USP sinteze 
TiO2 nanodelcev in njihovo karakterizacijo.

Ključne besede: ultrazvočna razpršilna piroliza; nanotehnologija; TiO2 nanodelci.
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1. Introduction

Nanotechnology is a branch of science and engineering 
focused on materials with at least one dimension below 100 
nm. Nanomaterials in different form such as: nanoparticles, 
nanotubes, nanopyramids, etc. have different properties 
compared to materials with macro dimensions. Their al-
tered physical and chemical properties come from a large 
surface-to-volume ratio and a high surface activity. Because 
of this, they are useful in various fields (electronics, chem-
istry, biotechnology, medicine, cosmetics) [1]. Different 
production methods for nanoparticles are known, they are 
divided into bottom-up and top-down approaches. Bot-
tom-up examples include sol-gel, chemical vapour deposi-
tion, flame spray synthesis, various pyrolysis and atomic or 
molecular condensation [2–5]. Top-down methods include 
laser ablation, nanolithography and high-energy milling [6, 
7]. Currently, these methods are suitable for production of 
small quantities of nanoparticles with major variations in 
shapes and sizes of the nanoparticles from production of 
different batches. A bottom-up method, called Ultrasonic 
Spray Pyrolysis – USP has good potential for removing 
these technological issues, for a more controlled nanopar-
ticle synthesis [4, 8]. Pyrolysis in general, is a process of 
chemical decomposition of various compounds at elevated 
temperatures. With the USP method, we additionally intro-
duce ultrasound for dispersing a precursor solution with our 
desired material into droplets. These droplets are then ex-
posed to high temperature below 1100°C, such that the ma-
terial inside the droplet is chemically decomposed via py-
rolysis and nanoparticles of pure elements are obtained. The 
advantage of the USP method is the simplicity of setting up 
individual process segments and changing their configura-
tion, continuous nanoparticle synthesis and the possibility 
of synthesizing pure nanoparticles from various materials. 
The disadvantage is a low efficiency of the method when 
using an un-optimized USP device used for laboratory pur-
poses (currently around 10%), due to losses of the dissolved 
material on the construction elements of the USP device.  

2. Ultrasonic Spray Pyrolysis

The main elements of the conventional USP device 
are the ultrasonic generator or nebuliser, the reactor fur-
nace, and a system for nanoparticle collection and cool-
ing (Figure 1). Ultrasonic nebulisers are the most efficient 
amongst other types of nebulisers, such as pneumatic and 
electrostatic, while also being affordable and having a 
low droplet velocity. As such, they are used commonly 
in spray pyrolysis processes. The sizes of the synthesised 
nanoparticles depend on the ultrasound frequency [9-11], 
which determines the sizes of the aerosol droplets, and 
the concentration of the dissolved salts in the precursor 
solution droplets. Due to vibrations of the ultrasound be-
low the solution surface, the kinetic energy of the solution 
molecules increases rapidly. This causes small droplets 

to overcome the surface tension and break away from 
it. This effect, known as nebulisation, produces micron 
sized aerosol droplets, which act as individual chemical 
reactors when subjected to thermal treatment [12-13]. 
Droplets in a size distribution from 1 to 15 microme-
tres are created with a high-frequency ultrasound (0,5-3 
MHz) [14].

The generated droplets of the precursor solution are 
transported into the furnace with a carrier gas, where 
the synthesis stages of evaporation and droplet shrink-
age, thermal decomposition and densification take 
place. Depending on the precursor salt composition 
and chemistry, a reaction gas may be included with 
the carrier gas to promote the formation of pure metal 
or metal oxide nanoparticles. The process forms sol-
id, non-porous nanoparticles with different amounts of 
aggregation, depending on the process parameters used 
(reaction temperature, residence time, etc.). One clas-
sification for nanoparticle synthesis processes is based 
on the physical state from which the nanoparticles are 
formed: From the gas, liquid or solid state. Depending 
on the type of precursor and material synthesised, USP 
can be categorised in all three states, as nanoparticles 
can be formed from the gas or the liquid/solid state. 
Depending on the physical state from which nanopar-
ticles are formed with USP, there are two well-known 
main conversion routes described in literature [9, 17-
18]: the Droplet-To-Particle (DTP) and Gas-To-Parti-
cle (GTP) conversion mechanisms. These formation 
mechanisms can both occur during synthesis with USP, 
and are determined by the various USP parameters – 
aerosol droplet size, gas flow, reaction temperatures, 
precursor solution salt and solvent volatility (ease of 
vaporisation), etc.

3. Particle formation with USP

3.1. Droplet-To-Particle conversion mechanism in USP

The liquid-to-solid and solid-to-solid conversion pro-
cesses with USP can be described with the DTP mech-
anism. This mechanism, in general, consists of the for-

Figure 1. Aerosol droplet formation from starting solution with ultra-
sound, example of gold chloride precursor for gold nanoparticles synthe-
sis (Assumption: the ion states inside the aerosol droplets are the same as 
in the starting solution, adapted from [15-16]
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mation of droplets, transportation of these droplets into 
a heating zone, evaporation of the solvent and thermal 
conversion of the solute into the final nanoparticles. As 
the droplet with dissolved material is being evaporated it 
shrinks, and, simultaneously, increases the mass fraction 
of the solute inside the droplet. The solute can begin to 
precipitate before uniform saturation is reached across 
the droplet because the solute diffusion is slower than the 
evaporation of the solvent. As the solid material is being 
precipitated on the droplet surface due to supersaturation, 
the liquid can become trapped in the centre. It then begins 
to evaporate through the newly formed surface crust (Fig-
ure 2). This slows down the evaporation rate.

Solute precipitation in droplets has not been de-
scribed by any theory in a quantitative manner. For a 
given solute, the supersaturation required for precipi-
tation must be measured [9, 20], and is a function of 
the exact composition of the solution (impurities act 
as precipitation sites). Because the rate of nucleation 
determines particle morphology, the evaporation de-
termines particle morphology (evaporation depends 
on several factors, such as surrounding vapour pres-
sure and temperature). Intraparticle reactions, such as 
thermal decomposition, also occur in the aerosol be-
fore and after solvent evaporation, and can influence 
particle morphology (Figure 3). These were studied 
with thermogravimetric analysis, differential thermal 
analysis and differential scanning calorimetry [9]. The 
precursor characteristics determine whether hollow or 
porous particles are formed. Whether a precursor melts 
or not before reacting has a very distinct difference on 
the final nanoparticle morphology. The volume frac-

tion of the solute also influences the formation of po-
rous or hollow particles, as does a high reduction of 
volume because of reactions.

3.2. Gas-To-Particle conversion mechanism in USP

The GTP formation mechanism generally follows 
the supersaturation of a gaseous species of the desired 
material, which causes nucleation and new particle for-
mation. The particles can be created by chemical reac-
tions of gaseous precursors, or by physical processes, 
such as cooling of a hot vapour. The average particle 
diameter, total particle concentration, size distribu-
tion and particle morphology evolve along the aero-
sol reactor in two different modes. One mode is nu-
cleation-condensation, where a monomer (molecule or 
atom) is formed by a chemical reaction or a decrease in 
temperature, until nucleation occurs. The saturation ra-
tio increases, and growth of the monomer proceeds by 
condensation of the monomer onto the particles. When 
no collisions occur, they can remain nearly spherical 
through the aerosol reactor path. Surface reaction on 
the particles may also occur, promoting growth. An-
other mode is nucleation-coagulation, where particles 
are formed and their high concentration allows colli-
sions and coalescence of particles, resulting in growth 
of the particles. Both modes can be found in laboratory 
processes, while nucleation-condensation is usually 
not found in industrial systems.

In the nucleation-condensation mode, the morphol-
ogy of the particles depends on collisions and coales-
cence. Particles coalesce by sintering after collisions 
in order to become spherical. The ratio of rates of col-
lisions and coalescence (αc [9, 22-23]) determines the 
morphology. In collision-limited growth (αc = ∞), the 
sintering rate is rapid relative to collisions, allowing 
for the formation of spherical particles between colli-
sions. In sintering-limited growth (αc = 0) the particles 
exist as aggregates. Intermediate conditions (αc ≈ 1) 
are in existence in real situations, where the particle 
morphology is a function of parameters that control the 
sintering rate – temperature and material properties. 
The primary particle size is also a function of these 
parameters (Figure 4).
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Figure 2. Evaporation of aerosol droplet and drying of the precipitated 
solute, adapted from [19]

Figure 3. Types of nanoparticles that can be synthesised from an aerosol 
droplet, depending on the parameter conditions, adapted from [21]

Figure 4. The ratios of collisions and coalescence with the GTP mecha-
nism and the resulting nanoparticle morphologies, adapted from [9, 22-
23]
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When the aerosol droplet evaporates within the 
GTP mechanism, the solute is vapourised along with 
the solvent, resulting in the presence of the solute 
vapours and their partial vapour pressure. When sat-
uration of vapours is reached, nucleation occurs, and 
growth of particles proceeds as described previously. 

4. Synthesis of TiO2 nanoparticles

In this part some results of the characteristic USP syn-
theses for TiO2 nanoparticles are presented. The goal of 
this experimental matrix was to find the influence of the 
process parameters on the particle size distribution and 
their morphology. The conducted experiments are pre-
sented in Table 1 and 2. The experiments presented in Ta-
ble 1 are done under a constant temperature profile where 
the influence of concentration and flow rate were studied. 
The experiments presented in Table 2 were done with a 
constant concentration of the precursor solution, where 
the temperature profile and flow rate were changed and 
in that way we studied their influence on the nanoparti-
cle characteristics. Lab-scale USP equipment, located in 
IME Aachen, with R. B. I. GAPUSOL 9001 ultrasonic 
generator (f= 2,5 MHz) with one transducer was used for 
the experiments in this research. The TiO2 nanoparticles 
collection in the conducted experiments was done in the 
liquid (ethanol) in collecting bottles.

Characterization of TiO2 nanoparticles

The TiO2 nanoparticles obtained in the experiments 
T1v to T13v were analysed with the Scanning electron 
microscopy (SEM) method in order to determine parti-
cle morphology and the size distribution. From the pre-
sented results (SEM micrographs) it is easy to see that, 
in most of the experiments, we obtained ideally spher-
ical nanoparticles with smooth surface. In some of the 
trials, like T8v to T10v and T13v particles with defect-
ed structure can also be noticed next to the spherical 
particles. A close-up is also presented of particles with 
irregular shape. In the experimental serial T1v-T13v 
more process parameters were varied: Concentration, 
flow rate and temperature profile (see Table 1  and Ta-
ble 2). Next to the SEM micrographs are presented also 
the particle size distribution histograms with cumula-
tive distribution.

In Figure 5 are presented the SEM micrographs for 
experiments T1v-T3v in which the influence of flow 
rate (and residence time) on the nanoparticle morphol-
ogy and the size distribution was examined. In the con-
ducted experiments the flow rate showed no significant 
influence on the TiO2 nanoparticle morphology, since 
almost all nanoparticles had ideally spherical form. On 
the other hand, a small influence can be observed on 
the particle size distribution: the smaller percent of big 
particles occurs at the higher flow rate. This effect is 
very small, and it can be considered as a tendency. In 
all three experiments (T1v-T3v) 50% of the nanoparti-
cles are below 250 nm. For the experiment T1v, 90% 
of the nanoparticles are below 525 nm, for T2v, 90% 
are below 500 nm and for T3v, 90% are below 425 nm.

The result of experiment T4v is presented in Figure 
6. The precursor solution concentration used in this 
experiment gave good results (50% of nanoparticles 
smaller than 225 nm and 90% smaller than 325 nm), 
but efficiency and productivity at low concentration 
was very low. For this reason, no further experiments 
were done with this concentration. The results present-
ed in Figure 7 are the results of experiments T5v-T7v, 
which were done under the same process parameters as 
the experiments T1v-T3v but with a lower concentra-
tion of the precursor solution.

From the results presented in Figure 7, the same ten-
dency can be observed of the influence of the flow rate: 
No influence on the particle morphology and minimal 
influence on the particle size distribution. The obtained 
nanoparticles, as expected due to the lower concentra-
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Figure 5: SEM micrographs of TiO2 nanoparticles obtained on the USP 
equipment at 300°C-800°C-300°C temperature and various carrier gas 
flow rates with corresponding particle size distributions (experiments T1v 
to T3v)

Figure 6: SEM micrographs of TiO2 nanoparticles obtained in experi-
ment T4v with corresponding particle size distribution
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tion of the precursor solution, are smaller than the ones 
obtained in the experiments T1v-T3v. It is important 
to notice that this difference is minimal in the area of 
nanoparticles smaller than 300 nm (T5v: 50% smaller 
than 225 nm, T6v: 50% smaller than 220 nm and T7v: 
50% smaller than 275 nm). The difference is more obvi-
ous in the area of D>500 nm, which means that there are 
less of the bigger nanoparticles (T5v: 90% smaller than 
425 nm, T6v: 90% smaller than 375 nm and T7v: 90% 
smaller than 450 nm). In the experiments T6v and T7v, 
all nanoparticles are below 600 nm. Here is also deter-
mined the positive influence of the increased carrier gas 
flow rate on the nanoparticle size distribution.

The results of characterization for the experiments 
T8v-T13v are presented in Figure 8 and Figure 9. Next 
to the SEM micrographs of obtained nanoparticles are 
also presented the close-ups of the characteristic struc-
tures and the morphological irregularities.

    Based on the SEM micrographs presented in Fig-
ure 8 it is possible to determine that, in all conducted 
experiments, there was the formation of the various de-
fected nanoparticle morphologies. The reason for this 
must be the high temperature in the first heating zone 
(800°C). It is assumed that, in this area, the first two 
steps of the nanoparticles` formation take place: Evap-
oration and precipitation. The high temperature in this 
area obviously has an unwanted effect on the kinetics 
of the mass and the heat transfers occurring in those 
formation steps, which is resulting in the various de-
fects in the nanoparticle morphology.

In the row of the experiments T11v-T12v the in-
fluence was examined of the flow rate and the low-
er temperature in the first heating zone (300°C) on 
the nanoparticle formation and the final nanoparticle 
morphology. The SEM micrographs of the obtained 
nanoparticles are presented in Figure 9. From the pre-
sented micrographs it is possible to see, that the lower 
temperature in the first heating zone and moderate car-
rier gas flow rate have a positive influence on the for-
mation of ideally spherical nanoparticles, as shown in 
the experiments T11v and T12v. The SEM micrographs 
of the nanoparticles obtained in the experiment T13v 
show that, even at the lower temperature in the first 
heating zone, the high carrier gas flow rate can lead to 
the formation of the defected nanoparticle morphology.

By comparing the results presented in Figure 8 and 
Figure 9, especially the one from the experiment T8v 
with the one from T11v, and T9v with the one from 
T12v, it is clear to see that the temperature profile plays 
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Figure 7: SEM micrographs of TiO2 nanoparticles obtained on the USP 
equipment at 300°C-800°C-300°C temperatures and various carrier gas 
flow rate with corresponding particle size distributions (experiments T5v 
to T7v)

Figure 8: SEM micrographs of TiO2 nanoparticles obtained in the exper-
iments T8v, T9v and T10v, at a constant precursor solution concentration, 
800°C-800°C-300°C temperature and various N2 flow rates, with a close-
up of the typical defects (below each SEM micrograph)

Figure 10: TEM analysis of the TiO2 nanoparticles obtained in the ex-
periment T12v, a- spherical nanoparticles, b- detail showing that the in-
dividual nanoparticles are building the soft agglomerates, c- and d- poly-
crystalline structure of individual nanoparticles with the visible primary 
nanoparticles and some examples of the defects in the primary nanoparti-
cle structure (twins), e- the structure of the primary nanoparticles, f- clear-
ly apparent nanocrystallite of approximately 10-15 nm size

Figure 9: SEM micrographs of the TiO2 nanoparticles obtained in the 
experiments T11v, T12v and T13v, at a constant precursor solution con-
centration), 300°C-800°C-300°C temperature and various N2 flow rates, 
with the close-up of the typical particle shape and typical defects (below 
each SEM micrograph)
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a more important role in the particle formation and the 
morphology than the carrier gas alone. The first heat-
ing phase, as assumed already, has the deciding influ-
ence on it. A detailed discussion about those results 
will be presented in the model proposal and the model 
validation part. 

The nanoparticles obtained in the experiment T12v 
were analysed additionally by Transmission Electron 
Microscopy (TEM), the results of TEM analysis are 
presented in Figure 10 where the particle morphology 
and substructure of the primary nanoparticles can be 
better observed. 

    From Figure 10 it is easy to see that the indi-
vidual secondary nanoparticles have the size 200-600 
nm. They are building soft agglomerates that can be 
separated easily by mechanical dispersion.  The sec-
ondary nanoparticles are built up from the primary par-
ticles that have irregular shape, are mono-crystalline 
and have a size in the range 5-20 nm. In the presented 
results (c-f) it is possible to see the primary particles, 
grain boundaries, structural defects (twins) and crystal 
structure. On the presented results it is possible to see 
the presence of a Moire frame (fringe) which indicates 
that the structure of the synthesized nanoparticles is 
not fully furnished and contains a high concentration 
of defects. Further information, which can be collected 
from the obtained results, is that it came to more or less 
uniform precipitation during the process of synthesis 
of those nanoparticles (in the presented experiment), 
since there is no visible concentration gradient from 
the centre of the particle to its surface. This can be con-
cluded at least for the four fully visible nanoparticles, 
whereas the biggest nanoparticle is not fully visible 
and this conclusion can’t be transferred to it directly. 

5. Discussion

The SEM and TEM micrographs of the obtained 
TiO2 nanoparticles show that most of the nanopar-
ticles (90%) are in the size range from 50 nm up to 
500 nm, whereas a small percentage (less than 10%) 
is in the sub-micrometre to micrometre size range. In 
addition, the results have showed that over 90 % of 
the TiO2 nanoparticles have spherical form and a dense 
structure, whereas less than 10% had shown defects 
in the structure and a hollow morphology. In order to 
explain these differences in the particles` morpholo-
gy and relatively bright size range (also in the case of 
the same experiment), it was necessary to determine 
which droplets come due to the surface precipitation 
and which to the volume precipitation in the evapora-
tion/precipitation step. The nanoparticles bigger than 
500 nm have showed that for an explanation of their 
formation, especially in the evaporation/precipitation 
step, the classical model has to be upgraded.  This new 
analysis of the DTP transformation route, with the 

accent on the evaporation/precipitation step, is going 
to be conducted by the investigation of the tempera-
ture gradient inside the droplet and the Biot number 
(Bi number) [24], which is a dimensionless quantity 
used in calculating heat transfer. It is explained that 
when 0,1< Bi < 40, the internal and external resistance 
to heat transfer are almost the same (so that both are 
important). In the case of the conducted experiments, 
the droplet and the fluid are both flowing, and for all 
experiments the calculated value of the Bi number was 
around 0,275. From this information it is possible to 
conclude that there does exist the resistance to conduc-
tive heat transfer in the droplet in the evaporation/pre-
cipitation stage and, as the result of it, the temperature 
gradient inside the droplet does exist. 

     Based on the calculated values for the Biot num-
ber, in the case for both the applied equipment, and 
independently of the droplet size in the range 1-15 
µm, it can be determined that the temperature gradi-
ent exists in all the droplets. The existence of the tem-
perature gradient inside the droplet leads to the for-
mation of a concentration gradient inside of it, since 
the temperature has direct influence on the kinetic of 
mass transfer processes inside the droplet (diffusion). 
On the other hand, this indicates that all the droplets 
might undergo the surface precipitation process, since 
one of the conditions for such a precipitation is the 
concentration gradient. One part of the adaptation of 
the classical model is that it is assumed that the model 
must be slightly different in the case of the smaller and 
bigger droplets, due to the difference in the length of 
the diffusion way, since it plays one of the main roles 
in the droplet-to-particle transformation and the final 
nanoparticle morphology. In the very small droplets 
(1-3 µm), the temperature gradients are very small and 
also the concentration gradients, so that in those cas-
es the volume precipitation can take place. In the case 
of the small droplets (3-8 µm), in the evaporation/pre-
cipitation step, the evaporation of the liquid from the 
droplet surface is a much faster process compared to 
the diffusion of the solid and liquid inside the droplet. 
Since the evaporation leads to a fast increase of the 
precursor concentration on the droplet surface, this is 
the place where the precipitation starts. With the fur-
ther solvent evaporation, the precipitation front moves 
towards the droplet/particle centre. Since the diffu-
sion of solute from the centre of the droplet is not fast 
enough, not all the solute manages to reach all the way 
to the surface and, in this way, the precipitation front 
ends in the centre of the particle. This results in a dense 
nanoparticle morphology, even though the surface pre-
cipitation took place. It is in a way a special case of the 
surface precipitation.  In the case of the bigger droplets 
(8-15 µm), the evaporation of the droplets also takes 
place on the droplet surface and the formation of the 
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concentration gradient follows the same trend as the 
one for the smaller droplets, but in this case the dis-
tance that the precipitation front needs to make from 
the droplet surface to the centre is much bigger and, 
for this, much more relevant. In this case, the precip-
itation also starts on the droplet/particle surface, the 
precipitation front moves towards the droplet centre, 
and the diffusion goes from the centre to the surface. 
Due to the length of the way of the diffusion path and 
the precipitation moving path, those two lines meet at 
some distance away from the droplet centre (see Figure 
11). The movement of the precipitation front is faster 
than the diffusion. In this case, the more or less hollow 
particles will be formed, where the thickness of the 
wall of the particles depends on the precursor solution 
physical characteristics and the process parameters. It 
is expected that, for this droplet size, the precipitation 
front met the diffusion front at 80% of the full dis-
tance from the surface to the centre. For this reason, 
it is expected that the wall thickness is at least 80% of 
the particle diameter. For the droplet with the size big-
ger that 15 µm the same processes take place, but due 
to the longer distance from the surface to the centre, 
bigger particles with a thinner wall thickness will be 
formed (see Figure 11). In the case that the wall is not 
permeable for the evaporated gas diffusion, it might re-
sult in the wall breaking and the formation of so-called 
exploded particles. 

     From the presented discussion and model adap-
tation, it is easy to conclude that it is not possible to 
avoid the formation of temperature and concentration 
gradient inside the droplet completely, but it is possi-
ble to influence the pathways and kinetic of particle 
formation (with a droplet size and process parameters 
like flow rate and temperature) and in this way influ-
ence partly the particle morphology.

    From the model presented in Figure 11 it is easy 
to see that, for all droplets, the temperature and con-
centration gradients are assumed, and that the deciding 
factor that defines the particle formation and morphol-
ogy is the droplet size. On the other hand, the other 
parameters, such as the flow rate and the temperature, 
also have very important influence on the end particle 
morphology. This influence can be the best observed 
from the experimental results obtained in the experi-
ments T8v to T13v, presented in Figure 12. 

In the example presented in Figure 12 it is easy to 
see that, if the volume flow and temperature in the zone 
where the evaporation/precipitation step takes place 
increase, the evaporation rate on the droplet surface in-
creases and defects like the ones presented in Figure 12 
may occur. This kind of behaviour is expected from the 
very beginning, since it is the behaviour partly predict-
ed with the known D-T-P model. Based on the results 
of this research, it is concluded that defected particles 
are formed only in the case of bigger droplets (>8µm), 
especially for >15µm. This means that the adapted 
model, presented in Figure 11, is connected also to 
influences of the extreme flow rate/temperature and 
must be implemented in it. By overall assessment of 
the experimentally obtained results, it may be conclud-
ed that the theoretical D-T-P model, after the presented 
adaptation, corresponds to the experimental results. 
The experimental results gave a deeper understanding 
of the complex correlation of the process parameters 
and enabled better control of them. 

6. Conclusions 

From the presented review the following conclu-
sions can be summarised: 

It is important to take into account that the USP is 
a very fast process where all the described processes 
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Figure 12: Typical morphology and defects of TiO2 nanoparticles ob-
tained in the experiments T8v to T13v, showing the influence of the tem-
perature and the flow rate on the nanoparticle morphology

Figure 11: Adapted model for D-T-P transformation pathways for the big 
and the small droplets
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take place in micrometers’ volume and in parts of sec-
onds. For these reasons, the deviations of the proposed 
models are possible, and based on this, synthesised 
nanoparticles are very often in a metastable state. 

TiO2 nanoparticles were synthetized, and all the exper-
imental results have indicated that, for the applied process, 
the classical D-T-P model does not sufficiently describe the 
particle formation mechanism. Based on this experience, 
the adaptation of the known D-T-P model was done.

By the right choice of the mentioned process USP 
parameters it is possible to produce ideally spherical, 
polycrystalline and dense nanoparticles.  
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Povzetek: Tehnika impedančne spektroskopije je bila uporabljena za študijo notranje upornosti litij-
žveplovih akumulatorjev. Da bi razumeli vpliv različnih topil pogosto uporabljanih v elektrolitih za Li-S 
akumulatorje, so bili v raziskavi uporabljeni trije različni elektroliti (na osnovi ionske tekočine [DEME]
[TFSI], topila sulfolan, ali topila TEGDME). Spremembe v notranji upornosti smo spremljali na več 
točkah praznjenja in polnjenja celic ter čez 50 ciklov delovanja. Iz impedančnih spektrov so bili preko 
analize in prileganja z enostavnim ekvivalentnim vezjem razločeni štirje impedančni prispevki, ki so 
bili pripisani elektrolitu, procesom na anodi ali procesom na katodi. Narejena je bila analiza sprememb 
v velikostih teh prispevkov in primerjava med različnimi uporabljenimi elektroliti

Ključne besede: litij-žveplovi akumulatorji; polisulfidi; impedančna spektroskopija; ionska tekočina; 
elektroliti.

Abstract: Internal resistance of lithium-sulfur batteries was investigated with impedance spectroscopy. 
In order to understand the effect of various common solvents for Li-S battery preparation, the electrolyte 
in the cells was varied (ionic liquid [DEME][TFSI], sulfolane or TEGDME solvent). The impedance 
changes were followed at several points during discharge and charge of the batteries and through 50 
cycles of their use. The resulting spectra were analyzed and fitted, extracting information on four 
different impedance contribution. The contributions were assigned to the electrolyte, anode or cathode. 
Their change through a single cycle and through multiples cycles of battery use was evaluated as well as 
compared between cells employing different electrolytes.

Key words: lithium-sulfur batteries; polysulfides; impedance spectroscopy; ionic liquid; electrolytes.
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1. Uvod

Lithium-sulfur (Li-S) batteries are considered an 
important electrochemical system for the future gen-
eration of batteries. Although their theoretical char-
acteristics are favorable (especially in terms of high 
specific capacity), they are rarely realized in practice1. 
The largest issue seems to be dissolution of the inter-
mediate species formed on the cathode (polysulfides) 
into the electrolyte, which causes lower capacities as 
well as higher capacity fade and poor Coulombic ef-
ficiencies2. Since the electrolyte’s properties impor-
tantly influence this dissolution3, investigation of the 
electrolyte’s performances and the reasons behind any 
differences is paramount.

There are several techniques one can use to evalu-
ate the performance of battery cells and/or understand 
their mechanism of operation. Since internal imped-
ance is one of the basic properties of battery cells and it 
influences both the voltage and the capacity of the cell, 
determining its size and contributions can be of sig-
nificant value. Usually, this is done through the use of 
electrochemical impedance spectroscopy. In general, 
the impedance response can be divided to the contribu-
tions of the electrolyte and the impedances of both the 
electrodes, which contributions are from charge-trans-
fer reactions and diffusion of active species. Usually, 
this is complicated due to any passivation reactions or 
other side reactions.4

In this study, we followed the impedance change 
in battery cells employing different electrolytes, which 
are commonly used in Li-S batteries - ionic liquid 
([DEME][TFSI]) based electrolyte, sulfolane based 
electrolyte and glyme based electrolyte (TEGDME). 
Impedance contributions were evaluated using a sim-
ple equivalent circuit for fitting and their change was 
connected to the galvanostatic cycling performance of 
the battery cells.

2. Materials and methods

     Three batteries with different electrolytes were 
prepared and tested for evaluation of Li–S battery inter-
nal impedance response. The electrolytes were LiTFSI 
(lithium bis(trifluoromethylsulfonyl) imide) salt solu-
tions (1 M) in sulfolane:1,3-dioxolane (DOL) 1:1, 
TEGDME (tetraethylene glycol dimethyl ether):DOL 
2:1, and [DEME][TFSI]:DOL 1:2 mixture. DOL, 
TEGDME, LiTFSI and sulfolane were all from Aldrich, 
while [DEME][TFSI] ionic liquid was from Solvionic 
(N,N-Diethyl-N-methyl-N-(2-methoxyethyl)ammo-
nium bis(trifluoromethanesulfonyl)imide). The ratios 
of the mixtures were chosen so that the viscosities of 
the electrolyte solutions were close to 5 mPa·s. The 
battery cells were constructed with 60 µL per mg S 
of the electrolyte in order to avoid battery failure due 
to cell’s dry-up. Glassy fibre separator (GF/D, What-

man) was used. Cathodes (1.5 cm2) were made in the 
laboratory. Preparation of the sulfur/carbon composite 
was done by mixing ENSACO 350G carbon (Imerys) 
and sulfur (Aldrich) 1:2 weight ratio. The mixture was 
heated to 155 °C for 5 hours under argon atmosphere. 
The composite was mixed with a conductivity additive 
(Printex XE2, Degussa) and binder (PVDF, Aldrich) in 
80:10:10 wt.% ratio in N-methylpyrolidone (Merck). 
The slurry was casted on aluminum foil with Doctor 
Blade and dried at 50 °C overnight (SP-55 EASY drier, 
Kambič). The active mass loading of the finished elec-
trodes was approximately 1 mg of S per cm2. 

Impedance spectra were recorded in the range of 1 
MHz to 10 mHz with a voltage amplitude of 10.0 mV 
(rms) using BioLogic VMP3 potentiostat/galvanostat 
with EC-lab software. The batteries were discharged at 
C/20 current for a period of one hour. Afterwards the 
current was stopped and the cells were left at OCV for 
15 minutes. Impedance spectrum was recorded before 
C/20 current was applied again. After 1.5 V vs. Li/Li+ 
was reached, the current was reversed and the same 
measurement done through charge. Voltage cut-off for 
charge was 3.0 V vs. Li/Li+. 50 cycles of galvanostat-
ic cycling with intermittent impedance measurements 
were conducted.

The impedance spectra measured were extracted 
and fitted in ZView with a simple equivalent circuit 
model (Rel-RC1-RC2-RC3). We do not claim for this 
equivalent circuit model to be physically explainable 
and directly linked to an electrolyte resistance (Rel) 
and three different processes taking place inside the 
cell (RC1-RC3). We used it since it was the simplest 
one that fit well with the measurements and could en-
able us to follow the change each contribution goes 
through with battery aging.

3. Results and discussion

     The capacities and efficiencies the batteries 
reached are shown on Figure 1. If we compare the three 
tested electrolytes, we can conclude that in terms of 
capacity reached and its fade, sulfolane and TEGDME 
based electrolyte work very similar, with the latter hav-
ing better efficiencies. The ionic liquid electrolyte has 
poor capacity, but the best Coulombic efficiency. The 
evolution of the impedance contributions was followed 
through different depths of discharge and multiple cy-
cles of battery use. An example of a measured imped-
ance spectrum, typical frequencies of the impedance 
arcs and spectrum fit using a simple equivalent circuit 
can be seen in Figure 2. Values of four contributions 
to the impedance (Rel, RC1, RC2 and RC3) were ex-
tracted using the fit with the equivalent circuit shown 
above the spectrum. The circuit chosen was arbitrary 
and used only as a means of following the four imped-
ance contributions visible. The Rel value reflects the 
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bined contribution of electrolyte and contact resistance. 
Since the cell setup is optimized, we have little effect 
on the contact resistances. Li–S batteries exhibit a dis-
tinctive curve in their electrolyte resistance response 
through discharge and charge of the cell.5,6 The same 
shape can be seen in the three electrolytes tested (Fig-
ure 3). The initial resistive intercept increases through 
the high-voltage plateau and reaches a maximum just 
before the precipitation of Li2S starts in the bottom 
voltage plateau. In charge, a similar (reverse) thing 
happens, although the resistance never decreases back 
down to its starting value. The reason behind this curve 
is in polysulfide dissolution into the electrolyte, which 
makes it more viscous and disables the ion transport. 
After the amount of dissolved polysulfides decreases 
due to Li2S precipitation, the resistance also decreases. 
Since the initial value is never reached, it is implied 
that some polysulfides that dissolve into the electrolyte 
never precipitate.

This change was monitored through the 50 cycles 
of the experiment. On Figure 3 shows the results for 
all three electrolytes. X-axis represents time, but the 
discharge and charge duration was both normalized. 
This means that with further cycling, although less ca-
pacity was reached, the data for discharge is always 
plotted between 0 and 1 and data for charge between 
1 and 2. Y-axis and its scale for resistance is the same 
in the cases of sulfolane and TEGDME based electro-
lytes, and stretched to larger values for the ionic liquid. 
Blue color significates low resistances and red higher 
resistances. Cycle number increases with going further 
into Z-axis. 

Results for sulfolane and TEGDME based electro-
lytes are again very similar (Figures 3a and 3b). The 
characteristic shape (two peaks) is seen through the 
cycles. The values first increase and level out from the 
starting 8 Ω to approximately 12 Ω. Sulfolane shows 
greater increase in values. For [DEME][TFSI] the 
sharp increase seen in the first cycle continues with 
resistances reaching just above 50 Ω by the end of the 
experiment.

If we move towards lower frequencies in the im-
pedance spectrum of a Li–S battery cell, the contribu-
tions originate from the charge transfer reactions on 
the electrodes and diffusion of electroactive species. 

resistance of the electrolyte, while the other three com-
ponents do not have a direct proven correlation with a 
physicochemical process of battery operation (more on 
the origin of the contributions is discussed in continu-
ation). In this study, we focus only on the sizes of the 
resistances (Rel, R1, R2, R3) and merely comment on 
the capacitance (C) values.  

Color coding on x-axis of Figure 2 also shows the 
graphical representation of the four resistance contri-
butions. The sum of all resistances was usually around 
1-2 kΩ, which corresponds well with the internal im-
pedance calculated from galvanostatic experiments.

The Rel contribution (resistive intercept) was the 
only one we could unequivocally attribute to the com-

Figure 1. Specific discharge capacities (circles) and Coulombic efficien-
cies (stars) through 50 cycles of the experiment with intermittent imped-
ance spectra measurements.

Figure 3. Resistive intercept change through 50 cycles at different DOD 
for three different electrolytes – (a) 1 M LiTFSI in sulfolane:DOL 1:1, 
(b) 1 M LiTFSI in TEGDME:DOL 2:1 and (c) 1 M LiTFSI in [DEME]
[TFSI]:DOL 1:2.

Figure 2. Typical impedance spectrum of a Li-S battery cell and its fit 
with the equivalent circuit shown above the graph. Color coding shows 
the resistance values on x-axis.
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in different electrolytes is shown in Figure 5. Y-axis 
and its scale for resistance is the same in the cases of 
sulfolane and ionic liquid based electrolytes, and re-
duced to smaller values for TEGDME. The response 
is different when changing the solvent. Contribution 
in TEGDME based electrolyte is maximum 15 Ω in 
size, while the resistances in the other two electrolytes 
reach over 500 Ω. Its shape through different DOD is 
also different. With sulfolane and TEGDME electro-
lyte, it exhibits peaks in the middle of both discharge 
and charge, while the resistance for the [DEME][TF-
SI]:DOL electrolyte increases at the end of discharge. 
The origin of this contribution is complex and could be 
either due to passivation effects on the cathode or even 
diffusional complications due to HSAL growth on the 
lithium anode. Either way, its origin exceeds the scope 
of this study so we cannot speculate of its meaning.

The lowest frequency contribution (RC3) is simi-
lar in size in all the electrolytes, reaching over a kΩ 
and dominating the internal impedance Figure 6. With 
the ionic liquid electrolyte, the values are incomplete 
since at the beginning and end of discharge, the spectra 
showed a more blocking response and the equivalent 
circuit chosen for the fit was not adequate. In other 
studies, it has been determined that this contribution is 
due to diffusion of polysulfides through the separator 
pores10. There is little variation in this contribution 
with further cycling, but it does show a generally sim-
ilar curve with peaks at the end of discharge (time = 
1) and end of charge (time = 2) for all the electrolytes 
tested. This is in line with the diffusional contributions 
increasing at those points due to the lowest concentra-
tions of polysulfides.

If the variation in impedance contributions is com-
pared to the electrochemical performances depicted 

The response is further complicated by passivating 
films and other unwanted side reactions. From the 
spectra alone it is difficult to extract useful informa-
tion. For example – without further experiments, one 
cannot state even if the contribution seen in the spec-
trum is coming from processes occurring on the anode 
or on the cathode. As reported elsewhere, symmetrical 
cells approach6–8 is the most useful in this case. It is 
therefore possible to determine, that the RC1 contri-
bution in the battery spectrum is from the anode and 
the RC3 from the cathode part. In the matter of size of 
the contributions, the positive electrode dominates the 
overall response with the low frequency part being the 
most significant impedance contribution. Assignation 
of the middle frequency contribution (RC2) is a little 
more complex. From the symmetrical cells experiment 
through the first discharge it was determined that that 
signal is mixed with contributions from both sides. 

The high frequency arc response (RC1), which 
we attributed to the anode6–8, was followed through 
50 cycles and is depicted on Figure 4. The represen-
tation is similar as the one for the resistive intercept, 
although here, the z-axis (cycle number) is reversed for 
better clarity. 

The size of the anode resistance through the first 
discharge is a few 10 Ω. Afterwards it decreases in all 
three electrolytes tested (albeit with different rates) 
and by the end of the 50th cycle measures only a few 
Ω. Explanation of this phenomenon is in high surface 
area Li deposits (HSAL). Since the surface area of 
the electrode gradually increases, the resistance gets 
smaller. That also implies, that the anode resistance is 
insignificant compared to the cathode contributions af-
ter a few cycles. The double layer capacitance for this 
feature remains relatively constant through different 
DOD and further cycling and is of approximate value 
of 1 µF, consistent with literature reports for charge 
transfer contributions.9 This degree of size reduction 
is only the case when excess of electrolyte is present 
in the cell. If the cell dries out due to side reactions of 
Li anode with the electrolyte, the decrease in the anode 
contributions is not that pronounced.

     The change of R2 contribution through cycling 

Figure 4. R1 (lithium anode contribution) change through 50 cycles at 
different DOD for three different electrolytes – (a) 1 M LiTFSI in sulfo-
lane:DOL 1:1, (b) 1 M LiTFSI in TEGDME:DOL 2:1 and (c) 1 M LiTFSI 
in [DEME][TFSI]:DOL 

Figure 5. R2 (middle frequency resistance) change through 50 cycles at 
different DOD for three different electrolytes – (a) 1 M LiTFSI in sulfo-
lane:DOL 1:1, (b) 1 M LiTFSI in TEGDME:DOL 2:1 and (c) 1 M LiTFSI 
in [DEME][TFSI]:DOL 

Figure 6. R3 (low frequency cathode resistance) change through 50 cy-
cles at different DOD for three different electrolytes – (a) 1 M LiTFSI in 
sulfolane:DOL 1:1, (b) 1 M LiTFSI in TEGDME:DOL 2:1 and (c) 1 M 
LiTFSI in [DEME][TFSI]:DOL 1:2.
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in Figure 1, two conclusions could be made: (i) it is 
likely that the RC2 contribution (for which correlation 
to its physicochemical meaning has not been success-
ful) causes the lower capacities achieved with the ion-
ic liquid based electrolyte; and (ii) the difference in 
the Coulombic efficiencies between the sulfolane and 
TEGDME solvent are in all probability connected to 
the solubility of polysulfide species in the respective 
electrolytes3. The latter claim is supported by the vari-
ation in the resistive intercept (Rel). Since the values 
level out sooner for TEGDME solvent, polysulfide 
species are less soluble in the corresponding electro-
lyte than in the sulfolane based one. 

4. Conclusions

Regardless of the electrolyte used, the impedance 
contribution for Li-S batteries show several similar 
characteristics. The resistive intercept value has a peak 
shape due to dissolution and precipitation of polysul-
fide species. The Rel value also increases with further 
cycling, an effect connected with permanent dissolu-
tion of polysulfides, albeit the degree of this change is 
different in connection to the solubility of polysulfides 
in different electrolytes. Secondly, the RC1 (anode) 
contribution significantly decreases with further cy-
cling in all cases tested, a consequence of surface area 
increase due to dendritic growth, resulting in insignif-
icant impedance contribution from the Li metal anode. 
Third, The RC3 contribution is the largest detected 
and is attributed to the cathode impedance due to dif-
fusion of polysulfides in the separator. There is some 
variation in the exact shape of this contribution during 
charge and discharge, although in general it exhibits a 
peak at the beginning and end of each half-cycle. The 
largest difference between the electrolytes tested was 
detected for the (unassigned) RC2 contribution.
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