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adannugtir.
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Akrilamid (AAM) zayif mekanik 6zellikleri dolay1, biyodoku iskeleleri ve yumusak doku aktiiatorleri gibi
biyomedikal uygulamalarda istenilen dzellikleri sergileyememektedir. Bu nedenle Aljinat (ALG) kullani-
larak ¢ift aga sahip hidrojel seklinde kullanilmaktadir. Bu ¢alismada AAM-ALG hidrojelindeki kovalent
capraz baglayici (BIS) ve iyonik ¢apraz baglayici (CaCly) miktariin mekanik 6zellikler etkisini arastirmak
tizere bes farkls hidrojel tiretilmistir. Silindirik basma numuneleri %20 gerinim seviyesine kadar yiiklenmis,
daha sonra 300 saniye siire ile gevseme testi yapilmistir. Sonuglar iyonik ¢arpaz baglayici miktarinin me-
kanik ozelliklere etkisinin ¢ok gii¢lii oldugunu gostermistir. Kovalent ¢apraz baglayicit miktarinin ise belli
bir kritik seviyenin tizerinde etkili oldugu gézlemlenmistir.
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Stress Relaxation Behavior of Double Network Hydrogels under
Compressive Loading

ABSTRACT

Because of moderate stretchable properties of acrylamide (AAM), it is used as double network hydrogel
with alginates (AAL). We prepared AAM-ALG hydrogels containing various amount of crosslinker (BIS)
and concentration of calcium chloride (CaCl,) solution. A series of uniaxial compression loading tests were
performed on five different AAM-ALG specimens. The specimens are loaded up to 20% strain and hold
at the same strain level for 300 seconds. Concentration of CaCl, solution dependency is clear; increasing
molarity of CaCl, yields an increase in the stress level. On the other hand, effect of amount of BIS is not
dominant on mechanical properties.
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EXTENDED ABSTRACT

Introduction

Hydrogels are three-dimensional polymeric networks that include porous, hydrophilic, physical and chemical crosslinking.
Hydrogels swell thousands time of their dry weight in water bath and any solution. Hydrogels are influenced changes of environmental
conditions such as temperature, pH, magnetic field, and the electric field. These changes are important for their appllcatlon in the
fields of drug delivery, tissue repairing, wound dressing, biosensors, pharmaceutical, agriculture and adsorbent [1-6

Hydrogels were initially used for production of contact lenses, and then hydrogels were intensively applied for the controlled
delivery of biologically active agents. Recently, different biomedical applications have been progressed with using hydrogels such
as biomedical devices, scaffolds or tissue engineering, sensors, and soft actuators. Because of these, the mechanical response of
gels under swelling has recently attracted substantial attention. The mechanical properties of the hydrogels depend on their ionic,
hydrogen and Van der Waals bonding forces. These forces related to the three dimensional network structure and cohesive forces
which base on hydrophobic interaction[7-10]).

During the past decades, intense investigations have been done to develop high strength, stretchable, tough hydrogels and
nanocomposite hydrogels [11-17]. Because of moderate stretchable properties of AAM-ALG, some studies have been focused on
synthesis of AAM-ALG and its mechanical properties [18-22]. Alginates are defined as a group of polysaccharides that are produced
from a mixture of brown algae and bacteria. Alginates are widely used across many areas of production and biomechanics. Alginates
have a wide variety of properties depend on the type and parts of algae that they are cultivated form. Typically, alginates are used for
their viscosifying properties for which they are used in the textile food and biotechnological industries [23]. AAM is the one of the
common materials that are used in variety of tissue engineering areas, but the pure AAM have extremely poor mechanical properties
and biocompatibility [24]. Because of these shortcomings, the mechanical properties of AAM should be increased. One option is
combining with other biomaterials such as alginate. Previous investigations have been indicated that the mechanical properties of
pure AAM should be improved by synthesizing as double network with ALG [11, 12, 22, 25-31].

Objectives
We prepared AAM-ALG hydrogels containing various amount of crosslinker (BIS) and concentration of calcium chloride solution.
Covalently crosslinked AAM and ionically crosslinked ALG contribute for extremely stretchable and tough properties on the
hydrogels.

The aim of the study associate with mechanical behavior of alginate-acrylamide double network hydrogels (AAM-ALG). This
study focuses on the relaxation behavior of AAM-ALG hydrogels. The objective of this study is to present experimental data related
relaxation behavior of AAM-ALG specimen is loaded to various maximum strains (emax) and hold 300 s at fixed strain level.

Results

Operation and Maintenance costs are a large part of the annual total cost of a wind turbine. For a new turbine, operating and
maintenance costs can reach 20-25% of the total cost per kWh generated over the lifetime of the turbine. If the turbine is new, the
share may only be 10-15%, but this turbine may increase to 20-35% towards the end of its life. Therefore, operating and maintenance
costs are getting more attention, as manufacturers try to significantly reduce these costs by developmg new turbine designs that
require fewer regular service visits and less turbine downtime.

3. Methods

We prepared AAM-ALG hydrogels containing various amount of crosslinker (BIS) and molarity of calcium chloride solution.
Covalently crosslinked AAM and ionically crosslinked ALG contribute for extremely stretchable and tough properties on the
hydrogels (Fig.1).

The uniaxial compression loading behavior of AAM-ALG were determined by using DMA Q800 (TA Instruments). Compression
tests were carried out for different stress/strain levels. AAM-ALG gels with 0.05, 0.1 and 0.3 M CaCl2 solution and 50, 75 and 100
pL BIS croslinker were used for these tests.

4. Test Results

A series of uniaxial compression loading tests were performed on three different AAM-ALG specimens that were prepared in 0.05,
0.1 and 0.3 M CaCl, solution at room temperature. The specimens are loaded up to 20% strain and hold at the same strain level for 5
minutes. Uniaxial stress—strain behaviors of AAM-ALG at room temperature on 0.05, 0.1 and 0.3 M CaCl2 specimens are depicted
in Fig. 2. Concentration of CaCl, solution dependency is clear; increasing molarity of CaCl. yields an increase in the stress level.
Trends of these stress—strain curves are approximately the same. All specimens demonstrated hyperplastic behavior.

Relaxations at the strain levels of 20% were performed for 300 s to investigate the influences of concentration of CaCl, on the
relaxation behavior. Stress versus time curves during relaxation tests at the strain levels of 20% are depicted in Figs. 3

A series of uniaxial compression loading tests were performed on three different AAM-ALG specimens that were prepared with 50,
75 and 100 pL BIS at room temperature. The specimens are loaded up to 20% strain and hold at the same strain level for 5 minutes.
Uniaxial stress—strain behaviors of AAM-ALG at room temperature on 50, 75 and 100 uL BIS specimens are depicted in Fig. 4.
Amount of crosslinker dependency is clear for high degree; increasing amount of crosslinker yields an increase in the stress level.
On the other hand, effect of crosslinker for lower amount of BIS is debatable. Trends of these stress—strain curves are approximately
the same. All specimens demonstrated hyperplastic behavior.

Relaxations at the strain levels of 20% were performed for 300 s to investigate the influences of amount of crosslinker on the
relaxation behavior. Stress versus time curves during relaxation tests at the strain levels of 20% are depicted in Figs. 5.

5.Consclusions

Observations are reported on AAM-ALG hydrogels in uniaxial compression loading tests with mixed program (loading a maximum
strain 20% and hold for 300 s) at room temperatures. We used five different AAM-ALG that are 0.05, 0.1(75 pL BIS) and 0.3 M
concentration of CaCl, and 50, 75 (0.1 M CaCl,) and 100 pL BIS. Concentration of CaCl, solution dependency is clear; increasing
molarity of CaCl, yields an increase in the stress level. Amount of crosslinker dependency is clear for high degree; increasing
amount of crosslinker yields an increase in the stress level. On the other hand, effect of crosslinker for lower amount of BIS is not
pronounced. The amounts of ionic and covalent crosslinker crosslinker do not influence relaxation behavior of AAM-ALG.
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1. GIRIS

Hidrojeller, gozenekli, hidrofilik, fiziksel ve kimyasal ¢apraz baglamay1 iceren {i¢
boyutlu polimerik aglardir. Hidrojeller, su banyosunda kuru agirliklarinin binlerce
katina kadar sisebilir. Hidrojeller, sicaklik, pH, manyetik alan ve elektrik alani gibi
cevre kosullarindaki degisikliklerden etkilenir. Bu 6zellikler ila¢ salinimi, doku ona-
rimi, yara sargisi, biyosensorler, eczacilik, tarim alanlarindaki uygulamalari agisindan
onemlidir [1-6].

Hidrojeller baslangicta kontak lens iiretiminde kullanildi ve daha sonra biyolojik ola-
rak aktif ajanlarin kontrollii verilmesi isleminde yogun bir sekilde uygulandi. Son
zamanlarda, biyomedikal cihazlarda, biyo doku iskelelerinde, doku miihendisliginde,
sensorler ve yumusak aktiiatorler uygulamalarinda hidrojellerin farkl tiirleri gelisti-
rildi. Hidrojellerin mekanik 6zellikleri iyonik, hidrojen ve Van der Waals bag kuvvet-
lerine baghdir. Bu kuvvetler, {i¢ boyutlu ag yapisi ve hidrofobik etkilesime dayanan
kohezif kuvvetlerle ilgilidir [7-10].

Yakin ge¢miste, yiiksek mukavemetli, gerilebilir, sert hidrojeller ve nanokompozit
hidrojeller gelistirmek icin yogun aragtirmalar yapilmistir [11-17]. AAM-ALG’ nin
orta derecede gerilebilir dzelliklerinden dolayi, bazi ¢calismalar AAM-ALG’nin sen-
tezine ve mekanik Ozelliklerine odaklanmistir [18-22]. Aljinatlar, kahverengi alg
ve bakteri karisimindan tiretilen bir polisakkarit grubu olarak tanimlanir. Aljinatlar,
basta biyomekanik olmak iizere birgok iiretim alaninda yaygin olarak kullanilmak-
tadir. Aljinatlar, yetistirildikleri alglerin tiiriine ve kisimlarina bagli olarak ¢ok ¢esitli
ozelliklere sahiptir. Aljinatlar, genel olarak tekstil, gida ve biyoteknoloji endiistrile-
rinde viskozite ayarlayict 6zelliklerinden dolay: kullanilir [23]. AAM, cesitli doku
miihendisligi alanlarinda yaygin kullanilan malzemelerdendir, ancak saf AAM, son
derece zayif mekanik 6zelliklere ve biyouyumluluga sahiptir [24]. Bu gibi dezavantaj-
larindan dolay1i, AAM’nin mekanik &zelliklerinin ve biyouyumlulugunun artirilmasi
giincel konulardandir. Bu amaca yonelik bir se¢enek, AAM’nin ALG gibi diger dogal
biyomalzemeler kullanarak kompozit hale getirmektir. Bu ¢calismalarda genel olarak
saf AAM, ALG ile ¢ift ag olarak sentezlenerek mekanik 6zelliklerde iyilestirilmeler
gerceklestirilir [11, 12, 22, 25-31].

Bu caligmada, ¢esitli miktarlarda capraz baglayici (BIS) iceren ve degislik molarite
kalsiyum kloriir ¢ozeltisi i¢erisinde bekletilmis AAM-ALG hidrojelleri hazirladik. Ko-
valent olarak ¢apraz bagli AAM’in ALG ile iyonik olarak ¢apraz baglanmasi ile elde
edilen hidrojeller son derece yiiksek oranlarda gerilebilir ve tok 6zelliklere sahiptir.

Bu calisma, yiikleme ve gevseme testlerine tabi tutulan farkli miktarda iyonik ve ko-
valent ¢apraz baglayici iceren AAM-ALG hidrojellerinin mekanik tepkisinin belirlen-
mesi ile ilgilidir.
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2. MALZEME VE TESTLER
2.1 Poliakrilamid-Alijinat Hidrojel Sentezi

Poliakrilamid (PAAM) aljinat (ALG) hidrojellerinin hazirlanmasi iki asamali bir
yontemden olusur: ilk etapta serbest radikal kopolimerizasyonu ile akrilamidin
(AAM) capraz baglanmasi ikinci etapta aljinatin ¢apraz baglanmasi. Yari i¢ i¢e geg-
mis bir ag olusturmak icin, akrilamid polimerize edildi ve aljinat dahil edilerek
capraz baglandi. AAM capraz baglayicisi olarak N, N-metilenbisakrilamid (BIS),
amonyum persiilfat (APS) ve polimerizasyonu baslatmak i¢in tetrametiletilendia-
min (TEMED) kullanildi. ikinci adim, aljinatin CaCl, tuz kullanilarak fiziksel ola-
rak ¢apraz baglanmasini igerir, bdylece polimer zincirleri arasinda iyonik baglar
olusturulmustur.

Agdaki ¢apraz baglama ajanlarmin etkisini anlamak icin farkli konsantrasyonlarda
CaCl, ve BIS kullanildi. Hidrojeller, 1: 8 agirlik oraninda aljinat/akrilamid sahip bir
aljinat ve akrilamid soliisyonu yapilarak sentezlendi. Cozeltideki nihai ALG ve AAM
konsantrasyonu agirlik¢a %14°dir. Aljinat ¢ozeltisi vakum firminda 121°C’de bir saat
siireyle bekletildi ve daha sonra oda sicakliginda sogutuldu. Bu agamadan sonra ¢6-
zeltinin hacminin azaldig1 gézlemlendi.

AAM ve ALG ¢ozeltileri birlikte karigtirildi. Akrilamid monomerinin miktarina oranla
% 0,018 mol,% 0,028 mol ve% 0,037 mol olmak iizere {i¢ farkli molar oranda BIS ve
% 0,917 mol TEMED eklenmistir. AAM oraninina gore % 0,123 mol APS iceren taze
APS ¢ozeltisi hazirlandi. Soliisyon hemen bir plastik kaliba aktarildi ve islem sirasinda
olusan oksijen ve serbest radikaller arasindaki etkilesimleri 6nlemek icin nitrojen gazi
ile 15 dakika siire arindirma yapildi. Bir saat sonra polimerizasyon iglemi tamamla-
narak, malzeme dikkatlice kaliptan ¢ikartildi ve AAM nin ¢apraz baglama islemi igin
CaCl, ¢ozeltisine (0.05M, 0.1M ve 0.3M) daldirdi. AAM-ALG hidrojellerine ait go-
rlntiiler Sekil 1°de verilmistir.

2.2 Mekanik Testler

Bu calisma, AAM-ALG hidrojellerinin gevseme davranisina odaklanmaktadir. Bir
AAM-ALG numunesi ¢esitli maksimum gerinim seviyesine (&,,) yiklendikten son-
ra, bu gerinim seviyesinde 300 saniye sabit tutularak gerilme seviyesindeki azalig
gbzlemlenmistir.

Oda sicakliginda kuasi-statik basma testleri, bir Dinamik Mekanik Analizor DMA
Q800 (maksimum yiik kapasitesi 18 N ile TA Instruments) kullanilmistir, cihazin
maksimum 6lgme uzunlugu 24 mm’dir. Testler kuvvet kontrol modunda gergeklesti-
rilmis ve dinamik etkileri yok edebilmek i¢in gerilme ve gerinimin dinamik bilesenle-
ri miimkiin olan minimum degere ayarlanmigtir. Her test en az ti¢ kez tekrarlanmustir.
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d) e)

Sekil 1. AAM-ALG hidrojelleri a) 0.05 M CaCl2-75 pL BIS, b) 0.1 M CaCl2-75 L BIS ¢) 0.3 M
CaCl2-75 pL BIS d) 0.1 M CaCl2-750 L BIS €) 0.1 M CaCl2-100 pL BIS

Bu test i¢in 0.05, 0.1 ve 0.3 M CaCl, soliisyonlu AAM-ALG hidrojeller ve 50, 75 ve
100 pL BIS ¢apraz baglayict kullanilmistir.

3. TEST SONUCLARI

Numuneler oda sicakliginda, % 20 gerinim seviyesine kadar sabit bir basma hizinda
yiklenmis ve 5 dakika boyunca ayni gerinim seviyesinde tutularak gevseme dav-
ranigt incelenmistir. 0.05, 0.1 ve 0.3 M CaCl, ¢ozeltisi icerisinde capraz baglanmis
ve 75 pL BIS igeren AAM-ALG numunelerine ait tek eksenli gerilim-gerinim dav-
raniglart Sekil 2’de gosterilmektedir. CaCl, soliisyon molaritesi bagimlilig1 agiktir;
artan konsantrasyon miktari ile dayanim artmaktadir. Bu gerilme-gerinim egrilerinin
egilimleri yaklasik olarak birbirinin aynidir. Tiim 6rnekler viskoelastik davranis gos-
termektedir.

CaCl, molaritesinin gevseme davranisi iizerindeki etkilerini aragtirmak i¢in % 20 ge-
rinim seviyesinde 300 saniye siireyle gevseme testleri gergeklestirildi. % 20 gerinim
seviyesindeki gevseme egrileri gerilime-zaman olarak Sekil 3’te verilmistir. Gevseme
deneylerinde, gerilim azalisi trendi her {i¢ numune tipinde de hemen hemen ayni-
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dir (0.05, 0.1 ve 0.3 M). Bu sonugclar, iyonik capraz baglayict miktarlarinin AAM-
ALG’nin gevseme davranigini tizerinde gii¢li bir etki oldugunu gostermektedir.

50, 75 ve 100 uL BIS igeren ii¢ farkli AAM-ALG numunesi iizerinde bir dizi tek
eksenli basma yiiklemesi testi gergeklestirilmistir. Numuneler, oda sicakliginda %
20 gerinim seviyesine kadar sabit bir yiikleme hizinda yiiklenmis ve daha sonra 300
saniye boyunca ayn1 gerinim seviyesinde tutularak gerilme seviyesinde zamanla olu-
san azalma miktar1 gozlemlenmistir. Ug tip AAM-ALG numuneye ait tek eksenli
gerilme-gerinim egrileri Sekil 4’te gosterilmektedir. Capraz baglayict ajan miktari-
nin dayanim {lizerindeki etkisi 75 pL miktarindan sonra daha etkindir; artan ¢apraz
baglayici miktar1, gerilme seviyesinde bir artis saglamaktadir. Ote yandan, daha dii-
stik BIS miktari i¢in ¢apraz baglayicinin etkisi ¢ok agik degildir. Sekildeki gerilme-
uzama egrilerinin egilimleri yaklasik olarak aynidir. Tiim numuneler viskoelastik
davranig gdstermistir.

Capraz baglayicinin miktarinin gevseme davranisi lizerindeki etkilerini arastirmak
icin % 20 gerilme seviyesinde 300 saniye siireyle gevseme testleri gergeklestirildi. Bu
testlere ait gerilmedeki azalma miktarmi gdsteren egriler gerilme-zaman &lgeginde
Sekil 5°te verilmisgtir.

Gevseme deneylerinde, gerilim diisiisti yiiksek oranda ¢apraz baglayici iceren numu-
ne i¢in daha yiiksektir, diger iki numune tipinde ise hemen hemen aynidir (50, 75 ve
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Hidrojellerinin Gevseme Davranisinin Gerilme (KPa)-Zaman (Dakika) Grafigi

100 pL BIS). Bu sonuglar, kovalent ¢apraz baglayict miktarlarinin AAM-ALG’nin
gevseme davranigini iizerinde kritik bir seviyeden sonra daha etkili oldugunu goster-
mektedir.

4. YORUMLAR

Bu calismada, bir dizi test programi ile (% 20 maksimum gerinim seviyesine kadar
yiikleme ve 300 saniye siireyle sabit gerinim seviyesinde tutma) AAM-ALG hidrojel-
lerinin oda sicakliginda tek eksenli basma yiiklemesi davranisi incelenmistir. Sirastyla
iyonik ve kovalent ¢apraz baglayici oranlart: 0.05, 0.1 ve 0.3 M (75 uL BIS) konsant-
rasyon CaCl, ve 50, 75 ve 100 uL BIS (0.1 M CacCl,) olan bes farkli AAM-ALG kulla-
nilmistir. CaCl, iyonik baglayici ¢ozelti konsantrasyonu bagimlilig1 agiktir; CaCl,’nin
artan molaritesi, gerilme seviyesinde bir artisa neden olmaktadir. Kovalent ¢apraz
baglayict miktart bagimlilig1 yiikksek oranlar i¢in daha agiktir; artan ¢apraz baglayi-
c1 miktar1, gerilme seviyesinde bir artiy saglamaktadir. Ote yandan, daha diisiik BIS
miktar1 i¢in capraz baglayicinin mekanik 6zellikler iizerindeki etkisi zayiftir. Iyonik
ve kovalent capraz baglayict miktarlarinin AAM-ALG nin gevseme davranisini etkisi
benzer sekilde gézlemlenmistir.
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