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Abstract. This study is focused on the aerodynamic optimization of Vertical Axis Wind 
Turbines' blades. A special feature was investigated – the opening at the blade’s trailing 
edge (opened blades). The blades having this element are known as J-shaped blades. The 
analysis was done experimentally by testing eleven small scale turbines which were 
organized into four sets. The performance was compared within each set which contained 
both full and open bladed turbines. Two airfoil types were examined: symmetrical NACA 
0018 and asymmetrical FX 63-137, and two types of blades: straight and helical. The 
compared turbines had the same key parameters and were subjected to the same external 
conditions. The tendencies clearly favored the J-shaped turbines for all cases. Besides 
superior productivity, the open bladed turbines started generating power from lower wind 
speeds. The positive effects of the openings were not the same for all examined cases and 
were influenced by the airfoil type, blade shape, openings orientation and wind speed. 

 

Keywords:  blade opening, efficiency improvement, helical blades, J-shape, straight blades, 
vertical axis wind turbine. 

 
Rezumat. Acest studiu se referă la optimizarea aerodinamică a palelor pentru turbinele 
eoliene cu ax vertical. În particular a fost cercetat efectul deschiderii de la bordul de fugă a 
palelor asupra performanţei turbinei. Palele prevăzute cu acest element sunt cunoscute 
drept pale deschise sau pale de tip-J. Studiul a fost efectuat în mod experimental prin 
testarea a unsprezece turbine eoliene de scară mică organizate în patru seturi. Performanţa 
a fost comparată între rotoarele fiecărui set format din versiuni cu pale deschise și pale 
pline. Au fost examinate două tipuri de profile aerodinamice: profilul simetric NACA 0018 
și profilul asimetric FX 63-137, precum și două tipuri de pale: drepte și elicoidale. 
Turbinele comparate au fost supuse acelorași condiţii externe și au fost caracterizate de 
aceiași parametri constructivi. Tendinţele au favorizat în mod evident turbinele cu pale de 
tip-J. În afară de productivitatea superioară, turbinele cu pale deschise au început 
generarea de energie de la viteze mai mici ale vântului. Efectele pozitive ale deschiderii nu 
au fost aceleași pentru toate cazurile analizate fiind influenţate de tipul profilului 
aerodinamic, forma palelor, orientarea deschiderii și viteza vântului. 

 

Cuvinte cheie:  creșterea eficienţei, pale de tip-J, pale deschise, pale drepte, pale elicoidale, 
turbină eoliană cu ax vertical. 
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Abstract. In this paper, we considered the problem of optimally controlling a two-
dimensional dynamical system until it reaches either of two boundaries. We consider a 
controlled dynamical system ,  which is a generalization of the classic two-
dimensional Kermack-McKendrick model for the spread of epidemics. Moreover, the system is 
subject to random jumps of fixed size according to a Poisson process. The system is controlled 
until the sum 	  is equal to either 0 or d (> 0) for the first time. Particular problems are 
solved explicitly. 

 

Keywords:  Dynamic programming, error function, first-passage time, random jumps, Poisson 
process. 

 
Rezumat. În această lucrare a fost analizată problema controlului optim a unui sistem 
dinamic bidimensional până când ajunge la oricare dintre cele două limite. Considerăm un 
sistem dinamic controlat (X (t), Y (t)), care este o generalizare a modelului clasic 
bidimensional Kermack-McKendrick pentru răspândirea epidemiilor. Mai mult, sistemul este 
supus unor salturi aleatorii de dimensiuni fixe, conform unui proces Poisson. Sistemul este 
controlat până când suma X (t) + Y (t) este egală cu 0 sau d (> 0) pentru prima dată. 
Problemele particulare sunt rezolvate în mod explicit. 

 

Cuvinte cheie: programare dinamică, funcţie de eroare, timp de primul pasaj, salturi aleatorii, 
proces Poisson. 
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Abstract. The quantum dots laser under the influence of conventional and filtered 
feedback is analyzed in the framework of the extended Lang-Kobayashi rate equations. 
The feedbacks comes from two separate branches: conventional and filtered optical 
feedback. We introduce a filtered feedback to control the unstable behavior of laser 
induced by conventional optical feedback. The stationary states, so called external filtered 
modes, of quantum dot laser under the influence of double feedback are obtained 
analytically. The locations of these modes are plotted in the plane of different parameters. 
Finally, it is shown that under appropriate conditions the laser system generate different 
behavior as continuous wave, periodic and chaotic behavior. In the case of equal feedback 
strengths in both channels it is shown that for a small feedback strength the phase portrait 
is a stable focus. With increase of the both feedback strengths the phase portrait became a 
limit cycle, and finally goes to a strange attractor. 

 

Keywords: conventional and filtered optical feedback, externally cavity modes, quantum dots 
lasers, rate equations, stationary states, stable focus, limit cycle, strange attractor. 

 

Rezumat. În cadrul modelului extins Lang-Kobayashi al ecuaţiilor ratelor este analizat 
comportamentul laserului cu puncte cuantice sub influenţa feedback-ului convenţional și 
filtrat. Feedback-urile provin de la două canale separate: feedback-ul optic convenţional și 
filtrat. Pentru a controla comportamentul instabil al laserului, indus de feedbackul optic 
convenţional, se introduce feedback-ul optic filtrat. S-au obţinut relaţiile analitice pentru 
stările staţionare ale laserului cu puncte cuantice sub influenţa feedback-ului dublu, așa-
numitele moduri filtrate ale cavităţii exterioare. Locaţiile acestor moduri sunt reprezentate 
în planul diferiţilor parametri. În cele din urmă, se demonstrează că, în anumite condiţii, 
sistemul laser generează comportamente diferite cum ar fi: unde continue, comportament 
periodic și haotic. În cazul intensităţilor egale ale feedback-urilor în ambele canale, se 
constată că pentru valori mici ale intensităţii feedback-urilor, portretul de fază este un focar 
stabil. Odată cu creșterea intensităţii ambelor feedback-uri, portretul de fază devine un ciclu 
limită și, în final, trece într-un atractor straniu. 

 

Cuvinte cheie: feedback optic convenţional și filtrat, moduri ale cavităţii externe, lasere cu 
puncte cuantice, ecuaţii de rată, stări staţionare, focar stabil, ciclu limită, atractor 
straniu. 
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Abstract. This paper describes two procedures developed for obtaining microheaters for 
copper oxide-based gas sensors. Different types of substrates (glass, SiO2/Si and ceramic) 
are investigated, as well as different configurations of geometric parameters for 
meandering heating elements. It is shown that microheaters made on glass, ceramic and 
SiO2/Si substrates can survive up to a temperature of 400 °C, which allows their 
integration for applications in gas sensing devices to maintain necessary operating 
temperature. 

 

Keywords:  microheater, copper oxide, gas sensors, glass substrate, semiconductors. 
 

Rezumat. În lucrare sunt descrise doua proceduri de obţinere a microîncălzitoarelor pentru 
senzorii de gaz pe baza oxidului de cupru. Se cercetează diferite tipuri de substraturi 
(sticlă, SiO2/Si și ceramică), precum și diferite configuraţii ale parametrilor geometrici 
pentru elementele de încălzire de tip meandru. Se demonstrează că microîncălzitoarele 
fabricate pe substraturile din sticlă, ceramică și SiO2/Si pot rezista până la o temperatură 
de 400 °C, ceea ce permite integrarea acestora pentru aplicaţii în dispozitivele de 
detectare a gazelor cu scopul de a menţine temperatura de funcţionare necesară. 

 

Cuvinte cheie: microîncălzitor, oxid de cupru, senzori de gaz, substrat de sticlă, semiconductori. 
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Marius I. Bâzu2 
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Abstract. The article focuses on the analysis of different nanoelectronic architectures with 
special design rules, taking into account the reliability of the future product. In the next 
decade, the reliability will play an even bigger role for industries in nanofabrication, which 
amounts to designing, and manufacturing devices on the nanometre scale. The main thrust 
in any reliability work is identifying failure modes and mechanisms. This is especially true 
for the new technology of microelectromechanical systems (MEMS). High reliability is often 
stressed as an argument for projects in nanotechnology. Despite these claims, only little 
work has actually been done in the field of reliability in nanotechnology in clear contrast 
with microelectronics which is now extending its reliability modelling to nanoscaled 
semiconductor circuits. Nano-manufacturing will provide more twists to the traditional 
models due to the nature of nano-defects, and Heisenberg uncertainty. Nanotechnology has 
the potential to create many new materials and devices with wide-ranging applications, 
such as in medicine, electronics, and energy production. The reliability aspect includes both 
the electronic and the mechanical parts, complicated by the interactions. The challenging 
issue in MEMS technology development and commercialization is justifying its reliability. 
Packaging has often been referred as the “Achilles heel of MEMS manufacturing”. 

 

Keywords: MEMS, NEMS, nano-objects, quantum-dots, nanodevices, nanoelectronics, dominant 
failures modes, Micro / nanosystem products, reliability, failure analysis. 

 

Rezumat. Articolul este axat pe analiza diferitor arhitecturi nanoelectronice cu reguli 
speciale de proiectare, ţinând cont și de fiabilitatea viitorului produs. În următorul deceniu, 
fiabilitatea va juca un rol și mai mare pentru industriile din nanofabricare, ceea ce se referă 
la proiectarea și fabricarea dispozitivelor la scara nanometrică. Principala forţă a oricărei 
testări de fiabilitate este identificarea modurilor și mecanismelor de avariere. Acest lucru 
este valabil mai ales pentru noua tehnologie a sistemelor microelectromecanice (MEMS). 
Fiabilitatea ridicată este adesea subliniată ca argument pentru proiectele din 
nanotehnologie. În ciuda acestor afirmaţii, în domeniul fiabilităţii în nanotehnologie s-au 
realizat puţine lucrări, în contrast clar cu microelectronica, care acum își extinde modelarea 
fiabilităţii la circuitele cu semiconductor nanoscalat. Nano-fabricarea va oferi mai multe 
reveniri la modelele tradiţionale, datorită naturii nano-defectelor și incertitudinii 
Heisenberg. Nanotehnologia are potenţialul de a crea multe materiale și dispozitive noi cu 
aplicaţii largi, cum ar fi în medicină, electronică și producţie de energie. Aspectul de 
fiabilitate include atât componentele electronice, cât și cele mecanice, cu diverse 
interacţiuni. Problema provocatoare în dezvoltarea și comercializarea tehnologiei MEMS 
justifică fiabilitatea acesteia. Ambalajul a fost adesea denumit „călcâiul lui Ahile din 
fabricaţia MEMS”. 

 

Cuvinte-cheie: MEMS, NEMS, nano-obiecte, nanodispozitive, nanoelectronică, moduri dominante 
de defectare, produse micro /nanosistem, fiabilitate, analiza defectărilor. 
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Accepted: 05. 11. 2020 

 

Abstract. Because the commercialization of nanosensors in the field of gas sensing is still in 
its infancy, many efforts have been made to develop efficient methods to increase their 
performances. A special attention was paid to the increase of the sensitivity and selectivity 
of the gas nanosensors based on individual micro - or nanostructures using different 
strategies. In this work, the recent results in the field of high-performance gas nanosensors 
obtained by the research group from Centre for Nanotechnology and Nanosensors, 
Technical University of Moldova in collaboration with Kiel University, Germany are 
highlighted and summarized. The quasi-uni-dimensional (1-D) and three-dimensional (3-D) 
individual hybrid structures based on zinc oxide were integrated into nanodevices using a 
focused ion beam/scanning electron microscopy (FIB/SEM) instrument. The hybridization of 
the individual ZnO structures is shown to result in a considerable increase in gas response, 
as well as a change in selectivity to volatile organic compounds and ammonia. Particularly, 
an increase in hydrogen gas response (by about 2 times) was obtained by surface 
functionalization with ZnAl2O4 nanoparticles, while a change in selectivity to ethanol 
vapors and ammonia was obtained by surface functionalization with Fe2O3 nanoparticles or 
buckminster fullerenes (C60) and carbon nanotubes (CNTs), respectively. The obtained 
results provide new avenues for the rational engineering of gas nanosensors by the use of 
hybrid nanomaterial systems with enhanced synergistic catalytic behavior and potential 
barrier manipulation. 

 

Keywords: hybrid materials, nanosensors, gas sensor, ZnO, room temperature.
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Rezumat. Deoarece comercializarea micro- și nano-senzorilor în domeniul detectării gazelor 
este încă în stare incipientă, s-au depus multe eforturi pentru a dezvolta metode eficiente 
de control a performanţelor acestora. O atenţie deosebită a fost acordată creșterii 
sensibilităţii și selectivităţii nanosenzorilor de gaze pe baza micro - sau nanostructurilor 
individuale de oxizi semiconductori, utilizând diferite strategii. În lucrarea dată sunt 
evidenţiate și rezumate rezultatele recente în domeniul nanosenzorilor de gaz de înaltă 
performanţă, obţinuţi de grupul de cercetare de la Centrul de Nanotehnologii și 
Nanosenzori (CNN), Universitatea Tehnică a Moldovei (UTM) în colaborare cu Universitatea 
Kiel, Germania. Structurile hibride individuale cvasi-uni-dimensionale (1-D) și 
tridimensionale (3-D) pe bază de oxid de zinc (ZnO) au fost integrate în micro - și nano-
dispozitive folosind microscopia electronică asociată cu fascicolul focusat de ioni (FIB / 
SEM). Formarea structurilor individuale hibride pe bază de ZnO are ca rezultat o creștere 
considerabilă a răspunsului la gaze, precum și o schimbare a selectivităţii la compuși 
organici volatili și amoniac. În special, a fost obţinută o creștere a răspunsului la gazul de 
hidrogen (de aproximativ 2 ori) prin funcţionalizarea suprafeţei cu nanoparticule de 
ZnAl2O4, în timp ce o schimbare a selectivităţii la vaporii de etanol și la amoniac a fost 
obţinută prin funcţionalizarea suprafeţei cu nanoparticule de Fe2O3 sau fullerene 
buckminster (C60) și nanotuburi de carbon (CNT), respectiv. Rezultatele obţinute oferă noi căi 
pentru ingineria micro - și nano-senzorilor de gaze prin utilizarea nanomateriale hibride 
individuale cu un comportament catalitic sinergic îmbunătăţit și o modulare eficientă a 
barierilor de potenţial. 

 

Cuvinte cheie: materiale hibride, nanosenzori, senzor de gaz, ZnO, temperatura camerei. 
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Abstract. Cranial defects often occur after trauma, neurosurgical procedures like 
decompressive craniotomy, tumor resections, infection and congenital defects. Because 
prosthesis production is often costly and requires complex intraoperative processes, this 
paper reviews clinical data of syndrome of the trephined and its treatment by means of 
cranioplasty with the application of newer technologies such as virtual surgical planning, 
computer-aided design, as well as computer-aided manufacturing in order to give the 
opportunity to fabricate custom-made polymethylmethacrylate implants. Implant 
customized manufacturing for cranioplasty allows for a precise and anatomical 
reconstruction in a shorter operating time compared to other conventional techniques. We 
present a simple protocol, low-cost method for prosthesis manufacturing that ensures 
surgical success. In this case series on 10 patients with cranial defects are presented to 
describe the digital technique. In an open-source software’s virtual prosthesis is designed 
and manufactured with the aid of 3D-printing technology. Then the anatomical model, 
designed plate and the tow molds are printed using a DLP 3D printer, which then is used in 
a laboratory to cast the final customized prosthesis in polymethyl methacrylate (PMMA). 

 

Keywords:   syndrome of the trephined, cranioplasty, polymethylmethacrylate, virtual surgical 
planning, computer-aided design, computer-aided manufacturing. 
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Rezumat. Defectele craniene apar adesea după traumatisme, proceduri neurochirurgicale 
precum craniotomia decompresivă, rezecţiile tumorale, infecţia și defectele congenitale. În 
acest articol, autorii prezintă date clinice cu privire la sindromul craniului trepanat cât și 
metoda de tratament chirurgical al acestuia – cranioplastia, utilizând  tehnologiile 
contemporane de planificare chirurgicală virtuală, proiectare asistată de calculator și 
reproducere asistată de calculator cu fabricarea individualizată a matricelor pentru 
obţinerea implanturilor personalizate din polimetil-metacrilat. Fabricarea personalizată a 
implanturilor pentru cranioplastie permite o reconstrucţie precisă și anatomică scurtând 
timpul intraoperator comparativ cu alte tehnici convenţionale. Vă prezentăm un protocol 
simplu, de fabricare a protezelor individualizate din PMMA, cu costuri reduse. În această 
lucrare, sunt prezentaţi 10 pacienţi cu diferite defecte craniene pentru a descrie tehnica 
digitală. Utilizând software-uri open-source, proteza virtuală este proiectată și fabricată prin 
intermediul tehnologiei de imprimare 3D. Modelul anatomic, placa proiectată și matrice 
sunt tipărite folosind o imprimantă 3D-DLP, ulterior în laborator rășina este introdusă în 
matrice astfel obţinându-se proteza finală personalizată din polimetil metacrilat (PMMA). 

 

Cuvinte cheie: sindromul craniului trepanat, cranioplastie, polimetil-metacrilat, imprimare 3D. 
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Abstract. Feed mills of low capacities have become the major source of feeds for the 
agrarians in developing countries. Operations carried out in these feed mills do not totally 
conform to the standard operations and safety requirements in large scale feed mills. 
Therefore this paper is aimed at assessing the possibility of work-related musculoskeletal 
disorders (WMSDs) in these feed mills. A preliminary assessment of the risk was carried out 
using onsite investigation, interview of workers and a pen-and-paper based analytical 
tools. Feed discharge, weighing and manual material handling (lifting) operations were 
evaluated with Quick Exposure Check (QEC) and Rapid Entire Body Assessment (REBA) 
tools. Results showed that 70 and 60% of the workers experience body pains after and 
during work respectively. The workers expressed dissatisfaction due to the pains 
experienced in different body regions. QEC and REBA evaluation showed that the body 
regions with a high risk of WMSDs are back, shoulder and neck regions for discharge 
operation; wrist, back, shoulder and neck regions for weighing operation; and back, 
shoulder, neck, wrist, legs, and elbow regions for manual material handling. WMSDs 
mitigation measures were suggested for each operation based on identified cause. 

 

Keywords:  feed weighing, feed mixing and discharge, manual handling, QEC, REBA. 
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Rezumat. Fabricile de furaje cu mici capacităţi au devenit principala sursă de furaje pentru 
agrarii din ţările în curs de dezvoltare. Operaţiunile efectuate nu corespund în totalitate 
cerinţelor standard și operaţiunilor de siguranţă la fabricile de furaje cu scară largă. 
Prezenta lucrare are ca obiectiv evaluarea posibilităţii de dezvoltare a afecţiunilor musculo-
scheletice legate de muncă (WMSD) în aceste fabrici de furaje. O evaluare preliminară a 
riscului a fost realizată folosind investigaţii la faţa locului, interviul lucrătorilor și 
instrumente de analiză bazate pe pix și pe hârtie. Operaţiunile de descărcare a furajelor, 
cântărirea și manipularea manuală (ridicare) a materialelor au fost evaluate cu instrumente 
de verificare rapidă a expunerii (QEC) și instrumente de evaluare rapidă a corpului complet 
(REBA). Rezultatele au arătat că 70 și 60% dintre lucrători se confruntă cu dureri corporale 
după și în timpul lucrului. Muncitorii și-au exprimat nemulţumirea din cauza durerilor 
suferite în diferite regiuni ale corpului. Evaluarea QEC și REBA a arătat că regiunile corpului 
cu risc ridicat de SMD sunt regiunile din spate, umăr și gât pentru operaţiunea de 
descărcare; regiuni de încheietura mâinii, spatelui, umerilor și gâtului pentru o cântărire; și 
spate, umăr, gât, încheietura mâinii, picioare și cot pentru o manevrare manuală a 
materialelor. Au fost sugerate măsuri de atenuare a SMD pentru fiecare operaţiune pe baza 
cauzei identificate. 

 

Cuvinte cheie: cântărire de furaje, amestecare și descărcare de furaje, manipulare manuală,  
QEC, REBA. 
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Abstract. This article deals with the results of system experimental research of the load-
bearing capacity, stress-strain behaviour and crack resistance of damaged 2,000x200x100 
mm reinforced concrete beams with prestressed external metal casings that have been 
subjected to high-level static and low-cycle alternate loading. Specifically, the test-
statistical curves illustrates strengths of the inclined cross-sections (collapsing transverse 
force), sagging deflections, widths of the normal and inclined cracks before collapse of the 
beams, projection lengths of the dangerous inclined cracks on the longitudinal axis and 
the average distances between normal cracks along the element lengths versus the design 
and external factors. Comparative analysis was made to check the impact of the main 
design and external factors on the indicated load-bearing capacity parameters of the 
common reinforced concrete beams subjected to a single-time stepwise increasing  
(series 1) and high-level low-cycle alternate loading (series 2) as well as to the 
strengthened with metal casings beam elements that have been damaged through normal 
and cross inclined cracks in the course of previous tests (series 3) subjected to a repeated 
action of similar low-cycle alternate loading. All tested beam samples were manufactured 
and tested in accordance with the experimental design theory and D-optimum plan of  
Box B4. 

 

Keywords:  damaged reinforced concrete beam, prestressed metal casings, low-cycle alternate 
loading. 
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Rezumat. În articol sunt prezentate rezultatele experimentale privind capacitatea portantă, 
comportamentul la efort și rezistenţa la fisurare a grinzilor de beton armat de 
2.000x200x100 mm deteriorate, armate cu carcase metalice exterioare precomprimate care 
au fost supuse unei încărcări alternative statice și cu ciclu scăzut la nivel înalt. Au fost 
analizate curbele test-statistice care ilustrează punctele forte ale secţiunilor transversale 
înclinate (forţa transversală care se prăbușește), deviaţii înclinate, lăţimile fisurilor normale 
și înclinate înainte de prăbușirea grinzilor, lungimile de proiecţie a fisurilor periculoase 
înclinate de pe axa longitudinală și distanţele medii între fisurile normale de-a lungul 
lungimilor elementului faţă de design și factorii externi. Analiza comparativă a fost făcută 
pentru a verifica impactul principalului design și al factorilor externi asupra parametrilor de 
capacitate de sarcină indicaţi ai grinzilor de beton armat obișnuite supuse unei creșteri în 
trepte unice (seria 1) și a unei încărcări alternative cu ciclu scăzut la nivel înalt (seria 2), 
precum și elementele de fascicul armat cu carcase metalice deteriorate prin fisuri normale 
și încrucișate în timpul încercărilor anterioare (seria 3), supuse unei acţiuni repetate de 
încărcare alternativă similară cu ciclu scăzut. Toate eșantioanele testate au fost fabricate și 
testate în conformitate cu teoria experimentală a proiectului și cu planul D de optimizare 
Box B4. 

 

Cuvinte cheie: grinda de beton armat deteriorată, carcase metalice precomprimate, încărcare 
alternativă cu ciclu scăzut. 
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Abstract. This study investigates the geotechnical properties of lateritic soil stabilized with 
pulverized wood charcoal (PWC) in comparison with the same soil stabilized with cement 
which is considered to be the best stabilizer. Classification of the soil according to AASHTO 
revealed that the soil is an A-6 soil. Chemical tests carried out on PWC and ordinary 
Portland cement (OPC) indicated that the major oxides present in the OPC sample were CaO 
and SiO2 at 60.50% and 21.40% respectively and in the PWC were CaO and SiO2 at 39.46% 
and 28.46% respectively. This distinctly high concentration of CaO is responsible for their 
high stabilizing property. Compaction, California Bearing Ratio (CBR) and Unconfined 
Compressive Strength (UCS) tests carried out on the lateritic soil in its natural state and 
when PWC was added in varying proportions of 2, 4, 6, 8 and 10% by weight of soil 
indicated that the stabilizer enhanced the strength of the lateritic soil. The unsoaked CBR 
value of the soil attained the optimum value of 13.68% on addition of 6% PWC by weight of 
soil. The unconfined compressive strength improved from 148.65kN/m2 in the natural state 
to 296.6kN/m2 at 10% PWC addition. Based on the geotechnical properties obtained, 
charcoal has a high potential of being a veritable soil stabilizer and compares favourably 
with cement in compressive strength. 

 

Keywords:  compaction, California Bearing Ratio, Unconfined compressive strength, optimum. 
 

Rezumat. Acest studiu investighează proprietăţile geotehnice ale solului lateritic stabilizat 
cu cărbune din lemn pulverizat (PWC) în raport cu același sol stabilizat cu ciment, 
considerat a fi cel mai bun stabilizator. Clasificarea solului conform AASHTO a relevat 
faptul, că solul este de tip A-6. Testele chimice efectuate pe PWC și ciment Portland 
obișnuit (OPC) au indicat că oxizii majori prezenţi în eșantionul OPC au fost CaO și SiO2 la 
60,50% și respectiv 21,40%, iar în PWC au fost CaO și SiO2 la 39,46% și 28,46%. Această 
concentraţie distinctă de CaO este responsabilă pentru proprietatea stabilizantă ridicată. 
Compactarea, rata de rulment California (CBR) și teste de rezistenţă compresivă 
neconfigurată (UCS) efectuate pe solul lateritic în starea sa naturală și când PWC a fost 
adăugat în proporţii variabile de 2, 4, 6, 8 și 10%  faţă de sol indică sporirea rezistenţei 
solului lateritic. Valoarea CBR  a solului a atins valoarea optimă de 13,68% la adăugarea de 
6% PWC  faţă de masa solului. Rezistenţa la compresiune neconfigurată s-a îmbunătăţit de 
la 148,65kN / m2 în stare naturală la 296,6kN / m2 la adăugarea de 10% PWC. Astfel,  
cărbunele are un potenţial sporit de a fi un veritabil stabilizator al solului și se compară 
favorabil cu cimentul prin rezistenţa la compresiune. 

 

Cuvinte cheie: compactare, rata de rulment  California, rezistenţa la compresiune  
neconfigurată, optim. 
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Abstract. The paper presents, in synthesis, the outcomes of the research on the 
experimental methods of soil stabilization with ecological substances in order to achieve 
some stable and durable structures using technological processes of compacting by 
vibration. Based on laboratory and „in situ” tests, there were determined values of soil 
elasticity taking into account Poisson's coefficient change. Thus, as a result of the 
modification of the size and content of the enzyme pores in the process of atomized 
treatment of the soil treated by special mixing, significant variations of the elasticity 
modules (monoaxial and volume) are produced and of the stiffness coefficient varies in the 
normal direction of vibration at the soil compaction surface. The effect of unstable soils 
stabilization using enzymatic solutions is even more significant as the porosity index 
decreases, Poisson's ratio and the modulus of soil elasticity is increasing. 

 

Keywords:  Rheological model, Elastic modulus, Monoaxial Compression, Enzymes, Stabilized 
Soil. 

 

Rezumat. Lucrarea prezintă, în sinteză, rezultatele cercetărilor privind metodele 
experimentale de stabilizare a solului cu substanţe ecologice pentru a realiza unele 
structuri stabile și durabile folosind procese tehnologice de compactare prin vibraţii. Pe 
baza testelor de laborator și „in situ”, s-au stabilit valori ale elasticităţii solului, luând în 
considerare modificarea coeficientului Poisson. Drept urmare a modificării dimensiunii și 
conţinutului porilor enzimatici în procesul de tratare atomizată a solului prin amestecare 
specială se produc variaţii semnificative ale modulelor de elasticitate (monoaxial și în 
volum), iar coeficientul de rigiditate variază în direcţia normală a vibraţiei la suprafaţa de 
compactare a solului. Efectul stabilizării solurilor instabile  pe baza soluţiilor enzimatice 
este și mai semnificativ pe măsură ce indicele de porozitate scade, raportul Poisson și 
modulul de elasticitate al solului este în creștere. 

 

Cuvinte cheie: Model reologic, modul de elasticitate, compresiune monoaxială, enzime, sol 
stabilizat. 
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Abstract. Walnuts change their appearance during storage, becoming brown and bitter. The 
aim of this paper was to determine the polyphenols and naphthoquinones extraction 
process parameters from the pellicle of kernels, and to assess the influence of extraction on 
the walnuts quality. It was studied the influence of NaOH, ethanol and polygalacturonase 
on the polyphenols and naphthoquinones extraction from walnut kernels pellicle. Small 
amounts of enzyme, (0.011±0.001) %, contribute to the extraction of colored substances 
from the pellicle by destabilizing of biopolymer matrix. Hydration, volume increase, the 
destruction of the bio-polymeric matrix - all contributes to the extraction, also to the 
pellicle release from the kernels surface. The hydration degree increases as the amount of 
ethyl alcohol in the extract became < 7.5 %. The oxidized and colored components are 
extracted according to the exponential models: Y Ae , k(-0.40±0.06). The consecutive 
extraction of phenolic substances and naphthoquinones, carried out at room temperature, 
contributes to the improvement of colour and taste, increasing technological value of the 
processed walnuts. 

 

Keywords: walnut kernels processing, Box-Hunter experimental design, extraction, UV-Vis 
spectra, “step climb experience”, sensorial analysis, juglone. 

 

Rezumat. Nucile își schimbă aspectul în timpul depozitării, devenind brune și amare. Scopul 
lucrării a constat în determinarea parametrilor experimentali ai procesului de extracţie a 
polifenolilor și a naftochinonelor din pelicula miezului pentru stabilirea impactului 
extracţiei asupra aspectului și gustului nucilor. S-a studiat influenţa soluţiei alcaline 
(NaOH), a etanolului și poligalacturonazei asupra extracţiei polifenolilor și a 
naftochinonelor din peliculele de nuci folosind designul experimental Box-Hunter. Cantităţi 
mici de enzimă contribuie la extracţia substanţelor colorate din peliculă prin destabilizarea 
matricei biopolimerice. Calitatea miezului este puternic influenţată de procesele de 
hidratare în timpul extracţiei. Gradul de hidratare crește pe măsură ce cantitatea de etanol 
din extract scade. Hidratarea, însoţită de creșterea volumului, dar și de distrugerea matricei 
biopolimerilor, contribuie la extragerea substanţelor colorate  și la eliberarea peliculei de 
pe suprafaţa miezului. Formele oxidate și colorate ale componentelor peliculei sunt extrase 
conform modelului exponenţial. Extracţia consecutivă de substanţe fenolice și 
naftochinone, realizată la temperatura camerei, contribuie la îmbunătăţirea culorii și 
gustului, dar și la creșterea valorii tehnologice a miezului procesat de nuci. 

 

Cuvinte cheie: prelucrarea peliculei miezului de nuci, design experimental Box-Hunter, extracţie, 
spectre UV-Vis, „experienţă de urcare în trepte”, analiză senzorială, juglonă.
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Abstract. The vegetable and cereal sprouts’ consumption is a modern, pleasant and low-
cost way to ensure a healthy diet. The kohlrabi sprouts are particularly rich in antioxidants, 
especially in polyphenolic compounds. The present paper analyses the antioxidant 
properties reflected by total polyphenolics and radical scavenging capacity of edible 
kohlrabi sprouts at different maturity stages (5, 7 and 9 days old), in the purpose to suggest 
the optimal harvest time to produce sprouts with better health-promoting content. The 
obtained results recommend the harvest of 5-days sprouts, if the producer is interested in a 
high content of total polyphenolics and increased soluble dry matter. In the case that a 
product with higher radical scavenging capacity, no matter the nature of contained 
antioxidants, is required, then the harvest of kohlrabi at the stage of 7-days old sprouts is 
recommended. 

 

Keywords: antioxidants, Brassicaceae, Brassica oleracea var. gongylodes L., Cruciferae, diet, 
germination, health-promoting, kohlrabi sprouts, optimal harvest time. 

 

Rezumat. Consumul de germeni de legume și cereale prezintă o modalitate modernă, 
plăcută și cu costuri reduse de a asigura o dietă sănătoasă. Varza kohlrabi este deosebit de 
bogată în antioxidanţi, în special în compuși polifenolici. Prezenta lucrare analizează 
proprietăţile antioxidante reflectate de conţinutul de compuși polifenolici și capacitatea 
antiradicalică a germenilor de kohlrabi comestibili în diferite stadii de maturitate (5, 7 și 9 
zile), cu scopul de a sugera timpul optim de recoltare și de a produce germeni cu un 
conţinut optim  pentru promovarea alimentaţiei sănătoase. Rezultatele obţinute recomandă 
recoltarea germenilor de 5 zile, în cazul în care producătorul este interesat de un conţinut 
ridicat de substanţe polifenolice și masă uscată solubilă crescută. În cazul în care este 
necesar un produs cu capacitate antiradicalică mai mare, indiferent de natura 
antioxidanţilor conţinuţi, se recomandă recoltarea germenilor de kohlrabi în stadiul de 7 
zile. 

 

Cuvinte cheie: antioxidanţi, Brassicaceae, Brassica oleracea var. gongylodes L., Cruciferae, dietă, 
germinare, sanogene, germeni de kohlrabi, termen optim de recoltare. 
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Abstract. This study is focused on the aerodynamic optimization of Vertical Axis Wind 
Turbines' blades. A special feature was investigated – the opening at the blade’s trailing 
edge (opened blades). The blades having this element are known as J-shaped blades. The 
analysis was done experimentally by testing eleven small scale turbines which were 
organized into four sets. The performance was compared within each set which contained 
both full and open bladed turbines. Two airfoil types were examined: symmetrical NACA 
0018 and asymmetrical FX 63-137, and two types of blades: straight and helical. The 
compared turbines had the same key parameters and were subjected to the same external 
conditions. The tendencies clearly favored the J-shaped turbines for all cases. Besides 
superior productivity, the open bladed turbines started generating power from lower wind 
speeds. The positive effects of the openings were not the same for all examined cases and 
were influenced by the airfoil type, blade shape, openings orientation and wind speed. 

 

Keywords:  blade opening, efficiency improvement, helical blades, J-shape, straight blades, 
vertical axis wind turbine. 

 

1. Introduction 
There is a worldwide ongoing progress regarding the implementation of renewable 

energy conversion systems [1]. 
Even more advancement is expected as many countries and regions set future goals 

of covering close to 100% of their energy needs from renewable energy sources by the year 
of 2050 [2]. 

Solar and wind are the main sources. Highly efficient Horizontal Axis Wind Turbines 
are the first choice applied for converting the wind energy. 

Vertical Axis Wind Turbines (VAWTs) family shares much less use mainly due to 
efficiency and structural issues. VAWTs’ main advantage lays in the fact that they are 
omnidirectional, thus they are more adaptable to variable winds. 

Other important advantages associated to VAWTs are listed comparatively by Aslam 
Bhutta et al [3]. 

In order to benefit from them, the mentioned problems need to be addressed. This 
paper is concerned with the efficiency issue. 
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1.1. Background 
The VAWT’s efficiency enhancement could come from many sources. Some of them 

are of external origin on which one can have little to no control at all. For example the 
wind speed – higher values being associated with higher efficiency [4]. The remaining 
sources are related to rotor’s parameters and constructive features. The straight bladed 
wind rotor has four main parameters: rotor’s height and diameter, blade’s airfoil and chord 
length. From these a few others can be derived: swept area, solidity, rotor’s aspect ratio, 
blade’s aspect ratio. Optimizations could come largely from establishing the best 
combination of them but not only. Particular constructive features related to variable pitch 
angle [5 - 7], reducing blade tip effects [8 - 9], blade shape (straight, helical, curved)  
[10 - 11] etc. can be successfully employed for boosting the performance. 

This paper addresses a particular blade feature, namely the opening at trailing edge. 
The blades possessing this element are known as J-shaped blades (the notions opened and 
J-shaped blades are used interchangeably in this paper). The opening is a type of 
discontinuity or sharp change done purposefully on the blade’s cross section named airfoil. 
The Figure 1 depicts a full and an opened blade segment. In this particular example the 
opening size is equal to 1/3 of the chord length c which is the line that connects the blade’s 
leading and trailing edges. Here the opening is formed by the discontinuous airfoil line that 
leaves the blade’s interior exposed to an eventual air flux. 

 

 
Figure 1. Example of a full and an opened blade. 

 

Various other types with different sizes can exist or be designed but they are not 
subject of this paper (examples shown in Figure 2). 

 

 
Figure 2. Different types of openings.

 

The opening effects have been analyzed by some authors. Chen [12] sought to 
improve VAWT’s self-starting abilities by employing opened blades. The author focused on 
NACA 0015 airfoil. The results obtained by CFD simulations showed no efficiency 
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improvement. Zamani et al [13] analyzed a straight bladed VAWT using NACA 0015 airfoil 
and its J-shaped version by using CFD. The authors concluded that J-shaped blades enhance 
the power and torque coefficients and increase self-starting abilities. Siddiqui et al [14] did 
experiments on straight bladed Darrieus turbines with conventional and J-shaped blades 
based on NACA 2424 airfoil. The performance coefficient displayed by the J-shaped rotor 
was 30% higher than that of its conventional counterpart. Mohamed [15] did a CFD analysis 
on three wind turbines with blades defined by NACA 0015, NACA 0021 and S1046 airfoils, 
full and with openings of different sizes. The author does not recommend the J-shaped 
blades for Darrieus wind turbines as they showed neither efficiency increment nor noise 
reduction. 

 

1.2. Research goals 
The purpose of this paper is determining experimentally how the openings influence 

the VAWTs’ productivity since there seem to be contradictions between the 
recommendations. The analysis considered the following aspects: 

1. Different airfoils might be affected by the openings differently, hence two 
distinct types were adopted – the symmetrical NACA 0018 and the asymmetrical 
(cambered) FX 63-137. 

2. The opening could be placed either on the blade’s inner or outer side (inward or 
outward, see Figure 3). It was studied if this aspect is of any relevance. 

 

 
Figure 3. Opened symmetrical airfoils oriented radially inward and outward 

(R – rotor’s radius). 
 

3. The conventional asymmetrical airfoils can be disposed either with the curvature 
(camber) inward and outward. When adding the openings, four more versions are generated: 
curvature in opening in, curvature in opening out, curvature out opening in, curvature out 
opening out (Figure 4). These possibilities were taken into account. 

4. The blades can be of different shapes: straight, helical, curved. Openings were 
adopted for straight and helical bladed turbines. The study is based on observations made 
on eleven small scale wind turbines tested in the wind tunnel. Particular attention was paid 
to the conditions in which the turbines were compared. Except the openings for some of 
them, all compared rotors had the same key parameters. 

The blade model addressed in this article has openings formed as in Figure 1 with 
the size equal to 1/3 of the chord length c and disposed along the blade’s entire length. 
This size is rather a starting value and there is no particular reason for choosing exactly this 
one. 
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Figure 4. Full and opened asymmetrical airfoils, inward and outward curvature.

 

The paper is divided into four parts. In the first one the problem is formulated, 
known information is exposed and research objectives are stated. The second part 
introduces the theoretical considerations and experimental setting. In the third part the 
results are presented and discussed. Conclusions are listed in the last part. 

 

2. Methodology 
2.1. Theoretical considerations 
Four sets of small scale turbines were prepared. Each set was characterized by its 

proper blade shape and airfoil type. Excluding one, each set consisted of three rotors: first 
one with full blades; the second had openings oriented outward and the third with inward 
openings. The turbines’ performance reflected by the generated electric power was 
graphically displayed and the tendencies determined. 

Except for the openings and their orientation, all the compared turbines had the 
same key parameters which refer to: swept area, solidity, number of blades, airfoil, chord 
length, aspect ratio, height, diameter, blade length and pitch angle. Each of these 
parameters influences the turbine’s performance. By keeping them the same for all 
compared cases no performance difference was expected to be generated, the only 
distinction being induced by the openings presence and their positioning. 

The definitions and implications of the above parameters are described as follow. 
The swept area is the rotor’s section crossed by the air flow. Geometrically, it 

represents the area confined by the rotor’s height and diameter. The power P generated by 
a wind turbine can be calculated with the formula: 

 

 ∙ ∙ ∙ ∙  (1) 
 

where Cp is the efficiency coefficient; ρ – air density; A – rotor’s swept area; U – wind 
speed. The bigger the area, the more power is generated thus the same value was adopted 
for all compared rotors. 

The swept same area can be confined by different values of the diameter and height. The 
parameter that deals with this is called aspect ratio, defined as the ratio between rotor’s 
height and its diameter. This feature also influences the turbine’s efficiency [16 - 17] thus it 
was kept the same for all cases. 
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Solidity σ is the ratio between the area covered by the blades and the swept area. For a 
straight bladed rotor, it can be calculated with the equation: 

 

 	 	 ∙ ∙ ⁄ ∙ ⁄  (2) 
 

where N – number of blades; c – chord length; L – blade length which for straight bladed 
rotor is equal to its height h; D – rotor’s diameter. For a constant aspect ratio and blade 
number, the solidity can be modified by changing the blade’s chord length, hence the four 
parameters are strongly related.  

Along with the airfoil, the solidity determines the turbine’s conversion efficiency and 
optimal tip speed ratio (TSR or λ). TSR is the ratio between the tangential speed v of the 
rotating blade and the wind speed U. An example showing the turbine’s efficiency Cp for 
different solidities is depicted in Figure 5.  

The graph obtained by QBlade simulation involves a VAWT with the parameters: 
diameter – 6 m, height – 6 m, NACA 0018 airfoil and four different values for chord length 
and consequently solidity. Each value comes with its proper peak efficiency (Cp) and tip 
speed ratio. As solidity strongly influences the turbine’s performance each set of rotors 
considered in this paper was characterized by its proper value. 

 

 
Figure 5. Efficiency coefficient dependence on the solidity determined by different chord 

lengths. 
 

The pitch angle β is the angle between the chord line and the tangent line of the 
blade’s circular trajectory. It can take positive, null or negative values (Figure 6) and it is 
normally fixed but there are turbines designed so that the pitch angle varies. A simulation 
involving the same rotor as above is presented in Figure 7. It can be observed that the 
efficiency is influenced by the pitch angle. These effects were also noticed in laboratory 
tests thus the blades for all rotors had the same pitch angle. 

 

Figure 6. Pitch angle β (v – blade’s tangential 
speed). 

Figure 7. VAWT’s efficiency for different 
pitch angles. 
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For the case of helical rotors of the same key parameters, changing the helical angle 
Λ (Figure 8) comes with a change in efficiency. This study involved two sets of helical rotors 
having the same helical angle. 

 

Figure 8. Helical angle Λ.
 

2.2. Experimental setting 
One wind turbine was designed and built so that it allowed changing the blades 

(Figure 9). This way the tower, supporting arms and electric generator remained the same 
while the blades that were easily attached formed different wind turbines. 

 

 
Figure 9. Changing the blades allows forming different VAWTs with the same tower 

supporting arms and electric generator. 
 

The blades were made by 3D printing. Segments were obtained and then glued 
together to form an element with the necessary length. The blade was then taped for better 
rigidity. Figure 10 depicts three straight blades, each from different rotors of the same set. 
The first one has the opening disposed on one side; the second on the other side and the 
third has no opening. In this example the blades are defined by the FX 63-137 airfoil. 
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Figure 10. 3D printed opened and full blades, FX 63-137 airfoil. 

 

A three phase generator was attached to the rotor’s shaft. The connection between 
the two was mediated by a gear train of ratio 1:3.41. The alternating current was 
transformed into direct current by using a rectifier from which two wires were connected to 
the NI ELVIS platform with the RELab add-on (Figure 11). This device was specially 
designed to determine and display via a computer the power generated by a small wind 
turbine [18]. 

The wind tunnel Gunt ET 220 was used for the experiments. This machine was 
designed to test an embedded horizontal axis wind turbine but it was adapted to test 
vertical axis wind turbines. The tunnel’s diameter is equal to 610 mm and the maximum 
wind speed generated varies around 12 m/s. 

 

 
Figure 11. NI Elvis II platform with RELab module. 

 

3. Results and discussion 
Firstly three straight bladed turbines were prepared. One turbine had full blades; the 

blades for the second had the openings oriented inward and for the third the openings were 
oriented outward. Except the openings and their positioning, all rotors were defined by the 
same main parameters listed in Table 1. The symmetrical NACA 0018 airfoil was used in 
this case. 
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Table 1 
The parameters of the straight bladed rotors 

Rotor’s height, (m)  h 0.4 
Rotor’s diameter, (m) D 0.4 
Number of blades, (/) N 3
Blade’s length, (m)  L 0.4 
Chord length, (m)  c 0.05 
Swept area, (m2)  A 0.16 
Solidity, (/)   σ 0.375 
Aspect ratio (/)  RA 1
Pitch angle, (°)  β 0
Opening length (mm) 16.7 
Airfoil type   NACA 0018

 

The turbines were tried in the wind tunnel for the following wind speeds: 7.2 m/s, 
8.5 m/s, 10 m/s, 11 m/s and 12 m/s. For each wind speed five tests were performed and the 
average power was calculated. The values obtained are presented in the Table 2 and 
graphically interpolated in Figure 12. 

Table 2 
The power produced by three straight bladed rotors, NACA 0018 airfoil 

Wind speed (m/s) 7.2 8.5 10 11 12 
 Generated power (mW)
No openings 0 0 3.00 14.30 26.20
Openings in 0 4.10 20.50 69.00 125.00
Openings out 0 3.60 21.30 68.14 113.20

 

 
Figure 12. The power generated by the turbines with full and open straight blades, 

 NACA 0018 airfoil. 
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The tendencies clearly favor the opened bladed turbines over the full bladed one. 
For example the opening out version generated 4.3 times more power at 12 m/s, 4.7 times 
at 11 m/s and 7.1 times at 10 m/s. Besides efficiency the J-bladed turbines started 
generating power from lower wind speeds. There was little difference between the 
efficiency of inward and outward versions. The noticeable distinction was at 12 m/s when 
the opening in turbine produced 9% more power. 

A second set of three straight bladed rotors were tested, this time with the blades 
defined by the asymmetrical FX 63-137 airfoil. Laboratory trials showed that the curvature 
outward mode is more efficient so only this blade arrangement was further investigated. 
The rotors’ main constructive parameters were the same as of the previous set (Table 1) 
except for the airfoil type. The results are shown in Table 3 and graphically in Figure 13. 

 

 
Figure 13. The turbines with full and opened blades, 

 FX 63-137 airfoil curvature outward. 
 

Table 3 
The power produced by three straight bladed rotors, FX 63-137 airfoil curvature out 

Wind speed (m/s) 7.2 8.5 10 11 12 
 Generated power (mW)
No openings 0 0 3.00 64.67 152.33
Openings in 0 4.00 83.00 250.67 Not tested
Openings out 0 3.00 45.00 160.33 234.33

 

As in previous case, the opened blades came with more generated power but the 
character was different. There was a distinct difference between the opening inward and 
outward turbines. At 11 m/s the inward version generated 1.5 times more energy, at 10 m/s 
– 1.8 times and at 8.5 m/s – 1.3 times. 

The opening inward turbine was not tested at 12 m/s as there was the risk of 
harming the blades due to the high number of rotations per minute. 

The least productive opened turbine – the opening out version, generated 1.5 times 
more energy at 12 m/s than the full bladed turbine, 2.5 times at 11 m/s and 15 times at 10 
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m/s. As for the previous set the J-shaped turbines started producing power from lower wind 
speeds. 

A third set of three rotors was tried with the parameters presented in Table 4. Here 
the blades were of helical shape based on NACA 0018 airfoil. The results are depicted in 
Figure 14 and Table 5.  

Table 4 
The parameters of the straight bladed rotors 

Rotor’s height, (m)  h 0.4 
Rotor’s diameter, (m) D 0.4 
Number of blades, (/) N 3
Blade’s length, (m)  L 0.434 
Chord length, (m)  c 0.05 
Swept area, (m2)  A 0.16 
Solidity, (/)   σ 0.3416 
Aspect ratio (/)  RA 1
Pitch angle, (°)  β 0
Opening length (mm) 16.7 
Airfoil type   NACA 0018

 

Table 5 
The power produced by three helical bladed rotors, NACA 0018 airfoil 

Wind speed (m/s) 7.2 8.5 10 11 12 
 Generated power (mW)
No openings 0 0 4.00 19.40 35.60
Openings in 0 5.00 27.90 81.57 143.60
Openings out 0 6.60 37.00 108.86 175.60

 

As for the above cases, the open bladed turbines started generating power from 
lower wind speeds showing throughout significantly better productivity.  

For example at 12 m/s the inward version, which was less efficient than outward 
version, generated 4 times more energy than the full bladed turbine, at 11 m/s – 4.2 times 
and at 10 m/s – 7 times. 

Unlike the straight bladed turbines of the same airfoil, there was a clear difference 
between the inward and outward versions, the last one being 1.2 times more efficient at 12 
m/s and 1.3 times at 11 m/s, 10 m/s and 8.5 m/s.  

The fourth set comprised two helical turbines based on FX 63-137 airfoil curvature 
outward mode.  

First turbine had blades with no openings and for the second the openings were 
oriented inward. The rotors’ main parameters were the same as for helical NACA 0018 
rotors except for the airfoil type (Table 4).  

The results are shown in Figure 15 and Table 6. For this final case the openings 
retained the same benefits: more power generation starting with lower wind speeds.  

The opened bladed turbine produced 2.6 times more energy at 12 m/s, 3.6 times at 
11 m/s and 8.6 times at 10 m/s. 
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Figure 14. The helical turbines with and without openings at the blades trailing edges, 

NACA 0018 airfoil. 
 

 
Figure 15. Helical turbines with full and opened blades, 

 FX 63-136 airfoil curvature outward. 
 

Table 6 
The power produced by two helical bladed rotors, FX 63-137 airfoil curvature out 

Wind speed (m/s) 7.2 8.5 10 11 12 
 Generated power (mW)
No openings 0 0 4.00 32.33 74.00
Openings in 0 4.00 34.33 117.00 197.67
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It was calculated that the tested turbines operated for a Reynolds number (Re) of 
about 40000 while for real scale turbines this value is usually higher than 100000. The 
average relative wind speed was used for the calculation. However the scaling aspects were 
not of interest here but rather determining tendencies which clearly suggest the potential 
of J-shaped blades. 

 

4. Conclusions 
The goal of the study was to observe performance tendencies displayed by opened 

and full bladed turbines to determine if the J-blades have any potential for vertical axis 
wind turbines efficiency boost. Four sets comprising a total of eleven turbines were studied. 
Except one, each set consisted of three rotors: one with full blades, one with J-blades 
having the openings oriented inward and one J-bladed with openings outward. Two sets 
were based on symmetrical NACA 0018 airfoil and the other two on asymmetrical FX 63-
137 airfoil. Both helical and straight blades were considered. Except the openings and their 
orientation, all compared rotors had the same key parameters. The results led to the 
following conclusions: 

1. For all four cases the J-shape bladed turbines generated significantly more 
energy than their full bladed counterparts. Even for the least favorable case the J-bladed 
turbine produced 50 % more energy; 

2. In all examined instances the J-shaped turbines started producing power from 
lower wind speeds regardless of opening orientation, airfoil or blade shape (straight or 
helical); 

3. The J-shaped blades came with more productivity but the effects were not the 
same for all cases. Their impact depends on the airfoil type, blade shape, opening 
orientation, wind speed. 

From the above conclusions a few ideas can be drawn: 
• As the openings significantly improved turbines’ efficiency, this solution is worth 
trying when looking to optimize an airfoil. For example when an optimum airfoil is selected 
and is to be applied for a real VAWT, one can consider analyzing its opened version as it can 
come with even more performance. If possible, a good idea would be analyzing these 
aspects experimentally. Studying the optimal opening size is also recommended; 
• The J-shaped blades were more productive but the degree of efficiency was not the 
same for all studied cases. There might be cases for which the openings are less efficient 
than their full version counterparts, though this was not the case for the present analysis. 
Generalization on the openings advantages cannot be done yet as more cases need to be 
studied for a conclusive statistics. 
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Abstract. In this paper, we considered the problem of optimally controlling a two-
dimensional dynamical system until it reaches either of two boundaries. We consider a 
controlled dynamical system ,  which is a generalization of the classic two-
dimensional Kermack-McKendrick model for the spread of epidemics. Moreover, the system is 
subject to random jumps of fixed size according to a Poisson process. The system is controlled 
until the sum 	  is equal to either 0 or d (> 0) for the first time. Particular problems are 
solved explicitly. 
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 1. Introduction 
Let  denote the number (or percentage) of individuals in a certain population 

who are susceptible to a virus, and let  be the number (or percentage) of infected 
carriers. The two-dimensional model proposed by Kermack and McKendrick [1] for the spread of 
epidemics is the following: 

 

 , (1) 
 

 , (2) 
 

where  and  are positive constants. There is also a three-dimensional version of the 
model in which the variable  represents the number (or percentage) of individuals who 
are either recovered or removed from the population and is such that 

 

 	 , (3) 
 

This type of model is known as a SIR model in epidemiology, for Susceptible, 
Infected and Recovered (or Removed). Depending on the application, an individual can be 
removed from the population because he/she is cured and immune, or is dead. 

In this paper, we first generalize the system (1), (2) and we introduce a control 
variable: 

 

 ,  (4) 
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 , , . (5) 
 

Then, we assume that there are random jumps of fixed size ϵ (> 0) that occur according to a 
Poisson process  with rate λ, so that Eq. (5) becomes 

 

 , , .	 (6) 
 

Let ,  be the random variable defined by 
 

 , inf 0: 0	or	 	|	 0 , 0 ,	 (7) 
 

where 0 < x + y < d. We are looking for the control  that minimizes the expected value 
of the cost function 

 

 , 	 , 	d , , (8) 
 

in which  ,  is a positive function and we choose the following final cost: 
 

 , 	 	if	 0,

	if	 ,
 (9) 

 

where 0	 	 . Therefore, the optimizer wants to end the epidemic as soon as possible, 
while taking the quadratic control costs into account. If the sum  reaches the 
value d, it is too expensive to bring the sum to zero by using the control variable . 

The problem set up above is known as an LQG homing problem; see Whittle [2] and 
[3]. However, here we assume that there are random jumps instead of a Gaussian white 
noise; see Lefebvre [4]. There could be both a Gaussian white noise and jumps according to 
a Poisson process, so that Y(t) would be a controlled jump-diffusion process. This type of 
problem was considered by Lefebvre [5] and by Lefebvre and Moutassim [6]. 
 To solve our problem, we will make use of dynamic programming. In the next 
section, we will derive the equation satisfied by the value function , , which is defined 
as follows: 

 

 , 	 inf ,

	
										 , . (10) 

 

Then, in Section 3, particular problems will be considered and solved explicitly. Finally, we 
will end this paper with some concluding remarks. 

 

2. Dynamic programming 
With the help of Bellman’s principle of optimality, we can write that 

 

 , 	 inf ,

	
						 	 , 	d ∆ , ∆

∆
, (11) 

 

where 
 ∆ , ∆ ∆ , 0 ∆ ∆ ∆  (12) 

 

We have 
 

 , 	d , 	 0 ∆ ∆
∆  (13) 

 

and, from Taylor’s formula, 
∆ , 0 ∆ ∆

, ∆ , 0 ∆ ∆ , ∆
 (14) 

 

Moreover, for a Poisson process, we can write that 
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 ∆ 0 	 ∆ 1 ∆ ∆  (15) 
 

And 
 ∆ 1 	 ∆ ∆ ∆ ∆ . (16) 

 

It follows that 

 
0 inf , 	 ∆

	 , , ∆
 (17) 

 

where all the functions are evaluated at t = 0. Dividing each side of Eq. (17) by Δ , and 
letting Δ  decrease to zero, we obtain the dynamic programming equation 

 

0 inf 	 , , 	. (18) 
 

Hence, the optimal control u* can be expressed in terms of the value function as follows: 
 

 ∗
	. (19) 

 

Therefore, to obtain the optimal control, we must solve the non-linear partial differential-
difference equation 

 

 	 , , 0	. (20) 
 

This equation is valid for 0 . Moreover, we have the boundary conditions 
 

 , 	if	 0			and			 , 	if	 . (21) 
 

Based on the above conditions, to solve Eq. (20) we will look for solutions of the 
form 

 

 , ,	 (22) 
 

where ∶ . This a particular case of the method of similarity solutions, and w is called 
the similarity variable. For the method to apply, we must be able to express Eq. (20) in terms 
of , as well as the boundary conditions in Eq. (21). These conditions become 
 

 0 		and		 	.	 (23) 
 

Furthermore, we have 
 

 , , 	 	 .		 (24) 
 

Therefore, if ϵ is small, we can write that 

 	 	 	≅ 0	.	 (25) 
 

This equation reduces to the ordinary differential equation 
 

 	 	 	 	≅ 0	.	 (26) 

We can now state the following proposition. 
 

Proposition 1. If the ratio /  and the function  can be expressed in terms of the 
similarity variable , and if the jump size  is small, then the optimal control ∗ can be 
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obtained (approximately) from the solution of Eq. (26), subject to the boundary conditions 
in Eq. (23). 

In the next section, particular problems will be considered and solved explicitly. 
 

3. Particular problems 
 Assume that the ratio /  is a constant: 

 

 ≡ 	 0 .	 (27) 
 

First, we consider the case when ,  ≡ γ. Let , and	 /2	 	β. Then, we must 
solve the second-order non-linear ordinary differential equation 

 

 	≅ 0	.	 (28) 
 

Notice that this equation is a Riccati equation for ∶ 	 ’ . The solution of Eq. (28) 
that satisfies the boundary conditions in Eq. (23) is 

 

 ln 	.
	

		 (29) 

 

From this solution, we can compute at once the optimal control given in Eq. (19) for any 
choice of the functions  and  such that Eq. (27) is satisfied. 

To illustrate the results that we obtained, let us consider the particular case when κ 
= 2, γ = 1, λ = 10, d = 2, K1 = 1 and K2 = 2. The function  is shown in Figure 1 for 
various values of the parameter ϵ. The corresponding optimal controls (in terms of w) in the 
case when b ≡ 2 and q ≡ 1 (so that κ = 2, as required), are given by ∗ 2 ’ . 

 

Figure 1. Function  when ≡ 1 and (from left to right) ϵ = 0.5, 0.25 and 0.2. 
 

When we substitute the approximate solution  into Eq. (20), we obtain the 
curves presented in Figure 2. We see that when ϵ = 0.25 (the dashed curve), the error (that 
is, the difference between zero and the value of the equation for w in the interval 0, 2 ) is 
already quite small. With ϵ = 0.2 (the solid curve), the error is almost equal to zero, except 
near w = 1.5. Notice that our approximate solution should only be used when 2. 
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Figure 2. Error obtained with when ≡ 1 and ϵ = 0.5, 0.25 and 0.2. 
 

In the second particular case that we consider, we assume now that ,
 and that Eq. (27) still holds. According to Proposition 1, we can again make use of the 

method of similarity solutions to solve our problem. With the same values for the various 
parameters that were used above, we must now solve the differential equation 

 

 2	 10 	 	≅ 0	. (30) 
 

We can obtain the general solution of this equation. It is expressed in terms of the error 
function erf: 

 

 ln √

√
, (31) 

 

where 
 

 ≔ erf
√

		and		 ≔ erf √ . (32) 
 

The solution that satisfies the boundary conditions 0 1		and		 2 2 is shown in 
Figure 3, for ϵ = 0.5, 0.25 and 0.2. 
Finally, we present the error obtained when using the approximate solution  in Figure 
4. Again, we see that the error is very small when ϵ = 0.25 and 0.2. 
 Now, the cost function ,  defined in Eq. (8) can be generalized as follows: 

 

 , , d , , (33) 
 

where  is a real parameter. When  is positive (respectively negative) and ,
0, the optimizer tries to reach either boundary as soon (respectively as late) as possible.  
If 1 and we use the same parameters as in the first particular case considered above, 
we must solve the non-homogeneous differential equation 

 

 1 2 1 10 5 	≅ 0	, (34) 
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Figure 3. Function  when and (from left to right) ϵ = 0.5, 0.25 and 0.2.
 

  

Figure 4. Error obtained with when and ϵ = 0.5, 0.25 and 0.2. 
 

subject to the boundary conditions 0 1		and		 2 2. We find that  
 

 1 1
5 2

ln 5 2 5 2 5 2 	
	

5 2

	

5 2 5 2

 (35) 

 

where 
 

 ≔ √100 20 9	. (36) 
 

The function  is shown in Figure 5 for ϵ = 0.5, 0.25 and 0.2.  
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Figure 5. Function  when ≡ 1 and θ = 1 for (from left to right) ϵ = 0.5, 0.25 and 0.2. 
 

4. Concluding remarks 
 We considered the problem of optimally controlling a two-dimensional dynamical 

system until it reaches either of two boundaries. The system was subject to random jumps 
of fixed positive size, according to a Poisson process. As a generalization of this work, we 
could assume that the jumps are of random size and could be positive or negative. 
 We were able to obtain explicit approximate solutions to particular problems by 
making use of the method of similarity solutions. We saw that the error obtained by using 
these approximate solutions was very small when the jump size is also small, as expected. 
When this technique does not apply, we could at least try to solve the appropriate 
differential equations numerically. 
 Finally, this type of optimal control problem, when the final time is a random 
variable, could be considered for other important dynamical systems, for instance the 
classic predator-prey model of Volterra and Lotka [7]. 
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Abstract. The quantum dots laser under the influence of conventional and filtered 
feedback is analyzed in the framework of the extended Lang-Kobayashi rate equations. 
The feedbacks comes from two separate branches: conventional and filtered optical 
feedback. We introduce a filtered feedback to control the unstable behavior of laser 
induced by conventional optical feedback. The stationary states, so called external filtered 
modes, of quantum dot laser under the influence of double feedback are obtained 
analytically. The locations of these modes are plotted in the plane of different parameters. 
Finally, it is shown that under appropriate conditions the laser system generate different 
behavior as continuous wave, periodic and chaotic behavior. In the case of equal feedback 
strengths in both channels it is shown that for a small feedback strength the phase portrait 
is a stable focus. With increase of the both feedback strengths the phase portrait became a 
limit cycle, and finally goes to a strange attractor. 

 

Keywords: conventional and filtered optical feedback, externally cavity modes, quantum dots 
lasers, rate equations, stationary states, stable focus, limit cycle, strange attractor. 

 

1. Introduction 

During recent years the control of semiconductor laser showing dynamical instabilities 
has received considerable attention due to its fundamental importance and practical 
applications. It is well known that laser under influence of conventional optical feedback 
shows different behaviors e.g. periodic, quasi-periodic or chaotic oscillations. Such chaotic 
behavior is benefic in applications like chaos-based communications [1, 2]. On the other 
hand, such oscillations are unwanted in many applications. Thus, the control of laser 
emission become the subject of different investigations. Ott, Grebogi and Yorke [3] show 
that a chaotic attractor can be stabilized by a little amount time dependent perturbation 
and transformed into periodic motion. Later on improving of this method in different fields 
have been reported [4-6]. Theoretical and experimental method of feedback control was 
proposed in 1991 by Signer et all [7]. Pyragas suggested time-continuous self-controlling 
feedback method for stabilization of the unstable periodic orbits [8, 9]. A study of the 
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continuous-wave operation of a semiconductor laser subject to an external optical feedback 
from a Fabry-Perot resonator in a case where the emission is resonant to a reflection 
minimum of the resonator was reported in [10]. Such configuration was treated in the 
framework of Lang-Kobayashi equations by finding the nature of bifurcations and the 
stability of steady state solutions. It was shown that in contrast to conventional optical 
feedback from a single mirror, the locus of external cavity modes is not elliptic but 
represents a tilted eight with possible satellite bubbles. The results obtained in [10] are a 
prototype for all-optical realizations of delayed feedback control. Advantages of controlling 
the unstable dynamics of a quantum wells semiconductor laser subject to conventional 
optical feedback by means of a second filtered feedback branch is presented in [11]. There 
were obtained analytical solutions of the double cavity feedback and has shown 
numerically that the region of stabilization is much larger when using a second branch with 
filtered feedback than when using a conventional feedback one. 

It is well known that the quantum dots (QDs) become the main element for lasers. The 
advantages of QDs lasers were predicted some twenty years ago and include low threshold 
current, weak temperature dependence, increased material and differential gain, high 
modulation frequency, low jitter under pulsed operation, low chirp and low sensitivity to 
optical feedback [12 - 15]. Although QDs lasers are now generally better than quantum well 
lasers, the characteristics of QDs lasers still deviate from the ideal case due to a number of 
unforeseen phenomena, including the thermal population of excited dot and barrier states, 
the loss of carriers to non-radiative centers and the presence of inhomogeneous broadening 
due to non-uniformities. Even a small amount of feedback can destabilize lasers, inducing 
instabilities and resulting in very complicated dynamical behavior – so called chaos. In the 
case of communication, CD and DVD systems, the feedback is due to reflection from 
interconnection or from CD and can cause an increase in phase and intensity noise, mode-
hopping, coherence collapse and linewidth broadening. The present paper represents a first 
theoretical study of a configuration of double feedback conventional and filtered for lasers 
with active region quantum dots. The paper is structured as follows. We start in Section 2 
by describing the setup of QDs laser under the influence of double feedbacks. We introduce 
also in this Section an appropriate model to describe this setup. Section 3 presents a study 
of the stationary states a laser under the influence of T-type cavity feedback: one being 
conventional and second filtered. The suitable conditions for the different laser system 
behavior were obtained. Finally, conclusions are given in Section 4. 

2. Setup and model  
The proposed setup is depicted schematically in Figure 1. It consists of a quantum 

dots laser with external feedbacks from reflectors R1 and R2. One feedback branch, of 
reflectivity R1, is so called conventional optical feedback and the other governed by R2 is the 
filtered feedback.  

For simplicity, we assume single reflection in both branches. We assume a grating 
filter described by a response function r(), expressed by a Lorentzian function [16] 

 

 ( )
( )

r
i


  


  

, (1) 

 

where  is a central frequency, is the detuning with respect to the solitary laser 
frequency 

0  
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Figure 1. The schematic view of the setup.

 

The dynamics of quantum dots laser with double feedbacks is analyzed in the 
framework of the extended Lang-Kobayashi rate equations 
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where E(t) and F(t) are the complex field amplitudes, ρ(t) is the occupation probability in the 
quantum dot, and N(t) excess carrier density. The following parameter values are used for 
the calculated results. Henry factor α = 2, and τ1 = 0.3, τ2 = 0.2 the external cavity round trip 
times. g = 1200 is the differential gain, and J = 20 is pumping parameter. The constants  
B = 0.012 and C = 40 describe the transport of charge carriers through carrier-phonon 
interaction, γns = 1.0, and γnp = 500. 

3. Stationary states. Numerical results. 
The stationary states of the system of equations (2) – (5) are given by rotating wave 

solutions so called external cavity modes (ECMs) of the following form  
 

 ; ; ;s s si t i t i
s s s sE E e F F e N N        . (6) 

 

Inserting Eq. (6) into Equations (2) – (5) we obtain the following equations for Es, Fs, ρs, Ns: 
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In what follows we consider the derivatives of the left side of Equations (7) – (10) equal to 
zero. Thus, we obtain  
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After some transformations, we obtain a transcendental equation for ωs 
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and the following equations for ρs, Ns and Es: 
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In what follows we take into account the complexity of amplitudes 1 2sE E iE  ; 
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For different values of parameters, the Equations (15) – (20) have different number of 
roots s. Let us first consider the case of only conventional optical feedback. In this case the 
solutions are located on top of an ellipse in the plane (Ns,s). Figure 2 shows the location 
of ECMs for different values of feedback strength. As one can see the ellipses increases 
when the feedback strength increases. 

 

 

Figure 2. External cavity modes in the plane of (Ns – s) for different values of feedback 
strength in conventional feedback branch. The feedback in filtered brunch is absent. 

 

When the filtered feedback is added the locations of the external cavity modes and 
the general picture become more complicated. A narrow filter with  =1 GHz is considered 
in this paper. 

The detuning  is chosen to be equal to zero. Figure 3 shows the location of modes 
for different feedback strength in filtered feedback brunch. For γ2 = 0 the modes, as was 
mentioned above, are located on the ellipse (see Figure 3a). When γ2 is increased to 5 the 
ellipse is deformed as shown in Figure 3b. A further deformation of ellipse is observed for γ2 
= 10. A further increase of γ2 leads to apparition of double bubbles (see Figure 3d). Thus, 
with help of second brunch we can control the stationary states of external cavity modes. 
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Figure 3. The location of external cavity modes for a fixed value of feedback strength of 
conventional optical feedback (

1
 = 10) and different values of feedback strength in filtered 

brunch: a) 
2
 = 0, b) 

2
 = 5, c) 

2
 = 10, d) 

2
 = 15. 

 

In what follows, we investigate the evolution in time of the laser system by using the 
equations (21) – (26). Figure 4 shows the results of numerical integration by Runge-Kutta 
method of the system (21) – (26). We consider the case of equal feedback strengths in both 
channels.  

Left panels in Figure 4 show the pulse traces of external output power. In the center 
panels, we show the phase portraits in the plane of two parameters (optical power P – 
carrier density N). The right panels shows the power spectra. Figure 4a shows these 
dependences for 

1
 = 

2
 = 15. One can see the relaxation oscillation of few nanoseconds 

with the phase portrait of stable focus. When the feedback strengths are increased to 
1
 = 

2
 

= 20 the pulse-trace become periodic and the phase portrait is a limit cycle. A dominant 
mode is present in the right panel of Figure 4b. 

A further increase of both feedback strengths to 
1
 = 

2
 = 40 leads to the appearance of 

chaotic behavior in the pulse trace (see left panel of Figure 4c). 
The phase portrait (center panel) is strange attractor. 
The chaotic behavior is confirmed by wide power spectra shown in right panel of 

Figure 4c. 
Thus, the double cavity feedback imply the different behavior of system from 

continuous operation to chaos. 
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Figure 4. A typical optical power time trace (left), phase portrait (center) and the power 
spectrum (right) of a semiconductor laser is shown in Figure 1 for: a) 

1
 = 

2
 = 15, b) 

1
 = 

2
 = 20, 

c) 
1
 = 

2
 = 40. 

4. Conclusions 
We have treated in this paper a quantum dots laser under the influence of 

conventional and filtered feedback in the framework of properly adapted Lang-Kobayashi 
method. 

We obtain analytical solutions for stationary states, so called externally cavity modes. 
It is shown that in case of only conventional optical feedback these steady states are 
located on top of an ellipse in the (Ns − ωs) plane. In case of the double cavity feedback 
(conventional and filtered) the ellipse is strongly distorted and breaks into several bubbles. 
The results presented in this paper show that under appropriate conditions the laser system 
is capable to generate different behavior as continuous wave, periodic and robust chaotic 
behavior. We believe that our work provides a good basis for future study and, in particular, 
provides some pointers for more detailed investigations of quantum dots lasers dynamics 
under the influence of conventional and filtered feedback. 
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Abstract. This paper describes two procedures developed for obtaining microheaters for 
copper oxide-based gas sensors. Different types of substrates (glass, SiO2/Si and ceramic) 
are investigated, as well as different configurations of geometric parameters for 
meandering heating elements. It is shown that microheaters made on glass, ceramic and 
SiO2/Si substrates can survive up to a temperature of 400 °C, which allows their 
integration for applications in gas sensing devices to maintain necessary operating 
temperature. 

 

Keywords:  microheater, copper oxide, gas sensors, glass substrate, semiconductors. 
 

Introduction 
In recent years, gas sensors based on oxide semiconductors such as copper oxide [1], 

have an impressive progress, as their market demands are quite high due to necessity in 
detection of the toxic and flammable gases, as well as their low-cost, functionality and 
sensor performance. However, for their reliable operation, it is necessary to elevate the 
operating temperatures up to 200-350 oC, in order to facilitate physical-chemical reactions 
on the semiconducting oxide active surface [2, 3]. For these reasons, there is a need for a 
new micro-heaters design, which possesses a uniformity of thermal distribution, low energy 
consumption and low prices, as well as the compatibility with the sensor technology for 
seamless integration into a portable device or a microsystem [4]. Laconte et al. presented a 
configuration of the microheater that includes most of the properties listed above, the 
polysilicon based microheater demonstrated a temperature rise of 400 oC with a 
consumption of 20 mW [4]. Suehle et al. have developed polysilicon based micro-heaters, 
obtaining a temperature of 400 oC at 47 mW [5]. Baroncini et al. obtained a temperature of ~ 
400 oC with the consumption of 65 mW, based on a micro-heater with double coil of Pt [6]. 
Briand et al. have developed a Pt-based microheater on silicon oxide substrate, and 
obtaining 300 oC at 75 mW [7]. Mo et al. have developed a Pt/Ti micro-heater on silicon 

DOI: 10.5281/zenodo.3784343  

 CZU 681.586 
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oxide substrate, obtaining 400 oC at 9 mW [8]. Udrea et al. obtained a temperature of 350 oC 
at 100 mW consumption by using new types of microheaters [9]. 

This paper reports on nichrome–based microheaters on glass, ceramic and silicon 
oxide substrate for copper oxide-based gas sensors, which can maintain a temperature of 
350 oC without damaging the substrate. We also would like this microheater to be cost-
efficient and can be produced by a simple fabrication technology. 

 

Experimental 
Thin films for microheaters fabrications were made using two technological 

processes, namely: (1) deposition of metals in vacuum (by using installation VUP-4), and (2) 
by evaporation of metals and their mixtures in vacuum and photolithography. 

The first approach for the fabrication of the microheaters elements is based on 
deposition of the nichrome thin films in vacuum on a glass, ceramic and SiO2/Si substrates. 
The deposition was performed in vacuum (1.3 · 10-2 Pa). The process starts from cleaning 
the substrate in HNO3 or H2SO4, then it is rinsed with deionized water and finally cleaned 
with ethanol. On the cleaned substrate, the mask with the meander heating elements is 
overlaid (Figure 1, step 1) and the mask+substrate is introduced into the VUP -4 installation, 
pumped down to high vacuum (1.3 · 10-2 Pa). The substrate holder is then heated to 200 oC 
to improve the adhesion of the substrate. Then 120-150 mg Ni-Cr alloy (nichrome wire) was 
placed on the tungsten evaporator and vaporized (Figure 1, step 2). Afterwards, the overlay 
of the contact mask of the microheater, on the substrate already having the Ni-Cr alloy 
heater elements, being reintroduced into the VUP-4 installation (Figure 1, step 3), creating a 
high vacuum, the substrate is heated up to 200 °C and the nichrome (120-150 mg) is 
deposited for contacts (Figure 1, step 4) and next is deposited copper or nickel contact 
material with a mass of 180-200 mg (Figure 1, step 5). 

 

Figure 1. Overall technological process for the development of the micro-heating elements: 
(1) substrate is covered with a meander shadow mask; (2) Ni-Cr alloy (nichrome powder) 

was placed on the tungsten evaporator and vaporized; (3) substrate is covered with a 
shadow mask for creating microheater contacts; (4) vaporized Ni-Cr alloy contacts or 

(5) vaporized Cu contacts; (6) final structure-microheater elements. 
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Finally (Figure 1, step 6), substrate with several heating elements is removed from 
VUP-4 after temperature was lowered to 20 °C. 

The second approach for fabrication of such microheaters is based on 
photolithography, which starts from the deposition of a layer of nichrome on a glass, 
ceramic or SiO2 (300 nm)/Si substrate, which is made by vacuum deposition using the VUP-4 
vacuum system. The nichrome layer is deposited as follows: a high vacuum is formed, after 
which the substrate is heated to a temperature of 200 °C, the nichrome is vaporized on the 
surface of the substrate, resulting in a layer of nichrome with a resistance of several Ohms. 
The process of photolithography begins with the deposition of the AZ 701 MIR type 
photoresist on the substrate with the already deposited nichrome film by spin-coating at a 
speed of 1000 rpm. After applying the photoresist, the sample is dried on the infrared 
drying line at 90 oC for 3 min. After the photoresist has dried, the sample is exposed to the 
ultraviolet illumination for 60 s. After exposure, the photoresist is placed into the KOH 
solution, and then the heating elements are projected onto the nickel layer on the 
substrate. The following step is to dry the sample at 110 oC for 3 minutes. After drying, the 
nickel layer is etched, thus obtaining the configuration of the heating elements on the 
substrate with a resistance of 30-80 Ohm, depending on the thickness of the nichrome 
layer. 

For the fabrication of microheaters, the different configurations of nichrome film 
heating elements were used. The necessary masks were fabricated based on copper foils 
with geometrical parameters shown in Figure 2. All microheaters are composed of 
meanders with different thickness and configuration, connected in parallel with width of 0.3 
mm. 

 

 
Figure 2. (a) Optical image of the mask used for micro-heaters fabrication, which is made
from a thin copper foil. (b) Geometrical parameters of the heating elements (units are in 

mm) for mask from (a). (c) Mask for contacts deposition for heaters shown in (a); 
 and (d) geometrical parameters of one contact. 

 

Following the second technological approach based on photolithography, the 
thinner meanders of 100 and 200 μm were obtained, as well as of 500 μm and 1 mm with 
geometrical parameters shown in Figure 3. In this case, when the meander width is 100 μm, 
200 μm, 500 μm and 1mm, we connect 18, 8, 5 and 3 meanders in parallel respectively, to 
form our microheaters. 

The thermal properties of the microheater was measured using a home-made 
installation, based on microprocessor controlled electrical source and temperature sensor 
shown in Figure 4. 
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Figure 3. The deposited micro-heaters using mask #3: (a) The design of microheater and 

meanders; (b) Optical image of a real micro-heater element deposited onto glass substrate 
taken using the digital camera; (c) Optical image of the same micro-heater taken through 
the optical microscope; (d) The geometrical parameters of the heating elements (the units 
are presented in mm); (e) The optical image of the mask used for deposition of contacts for 

heating elements elaborated from the thin copper foil; (f) Geometrical parameters of the 
used contact for heating element. 

 

The measurement process is as follows: the required voltage is manually applied 
from the source (step 1). Using the voltmeter, we measure the voltage applied to the micro-
heater and the voltage that is from the source for the measurements, to be as precise as 
possible (step 2 and 3). With temperature sensor "PT100" the temperature of the substrate 
surface with the deposited micro-heater were measured and manually recorded the data 
(step 4). In order to avoid external influence on the measurements, the micro-heaters are 
measured in a closed chamber (step 5). To investigate in more details morphology of the 
deposited layers were used SEM REMZEISS (3.0 kV, 5.0 μA). 

 

 
Figure 4. Microheater measuring system.
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Results and Discussion 
In this section, the morphology of deposited layers, the best type of substrate, 

optimal geometrical parameters, power consumption and the optimal temperatures reached 
will be discussed. 

For the first approach the morphology is discussed below. Figure 5(a) shows the 
optical image of two microheater elements fabricated on the glass substrate. According to 
SEM studies, at these magnifications, no cracks or visible defects have been observed, and 
all layers are deposited very well on the glass substrate. To investigate the deposited layer 
in more details with width of the element of ≈ 600 μm, the SEM image of the single heating 
element is presented in Figure 5(b). 

 

 
Figure 5. (a) Optical digital image of a real micro-heater; and  

(b) SEM image of microheater on glass substrate. 
 

As it can be seen, no defects such islands, scars or cracks can be observed. It can be 
explained by probably shadowing type of deposition. However, meanders are not 
interconnected between each over. 

Figure 6(a) shows the optical and Figure 6(b) presents SEM images of the microheater 
deposited on ceramic substrate, heated at temperature of 200 oC, with micro-heaters 
meander of nichrome (60 mg) and nickel contacts. It can be observed that nichrome film is 
relatively uniform and homogeneous. Meanders has width around 418-491 μm throughout 
its length, on the surface film does not linger defects such islands, scars or cracks that 
would prevents the current passing through it. 

 

 
Figure 6. (a) Optical digital image; and (b) SEM image of microheaters on ceramic substrate 

with nickel contacts. 
 

In Figure 7 the optical (a) and SEM (b) images of the micro-heaters deposited in vacuum 
on SiO2 (300 nm)/Si substrate are presented. Meanders has width around 450-580 μm 
throughout its length, on the film surface no defects such islands, scars or cracks were 
observed. 
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The results based on the 
second approach to fabricate such 
microheaters elements are shown 
below. 

Figure 8(a) shows the 
optical image of six microheaters 
fabricated on the glass substrate 
with the width of the meander of 
100 μm on a glass slide. As it can 
be seen, at these dimensions, no 
cracks or visible defects can be 
observed even at more detailed 
investigations under optical microscope, and all layers are deposited very well on glass 
substrates. To investigate in more details the deposited layers; we also take the SEM 
images of the single heating element, which is presented in Figure 8(b). As can be seen, no 
defects such as islands, scars or cracks that would prevents the current passing through it, 
can be observed. According to the SEM images, the thickness of the meanders is ~ 80 – 90 
μm, see Figure 8(b). 

Figure 9 (a) shows the optical image of six microheater elements fabricated on the 
glass substrate with the width of 200 μm. As it can be seen, at these dimensions, no cracks 
or visible defects can be observed, and all layers are deposited very well on glass substrate. 
To investigate in more details the deposited layer, the SEM image of the single heating 
element is presented in Figure 9(b) showing nichrome meander and nickel contact region 
(left). 

 

 
Figure 8. (a) Optical digital image of a real 
microheater developed; and (b) SEM image 
of microheater on glass substrate with the 

width of about 100 μm. 

Figure 9. (a) Optical digital image of six real 
microheaters on glass substrate; and  

(b) SEM image of a microheater on glass 
substrate with the width of 200 μm. 

 

The thermal characteristics of micromachined gas sensors have to be optimized with 
respect to low power consumption, well-controlled temperature distribution over the 
sensing layer and fast transient response, if the sensor is intended to be temperature 
modulated [10]. Generally, the heat transfer occurs due to heat conduction, heat convection 
and radiation [10]. Above and below the substrate heat transfer occurs through heat 

Figure 7. (a) Optical digital image; and (b) SEM 
image; of microheaters on ceramic substrate with 

nickel contacts. 
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conduction and heat convection through the surrounding atmosphere [10]. Additionally, 
radiation has to be considered [10, 11]. Due to a high number of influencing factors, the 
calculation of heat transfer, heat loss and temperature distribution is not easy. However, a 
simple model can be presented in order to investigate the most important parameters 
which can influence the heating elements. Simon et al. assumed that if the different 
components of heat flow is additive, then the total heat flow (Qtot) in vacuum (where only 
one has to deal with heat losses due to conduction along the substrate and radiation) can 
be expressed as follows [10]: 

 

 
      xTTGTTGTTGQ ambhotradambhotairairambhotsubsubtot  44

 (1) 
 

where the first term of equation describes the heat conduction through the substrate, the 
second indicates on the heat conduction through the ambient air, the third is heat losses 
due to radiation and the last term accounts for unknown heat losses including free 
convection [10, 11]. Gsub, Gair and Grad are constants depending on geometrical factors of the 
substrate. Thot and Tamb represent the temperatures of the substrate under the heater 
element and of the ambient, respectively. λsub and λair are the thermal conductivities of the 
substrate and surrounding ambient air, respectively. ε and σ is the emissivity and the 
Stefan-Boltzmann constants, respectively. If we assume that substrate thickness is several 
μm, which is not the case of glass substrate, we can assume that heat conduction for the 
substrate (Qsub) can be expressed as follows [10]: 
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where L is the length of substrate and A is the area of substrate. In the case of glass 
substrate, where the thickness is ~ 1 mm, the three-dimensional model needs to be 
elaborated, which is more complex. If to suspend a substrate with 4 special beams, forming 
a membrane, the heat conduction for the substrate would be expressed as [10]: 
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where Abeam is the area of the beam which suspends the membrane on which the heater is 
placed. 

Also, a simpler model of membrane was presented by Sberveglieri et al. [12], where 
in order to reduce the model to one-dimensional, a conventional square membrane was 
replaced by a round one [10]. This leads to a one-dimensional heat conduction problem in 
cylindrical coordinates which can be easily solved as follows [8]: 
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   ia
sub rr

d
G

/ln

2
   (7) 

 

where ra and ri is the radii of the heated area of membrane, and general radii of membrane, 
respectively, while d is the thickness of membrane. Length to width ratio of the suspension 
beams, respectively, the relation ra=ri should additionally be chosen as large as possible to 
minimize heat losses [10, 12]. 

By placing the heater element deposited on substrate in air, the heat loss will occur 
mainly by two different mechanisms, namely convection and conduction [10]. Convection 
can either be caused by external forces or it can be the result of temperature differences 
which lead to density variations in the gravitational field and thus to buoyancy forces [10]. 
The former case leads to heat transfer called forced convection, the latter is called free or 
natural convection [10]. When there is no convection, heat is transferred only by conduction 
[10]. In this case the heat loss can be estimated as follow [10, 11]: 
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  iair rG 4   (9) 
 

Thus, to optimize the power consumption the heated area represented by the inner 
radius ri should be minimized as much as possible. The heat loss due to radiation can be 
expressed as follow, with assumption that the heated membrane area behaves like a gray 
emitter, i.e. the degree of emission of the heated membrane is set equal to the degree of 
absorption [10]: 

 

   44
ambhotradrad TTGQ     (10) 

 

Heat losses due to radiation increases with heated membrane area. Generally, the 
heat losses due to radiation amount only a few percent of the total heat loss [10, 12 - 14] 
but due to the T4-dependency they should be considered with care if very high sensor 
operation temperatures are applied. 

 

 
Figure 10. The temperature distribution of bottom glass substrate: (a) without 

nanostructures deposited film; and (b) with the CuO nanostructures deposited film  
and with gold contacts on top. 

 

The heat distribution of the microheater at the glass substrates shows in Figure 10, 
where a uniform distribution across the substrate is observed. From the bottom image of 
the glass substrate with the CuO nanostructures deposited film and with gold contacts an 
excellent temperature distribution demonstrates the efficacy of the microheater. 

There were deposited micro-heater elements with the width of 200 μm, after which 
the CuO nanostructures were deposited and thermally treated at 425 oC, thus, a microheater 
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temperature of 400 oC with the voltage applied of 27 V and a power of 9,5 W was obtained 
(see Figure 11). 

 

Figure 11. The characterization of micro-heater elements with thickness of meander of 200 
μm deposited on glass substrate and with deposition of CuO nanostructured film: (a) 

Temperature dependence of voltage front; (b) Resistance dependence of voltage front; (c) 
Power dependence of voltage ramp; and (d) Current dependence of voltage front to sample 

deposited on glass with nickel contacts and the CuO nanostructures deposited film and 
afterwards it was heat treated at 425 oC. 

 

Thus, nichrome microheaters deposited on glass substrate (with CuO nanostructures 
film) and gold contacts (Figure 12(a), curve 2 and Figure 12(b), curve 3 and 4), are more 
suitable for real applications in gas sensing devices. 

Further investigations on thickness and geometrical parameters of microheaters are 
needed for optimization of power consumption and lowering of needed DC bias. 

 

Figure 12. (a) Comparative graph of temperature dependence versus voltage of micro-
heaters by vacuum deposition process on glass and silicon oxide substrates without 
nanostructures deposited film and with the CuO nanostructures deposited film and with 
gold contacts; (b) Comparative graph of temperature dependence versus voltage of micro-
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heaters by photolithography process on glass (100 μm; 200 μm; 200 μm + CuO; 500 μm and 
1 mm), ceramic (500 μm) and silicon oxide substrates (1 mm). 

Conclusions 
According to the obtained results we can mention that microheaters made on silicon 

oxide and ceramic substrate are the most successful due to the ability of generating the 
operating temperature up to 400 °C, but this requires a voltage up to 29 V resulting in a 
power consumption of about 10 W, respectively, which is not optimal for practical 
applications. However, gas sensors based on copper oxide from literature demonstrate the 
best gas sensing results are with the optimal operating temperature in range of  
200 °C – 350 °C. It fits perfectly to parameters of our elaborated microheaters on glass 
substrate with the width of the meanders of 200 μm (200 °C – 350 °C), especially for 
experimental samples, which already were measured with CuO nanostructures film on top 
of microheater that showed a heating temperature of 400 oC. 
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Abstract. The article focuses on the analysis of different nanoelectronic architectures with 
special design rules, taking into account the reliability of the future product. In the next 
decade, the reliability will play an even bigger role for industries in nanofabrication, which 
amounts to designing, and manufacturing devices on the nanometre scale. The main thrust 
in any reliability work is identifying failure modes and mechanisms. This is especially true 
for the new technology of microelectromechanical systems (MEMS). High reliability is often 
stressed as an argument for projects in nanotechnology. Despite these claims, only little 
work has actually been done in the field of reliability in nanotechnology in clear contrast 
with microelectronics which is now extending its reliability modelling to nanoscaled 
semiconductor circuits. Nano-manufacturing will provide more twists to the traditional 
models due to the nature of nano-defects, and Heisenberg uncertainty. Nanotechnology has 
the potential to create many new materials and devices with wide-ranging applications, 
such as in medicine, electronics, and energy production. The reliability aspect includes both 
the electronic and the mechanical parts, complicated by the interactions. The challenging 
issue in MEMS technology development and commercialization is justifying its reliability. 
Packaging has often been referred as the “Achilles heel of MEMS manufacturing”. 

 

Keywords: MEMS, NEMS, nano-objects, quantum-dots, nanodevices, nanoelectronics, dominant 
failures modes, Micro / nanosystem products, reliability, failure analysis. 

 

1. Introduction 
“Nanotechnology1 is the research, and technology development at the atomic, 

molecular, or macromolecular levels, in the length scale of approximately 1–100 nm range, 
to provide a fundamental understanding of phenomena, and materials at the nanoscale; and 
to create, and use structures, devices, and systems that have novel properties, and functions 
because of their small, and/or intermediate size”. [ROC 01] At this level, the physical, 
chemical, and biological properties of materials differ in fundamental, valuable ways from 
the properties of individual atoms, molecules, or bulk matter. 

The nanomaterials are nano-objects with at least one dimension smaller than 100 nm. 
There are materials commercialized for many years, which were not known as 
nanomaterials, such as: nanoparticles of black carbon, silica precipitate, silica gels or 
                                                 
1 The term “nanotechnology“ was introduced in 1986 as a result of research from an undergraduate student named Eric Drexler at the 

Massachusetts Institute of Technology (M.I.T.). 
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carbonates. The second category of nanomaterials, those nanostructured by design as 
nanomaterials, is the object of this section. Some examples: nanoparticles (aluminium 
oxide, colloidal silica, zinc oxide), carbon nanotubes, quantum dots, nanowires and 
nonporous materials. In many cases (if not in all), the properties of a nanoscale material is 
different from the micro or macro scale one. 

Moreover, the nanostructure properties could be modulated under the action of some 
stress factors. This was an important research goal in the last years. For instance, for 
quantum dots (QD) of InGaAS (with diameters of 20 nm) processed by a MEMS technique 
(being included in a air-bridge with a thickness of 0.11 μm), an external stress could be 
used for modulating the electronic states: by applying an electrostatic force, the number of 
carriers, the energy levels or the spin configuration could be manipulated [BAB 10]. 

The design and fabrication of nanodevices is studied by the discipline called 
nanoelectronics. Nanoelectronic architectures are created, with special design rules, taking 
into account also to the reliability of the future product. These are discrete and integrated 
devices with much smaller dimensions than in microelectronics, and with specific problems, 
different from those at the micro level [BHU 10]. An example is given by the quantum 
structures, which are in fact semiconductor devices with the electrons confined in all three 
dimensions. Another example is represented by the electromechanical systems at nano level 
(sensors + actuators + integrated circuits), the so-called nano-MEMS or NEMS (nano-electro-
mechanical-systems), similar to MEMS, but smaller, which include also devices for 
microfluidics or biocompatible ones, for biomedical applications (Figure 1). 

 

Figure 1. Schematic of nanotechnology application areas. (Source WikiMedia Commons, 
P. Fraundorf, distributed under the Creative Commons Attribution-Share Alike  

3.0 Unported license). 



64 Challenges of nanotechnologies and some reliability aspects  

Journal of Engineering Science  May, 2020, Vol. XXVII (2) 

In 2000, the first very large scale integrated (VLSI) NEMS device was demonstrated by 
researchers from IBM. In the next decade, the reliability will play an even bigger role for 
industries in nanofabrication, which amounts to designing, and manufacturing devices on 
the nanometre scale. On the molecular level, familiar material properties like conductivity 
no longer obey laws based on macro scale materials (e.g., Ohm’s law). In the same sense, 
the essential metrics of reliability analysis such as material degradation, fatigue, and basic 
failure mechanisms assume new meaning on the nanometre scale. 

The main thrust in any reliability work is identifying failure modes and mechanisms. This 
is especially true for the new technology of microelectromechanical systems (MEMS). The 
methods are sometimes just as important as the result achieved. One methodology uses 
statistical characterization and testing of complex MEMS devices to help to identify 
dominant failure modes; test structures designed to be sensitive to a particular failure 
mechanism are typically used to gain understanding, and the development of predictive 
models follows from the basic understanding. 

For a final product, all aspects of fabrication, packaging (Figure 2), system 
integration, and manufacturing must be considered. It is important to acknowledge that 
there can be failure modes associated with friction, for example, a high static friction 
coefficient that prevents operation of the device, or an increase in dynamic friction with age 
such that drive signals designed at the time of fabrication are in some later time insufficient 
to operate the device. It should also be noted that friction and wear are coupled 
phenomena, since friction provides the shear force at the surface necessary to cause 
material damage and removal, and this material damage will influence the subsequent 
friction forces. Device and test structure data are shown that reveal the basic understanding 
needed to develop a predictive reliability model [TAN 01]. 

 

 
Figure 2. Life time prediction diagram. 

 

Reliability is one of the main properties of products in a safe and sustainable 
environment in addition to performance, cost and ecological impact. High reliability is often 
stressed as an argument for projects in nanotechnology. Despite these claims, only little 
work has actually been done in the field of reliability in nanotechnology in clear contrast 
with microelectronics which is now extending its reliability modelling to nanoscaled 
semiconductor circuits. An example is the modelling of time to breakdown of gate oxides 
with a thickness of 1 to 5 nm due to charge trapping of lattice defects. Classical reliability 
models may be insufficient due to quantum effects and thermal and defect diffusion 
processes. Reliability estimates of molecular, solid state or any other system with nanosized 
functional elements have to consider thermal fluctuations, quantum statistics and 
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Heisenberg uncertainty relations resulting in contradicting requirements for minimum 
energy level separation of states, operation frequency and packing density. Nano-
manufacturing will provide more twists to the traditional models due to the nature of nano-
defects, and Heisenberg uncertainty. For a 
complex system with a large number of 
individually functional unit cells their reliability 
must be very high for the system to ever be 
operational or redundancies have to be built in 
which should be more efficient than just 
operating larger ensembles. To maintain 
redundant information in a system where the 
phase of quantum states has to be considered is 
an unsolved problem, although procedures have 
been proposed to copy information without 
decoherence of the wave function as required for 
redundant storage in quantum computing. 

There has been much debate on the 
future of implications of nanotechnology. 
Nanotechnology has the potential to create 
many new materials and devices with wide-ranging applications, such as in medicine, 
electronics, and energy production (Figure 3). On the other hand, nanotechnology raises 
many of the same issues as with any introduction of new technology, including concerns 
about the toxicity and environmental impact of nanomaterials, and their potential effects on 
global economics, as well as speculation about various doomsday scenarios. These concerns 
have led to a debate among advocacy groups and governments on whether special 
regulation of nanotechnology is warranted. 

FA provides understanding of the failure mechanism and the possible root cause. 
These will in turn help to provide possible solutions to resolve the failures. As a result, 
production yield and product reliability can be improved. This will indirectly reduce 
production cost and improve profit margin. 

 

2. The advent of 3D technology 
Reliability is of concern if micro-electro-optical-mechanical systems (MEOMS) / 

micro-electro-mechanical systems (MEMS) machinery is used in critical applications. MEMS 
are usually a combination of electronic circuits and micro-machinery (Figure 4). The 
reliability aspect includes both the electronic and the mechanical parts, complicated by the 
interactions. Different from mechanical systems, inertia is of little concern; the effects of 
atomic forces and surface science dominate. Wafer level reliability (WLR) has received 
increasing interest in recent years. We still have limited knowledge on how MEMS/MEOMS 
devices fail. Limited tools and models are available. How to model the reliability of 
MEMS/MEOMS is a challenge. 

The friction forces at micromachine contacts are difficult to explore with complex 
devices; consequently, the sidewall friction structure should be designed to permit 
quantitative measurement of friction forces and to simplify the contact geometry so that 
observations could be associated with a known contact pressure in an isolated region of the 
surface. The device should be used to examine the performance of surface treatments, 
effects of environment, contact pressure, interfacial velocity, etc. 

Figure 3. Integration of IC packaging 
and system. 
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Wear in a confined space such as the gap in a pin joint is a very complex problem. 
The majority of works on the formation and the role of wear debris / particles is normally 
performed on “open” sliding systems; in these tests, wear particles are not trapped. It was 
found that agglomeration of 
wear particles in bearings 
increased the normal load of the 
contact point, leading to seizure. 

The advent of precision 
three-dimensional 
micromachining technologies in 
the last couple of decades has 
seen the birth of an exciting and 
potentially revolutionary field 
called MEMS (micro-sized 
devices fabricated by silicon 
foundry-like process). MEMS are the integration of mechanical elements, sensors, actuators 
and electronics on common silicon substrate through the utilization of microfabrication 
technology. MEMS promise to revolutionize nearly every product category, thereby, making 
the realization of complete system-on-a-chip (SoC). Since MEMS devices are manufactured 
using batch fabrication techniques, similar to ICs, unprecedented levels of functionality, 
reliability, and sophistication can be placed on a small silicon chip at a relatively low cost. 
MEMS technology is enabling new discoveries in science and engineering such as the 
polymerize chain reaction (PCR) microsystems for DNA amplification and identification, the 
micromachined scanning tunnelling microscopes (STMS), biochips for detection of 
hazardous and selection, and so on.  This extraordinary unification of functions includes 
both energy and matter; motion, sound, atoms, molecules, light, radio and other 
electromagnetic radiation. The blending of attributes from so many diverse fields of science 
into a single structure is what gives MEMS such incredible power and wide-ranging 
potential. We can also add one more extremely important science and technology to MEMS, 
and that is optics. We can call the result optical MEMS or MOEMS (Micro-Opto-Electro-
Mechanical Systems). Light control will be the master key that opens up efficient photonics. 
MOEMS appears poised to be the winner in the realm of light switching and routing. So as 
the light wave highway moves from the present long haul, or backbone, and approaches 
fibre-to-home (FTH), we can expect the volume of MOEMS assemblies to increase 
geometrically. 

Now, we have combined essentially every region of science onto and into a single 
microcosm. 

Highly complex devices that can be built by familiar semiconductor mass processes 
to produce the long-sought System on a Chip (SoC). Close attention should be given to 
follow the trends of new failure mechanisms in order to prevent them from becoming the 
bottlenecks in tomorrow’s ICs. Computation, analysis and central control of these 
input/output functions results in a fully integrated system of incredible versatility. Some 
MEMS devices send and receive light beams; others detect specific molecules, including 
pathogens and even such complex structures as DNA. 

Figure 4. Micro/nanosystem products. 
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MEMS electrical components include inductors, capacitors, and switches, but MEMS are 
also being used as arrays of micromirrors2. The promises and shortcomings of MEMS switch 
technology have become almost legendary. Perhaps no other electronic component in 
history has been the source of so much hype — and the cause of so much disillusionment. 
Fortunately, the troubling early days are finally over and MEMS switches are rapidly 
fulfilling all of their earlier promise. As a result, the failure mechanisms of MEMS are a 
function of both electrical failure (surface or air gap breakdown) and mechanical failure 
(creep, fatigue, wear, and stiction). Electrical failures can be related to changes in the 
device’s DC or AC parametrics or leakage current. Today, not all ESD failure mechanisms 
have been demonstrated in all MEMS applications [VOL 09].  

The challenging issue in MEMS technology development and commercialization is 
justifying its reliability. The reliability issues of MEMS devices are more than a simple 
combination of electrical reliability, material reliability and mechanical reliability. 
Fabricating multiple devices on the same chip will have to deal with more failure modes. 
Complex interactions of cross-domain signals, interference and substances induce new 
failure modes. The device performance of MEMS inertial sensors - such as accelerometers 
and gyroscopes - is strongly influenced by the stress developed in the silicon die during 
packaging processes. This is due to the die warpage in the presence of the stress. 

 MEMS devices are difficult to passivate since they often have moving elements. Coating 
MEMS devices with passivation materials could change the characteristics of sensors or 
even prevent motion of parts. Optoelectronics devices are also challenging since they are 
typically constructed from compound semiconductors that are more reactive and sensitive 
to a broader range of contaminants. 

Another important challenge issue in achieving successful commercial MEMS products 
is associated with MEMS reliability. Reliability and qualification can be much more complex 
than for ICs. Many of the MEMS/MEOMS failure mechanisms are not yet well understood. 
This lack of understanding presents a challenge in developing practical qualification 
techniques for MEMS products. For the world of ICs there are industry standards tools and 
techniques for understanding and quantifying the reliability. For the world of MEMS this 
knowledge base is much more limited. In many cases, companies that do have a firm grip 
on techniques for quantifying reliability view that knowledge as a competitive advantage 
and are hesitant to share it. In order to develop reliable MEOMS devices, reliability must be 
considered at the earliest stages of product development. Decisions made in the design 
stage can result in devices that will never be reliable. Reliability must be understood at a 
fundamental physical and statistical level. That is often a perspective that by there very 
nature MEMS will be unreliable because they have moving parts. The truth is this: it is no 
moving parts that kill reliability, but rubbing surfaces. MEMS can be designed with moving 
surfaces, but no rubbing parts, and can be very reliable. Avoiding rubbing surfaces is one of 
the key elements in achieving reliable MEMS devices [BAJ 09]. Environmental parasites 
(such as feed through capacitance, eddy currents and molecular contaminants) are 
identified as major performance limiters for RF MEMS. The reliability of RF MEMS remains 

                                                 
2 Some products, like Texas Instruments DMDTM

 

(Digital Mirror Device), send and receive light beams, others detect specific molecules and 
some deal with several “senses” all at once. If the logic device is the brain, MEMS adds the eyes, noise, ears and other sensory input. But 
MEMS is also control, the hands and fingers because these devices can move their own parts but also nearby objects and materials. 
MEMS, while hyped by the media, can more than meet expectations for marvellous micromachines during the next decade. The merging 
of motion, sensing and computation represents a major leap in technology.   
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an issue of concern slowing down the commercialization of these systems. In general, the 
smaller the actuator, the smaller its force becomes, but measurement of such small force is 
difficult and dependable instruments are not currently available. 

 

3. Device shrinking 
Failures can occur at all stages of development, production and end users’ sites. With 

every technology node that results in smaller geometries, the incidence of failures increases 
significantly. Failures are caused by failure mechanisms, which can be expected to be an 
order of magnitude smaller than the functional elements themselves. Therefore failure 
analysis (FA) of today state of the art microelectronics and MEMS devices already require 
nanotechnological methods. Broad micro-analytical capabilities (SEM, ESEM, AFM, STM etc.) 
with focused ion beam (FIB) and transmission electron microscopy (TEM) are necessary to 
cover future requirements. Recently, by device shrink (fineness and miniaturization) and 
structure complexity, there is further difficult failure analysis of the semiconductor devices. 
Above all, it is cleared with the device shrink to differ unfair areas obtained by failure 
diagnosis and failure position analysis from magnitude of areas on physical analysis. Hence, 
aiming at specification of more detailed failure positions, the Hitachi High Technologies, 
Ltd. attempted to develop an extremely fine SEM type mechanical proving system [MUN 
06]. For this development, there were investigated a high precision probe and stage 
mechanism corresponding to the fine devices, a six-probes mechanism expandable to 
applications such as inverter testing, high precision unit transistor testing, and so on, an in-
vacuum probing and sample exchanging mechanism to realize high through-put, and a CAD 
(computer aided design) navigation system. As this system was enough applicable to 65 nm 
devices, it seems to be possible to apply it to device thereof in future. 

As more than Moore are expected in semiconductor domain for near future, 
challenges for FA in next few years will be extended to a broad new aspects (design for 
analysis or design for test, physical limit – tools for chip, tools for package, chip-package 
co-design, and organizational issues like FA cost, and FA cycle time). 

 

4. Carbon nanotubes 
Carbon nanotubes (CNT) have properties which make them extremely promising for 

nanoelectronics, because they undergo better to electromigration than the majority of the 
conductors used in microelectronics (Al, Cu, Ag, etc.). Today, the existing problems in 
manipulating CNT and the lack of accurate results from reliability tests still obstruct the use 
of CNT in commercial products. For instance, there are papers claiming CNT may support 
without any problems current densities larger than 108A/cm2, even at temperatures of 
250oC; other papers report CNT failures after seconds of functioning at room temperatures 
and similar current densities. However, CNT are among the most promises materials for the 
next generation of nanosystems. 

Carbon nanotubes have unique mechanical and electrical properties. For example, they 
have a yield strength that is 100 times that of steel and they can be either semiconducting 
or metallic, depending on their geometric structure [KJE 07]. These special properties have 
led to the fabrication of for example sensors and transistors. Here, the possibility is 
explored of using a multi-walled carbon nanotube instead of a microfabricated silicon 
sensor as a strain gauge in a microcantilever-based sensing system. For this purpose, a 3-D 
micro- and nano-manipulation set-up has been constructed, which can be used for 
integration of nano-components in prefabricated microsystems during the prototyping 
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phase. Using this set-up, individual carbon nanotubes have been integrated in 
microcantilever systems and characterized. A small part of the investigated sensors had 
sensitivity comparable to or larger than that of similar silicon sensors; however, there are 
significant variations in performance and large intrinsic noise caused by the minute size. 

 

5. Packaging and fabrication 
Packaging has often been referred as the “Achilles heel of MEMS manufacturing” and a key 

bottleneck in the process of MEMS commercialization (Figure 5). 
 

 
Figure 5.  MEMS-based electrostatic transducer (after [MEN 01]). 

 

Other than the few fully commercialized products (i.e. air bag triggers, ink-jet print-
heads, pressure sensors and a few medical devices), packaging constitutes the single largest 
element of cost and a major limitation to the miniaturization potential [GER 09]. No MEMS 
product is complete unless it is fully packaged. At present, packaging is one of the major 
technical barriers that has caused long development times and high-costs of MEMS 
products. Packaging involves bringing together (i) multitude of design geometries of the 
various constituent parts, (ii) interfacing diverse materials, (iii) providing required 
input/output connections, and (iv) optimisation of all of these for performance, cost and 
reliability. On the other hand, reliability depends on (1) the mutual compatibility of the 
various parts with respect to the desired functionality, and (2) the designs and materials 
from the standpoint of long-term repeatability and performance accuracy. Reliability testing 
provides techniques for compensation, and an understanding of the catastrophic failure 
mechanisms in microsystems [VOL 09][MUN 06]. Engineers cannot design reliable MEMS 
without first to understand the many possible mechanisms that can cause the failure of the 
structure and performance of these devices and systems. And design alone cannot ensure 
the reliability of the product.  It is imperative that the successful design and realization of 
microsystems or MEMS products must include all levels of packaging and reliability issues 
from the onset of the project. Besides fabrication related issues, packaging encompasses 
several other aspects that have also affected the overall manufacturability of MEMS 
devices. These include; (i) functional interfacing of the device and their standardisation; (ii) 
reliability and drift issues; (iii) hermetic sealing techniques; (iv) assembly and handling 
techniques; and (v) modelling issues. 

A further challenge is to fabricate more devices than manipulation can facilitate. For 
this purpose, a parallel integration method is required that can facilitate wafer scale 
fabrication. This could be in-situ growth, where the nanotube is synthesized from a catalyst 
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particle that already has been placed at the desired position in the microsystem. This has 
been investigated by developing and fabricating microsystems with integrated catalyst 
particles and by constructing and optimizing a chemical vapour deposition system for 
nanotube growth [KJE 07]. The fabrication techniques are essentially two dimensional while 
the third dimension is created by layering. MEMS components by their very nature have 
different and unique failure mechanisms than their macroscopic counterparts. 

In comparison to electronic circuits, these failure mechanisms are neither well 
understood nor easy to accelerate for life testing. It is imperative that the successful design 
and realization of microsystems or MEMS products must include all levels of packaging and 
reliability issues from the onset of the project. Besides fabrication related issues, packaging 
encompasses several other aspects that have also affected the overall manufacturability of 
MEMS devices. These include; (i) functional interfacing of the device and their 
standardization; (ii) reliability and drift issues; (iii) hermetic sealing techniques; (iv) assembly 
and handling techniques; and (v) modelling issues. 

 

6. Critical dimensions 
The scanning electron microscope (SEM) as applied to critical dimensions (CD) 

metrology and associated characterization modes such as electron beam-induced current 
and cathodo-luminescence (CL) has proved to be a workhorse for the semiconductor 
industry during the microelectronics era. The work [MYH 08] reviews some of the 
challenges facing these techniques in light of the silicon nanotechnology road map. Some 
new results using voltage contrast imaging and CL spectroscopy of top-down fabricated 
silicon nanopillar / nanowires (<100 nm diameter) are presented, which highlight the 
visualization challenge. However, both techniques offer the promise of providing process 
characterization on the 10-20 nm scale with existing technology. Visualization at the 1 nm 
scale with these techniques may have to wait for aberration-corrected SEM to become more 
widely available. Basic secondary electron imaging and CD applications may be separately 
addressed by the He-ion microscope. 

Nanotechnology is predicted to create the sixth Kondratieff period following the "Age of 
information". It represents a new revolutionary approach in fundamental research moving 
from a macrocentric to nanocentric system. Nanotechnology is expected to stimulate 1 
trillion dollars of production involving about 2 million workers in the next 10 to 15 years. 
More than 40 countries now have specific nanotechnology research funding programs with 
the common goal of finding greater uses for the emerging technologies and enacting 
measures to encourage commercialization [MAR 07]. 

 

7. Safety of environmental, health and safety (EHS) 
Not only do new products based upon nanotechnology result in an ever-increasing 

sophisticated business economic model, but the new regulatory efforts will mean growth in 
both products and services devoted to safety of environmental, health and safety (EHS) 
from the existence of nanotechnology products. From the literature the rate of 
growth/change is increasing over time. Major advances are occurring in cycles as short as 
five-years or less. It will not be long until the early products with nano-materials become 
obsolete. At that point consideration must be given to a safe way to either dispose of or 
recycle the obsolete nano product. At that time even further commercial opportunities will 
become present for a nanotechnology garbage collection service or nanotechnology 
recycling line of business [MCC 08]. In recent years, nanoscience and nanotechnology have 
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attracted much attention and have posed much significant potential in many areas of 
societal interest. For instance, opportunities are presented to help solve global energy 
needs with environmentally clean solutions, increasing the quality of life through improved 
medicine and health care, improving the productivity of agriculture industry, and providing 
benefits of information technology everywhere. Recent development of nanomaterials has 
enabled ever-clean cloths and nano-biosensor devices. Nano-electro-mechanical systems 
(NEMS) in concert with nanoelectronics would help develop intelligent nano-robots for 
unique applications [KAN 06]. Although serial, robotic assembly methods for nanoscale 
biosensors such as pick-and-place have allowed significant manufacturing feats; self-
assembly is an attractive option to tackle packaging issues. 

 

8. Evaluating the reliability 
Two procedures were proposed for evaluating MEMS reliability [BAZ 09]: (i) To 

evaluate the reliability of a Virtual Prototype, i.e. simulating the dependence of the 
reliability level on device structure and process parameters; (ii) To shorten the test time by 
using accelerated testing, which means to test the components at higher values of stress as 
those encountered in normal functioning, in the aim to shorten the time period necessary to 
obtain significant results (Figure 6). 

 

 
Figure 6 Three levels of reliability evaluation methods. 

 

These two solutions are complementary, because the estimations made on a Virtual Prototype 
has to be verified by the accelerated testing [BAJ 20]. 

 

9. Instead of conclusions 
The behaviour of nano-scaled products is much more sensitive to changes in 

material compositions, manufacturing controllable variables, and noise parameters. 
The ultimate goal of manufacturing is to produce functional chips at continually 

higher volume and lower cost. Improvements in functional volume can be achieved by 
increasing wafer size, by decreasing die size through decreased critical dimensions, or by 
designing ICs for manufacturability with an eye toward a reduction in critical area. However, 
the most productive method is by improving the total die yield3. There are only four basic 
                                                 
3 Die yield is the percentage of total die successfully manufactured, from silicon processing all the way through packaging and testing. 

Die yield is a function of manufacturing yield, test yield, package yield, and occasionally burn in yield. Since test, package, and burn in 
yield are typically close to unity, the die yield effectively becomes the manufacturing yield. For a given technology, reductions in defect 
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operations required to produce an IC: layering, patterning, doping, and heat treatment. In 
modern IC processing these four steps are repeated in over two hundred discrete processing 
steps in an infinite number of combinations, and each one of these steps are potential 
defect contributors that can reduce the total yield. One estimates to suggest that particles 
are responsible for 75% of total yield loss in volume IC manufacturing [SHU 02]. Defect 
inspection, defect classification, and defect source identification are a crucial part of every 
modern IC fabrication. By necessity, advances in particle detection technology have kept 
pace with overall technology development. 

FA plays a very important role in the semiconductor industry in enabling timely 
product time-to-market and world-class manufacturing standards. Today ICs contain 
transistors having minimum geometries of 90 nm, but the industry is now rapidly moving 
into the 65 nm technology node. The actually chips contain hundreds of millions of 
transistors and operate at frequencies greater than 5 GHz. In general, the investigation of 
failures is a vital, but complex task. 

 

 
Figure 7 Typical failure analysis process flows for die related and package related defects 

are shown for comparison. Each flow can be broken down in to an electrical cause of failure 
determination and physical cause of failure determination. 

 

From a technical perspective, failure can be defined as the cessation of function or 
usefulness. It follows that FA is the process of investigating such a failure (Figure 7). FA is 
an investigation of failure modes and mechanisms using optical, electrical, physical, and 
chemical analysis techniques. A number of tools and techniques enable analysis of circuits 
where, for example, additional interconnection levels, power distribution planes, or flip chip 
packaging completely eliminate the possibility of employing standard optical or voltage 
contrast FA techniques without destructive deprocessing. The defect localization utilises 

                                                                                                                                                               
density improve manufacturing yield. As technologies shrink, feature sizes decrease, and as feature sizes decrease, the size of a defect 
that can cause a functional failure decreases as well.  
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techniques based on advanced imaging, and on the interaction of various probes with the 
electrical behaviour of devices and defects. 

The reliability of MEMS can be extremely sensitive to the environmental conditions, 
which translates in very stringent demands for the design, the materials used, and the 
package. Reliability must be built into the device at the design and manufacturing process 
stages. In most practical cases, the final damage quite rarely reveals a direct physical failure 
mechanism; often the original cause (or complete scenario of failure) is hidden by 
secondary post damage processes. On the other side, it is impossible to eradicate failures 
during the manufacturing process and at field use. Therefore, FA must be performed to 
provide timely information to prevent the recurrence of similar failures. Or, wafer 
fabrication and assembly process involves numerous steps using various types of materials. 
This, combined with the fact that devices are used in a variety of environments, requires a 
wide range of knowledge about the design and manufacturing processes. This explains 
while FA of semiconductor device is becoming increasingly difficult as VLSI technology 
evolves toward smaller features and semiconductor device structures become more 
complex. Since it is usually not possible to repair faulty component devices in a VLSI, each 
device in a chip can become a single point of failure unless some redundancy is introduced. 
Therefore, VLSIs have to be designed based on the characteristics of worst devices rather 
than those of average devices. Even if a chip is equipped with some redundant devices, 
today’s scale of integration is becoming so high, that the yield requirement is still very 
severe. The final chip yield is governed by the device yield. A recent research paper [AMA 
02] demonstrates that once the major cause of failure is somehow identified or assumed, 
one could use a Monte Carlo method to study yield problems. Unlike Monte Carlo methods, 
it produces accurate results even when the probabilities of interest differ from one another 
by many orders of magnitude. The method proposed in [AMA 02] was applied to the 
analysis of the leakage current distribution of double-gate MOSFETs; the microscopic 
failure mechanism was identified that limits the final yield. It explains experimental data 
very well. The insight into the failure mechanism gives clear guidelines for yield 
enhancement and facilitates device design together with the quantitative yield prediction. It 
is useful for yield prediction and device design. Transistors should be designed such that It 

(the maximum current generated by a single trap) is very much lower than the tolerable 
leakage current at the specified cumulative probability. The method does not have any 
convergence problems, as in the conventional Monte Carlo approach. 

As long as aggressive designs are produced on cutting edge new manufacturing 
processes, there will be designs that don’t work perfectly the first time on silicon or have 
low yields. Diagnosis and fail mode analysis by themselves can not complete the root cause 
process. Even if designs worked first time on silicon with reasonable yields, economic 
consideration of higher profitability, time-to-market and larger market share will drive 
continuous improvement of product performance, faster manufacturing ramps and higher 
yields. The question is: how to make the whole process of root-causing failures better, 
faster and cheaper? FA has implications on investment, required skills of the analyst, lab 
organization and time to result; the resulting cost explosion in FA cannot be compensated 
by any conceivable measures to enhance FA productivity, but this suppose that a rising 
number of today’s FA problems will be solved by modern testing techniques. FA becomes 
such a substantial cost factor in yield learning, that testing must be empowered to do the 
FA job as well. It is important to integrate FA in semiconductor product and technology 
development and to introduce it as part of all new projects. This explains while, in the 
future, analysis productivity will be a key issue for product cost reduction [BOI 99]. More 
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reliable electronic systems with high integrated functionality within a shorter period of 
development time, new methods/models for reliability of components and materials, and 
lifetime prediction are necessary. Reliability assurance has to be continued during the 
production phase, coordinated with other quality assurance activities. In particular: for 
monitoring and controlling production processes, item configuration, in process and final 
tests, screening procedures, and collection, analysis and correction of defects and failures. 
The last measure yields to a learning process whose purpose is to optimise the quality of 
manufacture, taking into account cost and time schedule limitations. 

Today, FA is the key method in reliability analysis. It is impossible to conceive a 
serious investigation about the reliability of a product or process without reliability analysis. 
The idea that the failure acceleration by various stress factors (which is the clue of the 
accelerated testing) could be modelled only for the population affected by a single failure 
mechanism greatly promoted FA as the only way to separate these population damaged by 
specific failure mechanisms. 

A large range of methods are now used, starting from the (classical) visual inspection 
and going to such expensive and sophisticated methods as Transmission Electron 
Microscopy or Secondary Ion Mass Spectroscopy, etc. 

A prognostic about the evolution of FA in the next 5 years is both easy and difficult 
to be made. Easy: because everyone working in this domain can see the current trend. Now 
the FA is still in a “romantic” period, with fabulous pictures or smart figures smashing the 
customers, convinced by such a “scientific” approach. Seldom, these users of electronic 
components do understand the essence of the FA procedure, because the logic is frequently 
missing. But this situation is only a temporary one. Very soon, the procedures for executing 
FA will be stabilized and standardized, allowing to any user of an electronic component to 
verify the reliability of the purchased product. 

It is also difficult to predict the evolution of FA [BAB 10], because the continuous 
progress in micro-electronics and microtechnologies makes almost impossible to foresee 
with maximum accuracy the types of electronic components that will be most successful on 
the market. And the FA must serve this development, being one step ahead and furnishing 
to the manufacturers the necessary tools for their researches. 

However, with sufficiently high probability one may say that the nanodevices (or even 
nanosystems) will become a reality in the next 5 years, so we have to be prepared to go 
deeper inside the matter, with more and more expensive investigation tools. 

Recent advances in the design of MEMS have increased the demand for more reliable 
microscale structures. Although silicon is an effective and widely used structural material at 
the microscale, it is very brittle. Consequently, reliability is a limiting factor for commercial 
and defence applications. Since the surface to volume ratio of these structural films is very 
large, classical models for failure modes in bulk materials cannot always be applied4.  

The reliability of MEMS is directly related to the occurrence and severity of failures 
occurring at the manufacturing, operation of the device. It is surprising that little has been 
done to fully classify these failures. A methodology is also proposed in [KAN 06] to assess 
their severity and high level design of failures is implemented in the case of a thermal 
actuator. As the design of MEMS devices matures and their application extends to critical 
areas, the issues of reliability and long-term survivability become increasingly important. 

                                                 
4 For example, whereas bulk silicon is immune to cyclic fatigue failure, thin micron-scale structural films of silicon appear to be highly 

susceptible. It is clear that at these size scales, surface effects may become dominant in controlling mechanical properties. 
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Packaging of MEMS is an art rather than a science; the diversity of MEMS applications 
places a significant burden on packaging [GER 09] (standards do not exist in MEMS 
packaging). 

MEMS will open up a broad new array of cost-effective solutions only if they prove to 
be sufficiently reliable. It is not clear if standardization of MEMS fabrication process à la 
CMOS will ever happen - and is even possible. But currently most of the cost for MEMS 
component happens during back-end process, thus it is by standardizing interfaces that 
most savings can be expected. 
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Abstract. Because the commercialization of nanosensors in the field of gas sensing is still in 
its infancy, many efforts have been made to develop efficient methods to increase their 
performances. A special attention was paid to the increase of the sensitivity and selectivity 
of the gas nanosensors based on individual micro - or nanostructures using different 
strategies. In this work, the recent results in the field of high-performance gas nanosensors 
obtained by the research group from Centre for Nanotechnology and Nanosensors, 
Technical University of Moldova in collaboration with Kiel University, Germany are 
highlighted and summarized. The quasi-uni-dimensional (1-D) and three-dimensional (3-D) 
individual hybrid structures based on zinc oxide were integrated into nanodevices using a 
focused ion beam/scanning electron microsc opy (FIB/SEM) instrument. The hybridization of 
the individual ZnO structures is shown to result in a considerable increase in gas response, 
as well as a change in selectivity to volatile organic compounds and ammonia. Particularly, 
an increase in hydrogen gas response (by about 2 times) was obtained by surface 
functionalization with ZnAl2O4 nanoparticles, while a change in selectivity to ethanol 
vapors and ammonia was obtained by surface functionalization with Fe2O3 nanoparticles or 
buckminster fullerenes (C60) and carbon nanotubes (CNTs), respectively. The obtained 
results provide new avenues for the rational engineering of gas nanosensors by the use of 
hybrid nanomaterial systems with enhanced synergistic catalytic behavior and potential 
barrier manipulation. 

 

Keywords: hybrid materials, nanosensors, gas sensor, ZnO, room temperature.  
 

 Introduction 
 The rapid progress of nanotechnologies by integration of bottom-up approaches has 
enabled a true revolution in the fabrication of high-performance devices based on 
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individual structures of n-type and p-type metal oxides, such as ZnO, SnO2, MoO3, CuO, 
Fe2O3, TiO2, etc. [1-7]. The opportunity of bottom-up approach compared to top-down ones 
is the possibility to fabricate complex devices based on individual 3-D structures such as 
ZnO tetrapods [8, 9]. For example, Sun et al. [10] designed a novel logic switch based on 
individual ZnO nanotetrapods, where the logic states depend on the direction of built-in 
potential induced by piezoelectricity and the source–drain current direction. Wang et al. 
[11] fabricated a force sensor with a sensitivity of 2.05 A/N based on an individual ZnO 
tetrapod using piezo-phototronic effect. In the field of gas sensing, the H2 gas sensor was 
fabricated by Lupan et al. based on individual ZnO tetrapod [9], able to detect a 
concentration of H2 gas down to 100 ppm at room temperature (RT). The excellent RT gas 
sensing properties of individual metal oxide structures are widely explained based on their 
high surface-to-volume ratio, which allows very sensitive transduction of the gas/surface 
interactions (adsorption or catalytic oxidation) into a change of the electrical conductivity 
[12]. Also, due to the diameter in nanometer range (radius is comparable with Debye 
length), the structures are practically fully depleted after surface redox processes, which 
makes such devices highly sensitive to surface reactions [12]. 

However, the pristine metal oxide micro- and nanostructures are known to have low 
selectivity to specific gases due to cross-sensitivity to other gases, as well as low stability in 
humid atmosphere [13]. Therefore, many methods have been elaborated for 
improvement/change in selectivity of metal oxides, including: (i) doping with transition 
metals, noble metals, rare earth metals, etc.; (ii) surface functionalization with different 
materials including noble metals (nanoparticles or thin layer), other metal oxides (n- or p-
type), carbon based nanomaterials (nanotubes, graphene sheets, nanofibres, etc.), polymers, 
etc.; (iii) formation of composites/hybrid materials under different configurations such as 
compounds by simple mixing, core-shell, bi-layer or multi-layer structures; (iv) use of 
crystals with different sizes and morphologies in order to control the gas sensing activity as 
a result of different crystal planes; (v) use of molecular sieve membranes such as zeolites, 
polymers and metal-organic frameworks, etc. [1, 13-17]. The enumerated strategies are 
presented in form of diagram in Figure 1. 

 

Figure 1. Summary in form of diagram of the elaborated methods for improvement/change 
in selectivity of metal oxides-based gas sensors. 
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Combination of different inorganic components could result in improved properties 
or performances [18]. Inorganic compounds, such as metal oxides have high chemical and 
thermal stability that allows their application under different operating conditions [18]. 
Moreover, they can be synthesized by different techniques in a large variety of 
morphologies, such as 0-D (nanodots), 1-D (nanowires, nanofibres, nanobelts, etc.), 2-D 
(nanosheets, multilayer structures, etc.) and 3-D (tetrapods, hierarchical structures, etc.) 
[18]. Therefore, hybrid materials have recently gained extensive interest in many fields and 
are promising candidates for use in selective gas sensing applications due to the 
combination of different mechanisms responsible for highly selective, fast and sensitive 
detection of gases, such as enhanced synergistic behavior, spill-over effect, potential barrier 
manipulations, etc. [17, 18]. However, there are only few reports in the literature on gas 
sensors based on individual hybrid micro- and nanostructures [19, 20], which serves as an 
additional motivation for research in this field.  

Herein, the recent results in the field of high-performance gas nanosensors obtained 
by the research group from Centre for Nanotechnology and Nanosensors, Technical 
University of Moldova in collaboration with Kiel University, Germany are highlighted and 
summarized. 

 

Hybrid structures based on semiconductor oxides 
As  it was discussed, the formation of hybrid material systems is an efficient method 

for the improvement of the sensing performances of gas sensors. With respect to metal 
oxides, as the principal component, different combinations with other materials can be used 
such as: (i) metals, (ii) other metal oxides and (iii) organic materials [17], etc. 

In the case of combination with other metal oxides there is a high degree of freedom 
to modify the material properties. A complex summary on the given topic was made in a 
review paper by Miller and co-authors, which was recently published [17]. 

Because semiconductor oxides are of p- or n-type electrical conductivity, these 
materials can be combined in one of the following ways: (i) n – n; (ii) n – p and (iii) p – p. 
Another classification can be obtained according to the type of formed structure (see Figure 
2): (i) a simple mix between nanostructures (composite materials), which are noted using ”–
” (for example: SnO2 – ZnO); (ii) core-shell structures, which are noted using ”@” (for 
example: SnO2@CuO); (iii) heterostructures with well-defined interface (multi-layer 
structures), which are noted using”/” (for example: CuO/ZnO); and (iv) combinations of the 
first three types of structures [17].  

As a result, all the possibilities for improving the performance of the sensors can be 
summarized in a diagram like the one performed by Miller and the co-authors [17]. 

 

Figure 2. Schematic illustration of hybrid structures based on two different semiconductor 
oxides, highlighted by two different colors: (a) composite materials; (b) core-shell 

structures; (c) multilayer structures. 
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So, if to lead by the first principle (the combination by the type of electrical 
conductivity), it will be possible to control the depleted region of electrons, depending on 
the type of conductivity and the material output. In the case of the n-p type combination, a 
depletion region will be formed in the middle regardless of the type of materials [14, 16]. In 
the case of n - n or p - p, the depletion region may be enlarged or narrowed, depending on 
the work functions of the materials [14, 16, 17]. Choi et al. demonstrated the possibility to 
extend or narrow the hole accumulation layer in copper oxide nanowires by surface 
functionalization with Co3O4 (with lower work function of 4.5 eV) or NiO (with higher work 
function of 5.4 eV), respectively [21]. As a result, based on the functionalization with Co3O4 
sensors that are more sensitive to oxidizing gases and less sensitive to reducing gases can 
be manufactured. A complementary situation is in the case of functionalization with NiO 
[21]. 

Another important issue are the catalytic properties of the added metal oxides which 
can lead to different synergistic effects, such as preferential absorptivity or different 
chemical reaction pathways [1, 17, 18, 22]. A clear definition of materials with synergistic 
effects was not reported, but it is widely explained as “… a material with properties superior 
to the sum of the properties of its components; a synergic material” [22, 23]. The major 
processes that affect the synergistic relationship between surface activity and conduction 
mechanisms of hybrid materials are adsorption/desorption reactions, geometric effect and 
the already mentioned modulation of the depletion region [22]. 

An interesting study about the catalytic properties of composite materials was 
performed by Jinkawa et al. [24]. In this study, SnO2 was used as the backbone material and 
five different metal oxides (Cs2O, La2O3, Sm2O3, MnO2 and WO3) were chosen as additives, 
covering a wide electronegativity range of metal cations. It was demonstrated that the addition 
of the basic metal oxides to SnO2, such as La2O3, lead to the enhancement of catalytic 
activity not only for the dehydrogenation of ethanol gas to CH3CHO but also for the 
consecutive oxidation of CH3CHO to CO2 [24]. Additionally, it was demonstrated that the 
addition of an acidic metal oxide, such as WO3, enhanced only the dehydration reaction, 
showing even an adverse effect on the consecutive oxidation [24]. The results clearly 
demonstrate that the formation of hybrid composite structures is an highly efficient method 
to tune the catalytic properties of the formed composites and thus to control the gas 
sensing properties of metal oxides. 

 

Individual 3-D hybrid microstructures – In search of high-performance room 
temperature gas sensors 
 In our studies, the nanodevices based on individual structures were fabricated using 
the method elaborated by Lupan et al. [2, 4 - 6, 9], which is based on the Focused Ion 
Beam/Scanning Electron Microscopy (FIB/SEM) techniques and the localized maskless 
deposition of metal or even insulator materials. This approach works similar to local 
chemical vapor deposition (LCVD) and the occurring reactions are comparable to, e.g., laser 
induced chemical vapor deposition (CVD) and micro stereolithography [2]. A schematic 
representation of the nanodevices fabrication is presented in Figure 3. For all devices a 
specially designed chip based on a SiO2-coated Si substrate with deposited Au pads was 
used [4]. The chip configuration allows for the connection of 8 different individual 
structures between the Au pads by Pd deposition in FIB/SEM system (see Figure 3b-d). More 
information on the designed chip can be found in one of our previous work [4]. 
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The release of the individual micro- and nanostructures from the initial substrate (for 
example nanowires from an array grown on different substrates or tetrapods from free-
standing networks) is realized by sonication in ethanol followed by transfer to a SiO2-coated 
Si substrate [6]. Using this method the following individual structures were successfully 
integrated into nanodevices: individual ZnO nanorods synthesized using an aqueous-based 
approach in a reactor for room temperature H2 gas detection [2]; very thin CuO nanowires 
(10–100 nm in diameter) synthesized by thermal oxidation approach for highly sensitive 
room temperature ethanol vapors detection [6]; MoO3 nanobelts for ethanol and methanol 
vapor detection [4]; very thin Fe2O3 nanowires (10 – 50 nm) synthesized by thermal 
oxidation for acetone vapor detection. 

 

 
Figure 3. The schematic of nanodevices fabrication steps: (a) schematic illustration of the 
chip based on SiO2-coated Si substrate with deposited Au pads for electrical connection, 

noted from 1 to 12; (b) zoomed view of the interelectrode space from (a); (c) deposition of 
individual 3-D structure for further interconnection to Au pads by deposition of Pd using 

FIB/SEM (d). 
 

Moreover, it was demonstrated that the described method is suitable for successful 
integration of individual hybrid structures such as: Fe2O3 nanoparticle functionalized ZnO 
tetrapods (Fe2O3/ZnO) [25]; ZnAl2O4 
nanoparticle functionalized ZnO 
microwires and tetrapods (ZnAl2O4/ZnO) 
[26]; Zn2SnO4 functionalized SnO2 
nanowires (Zn2SnO4/ZnO) [3]; carbon 
nanotubes (CNT)-functionalized ZnO 
tetrapods (CNT/ZnO) [27] as well as 
buckminsterfullerene (C60) hybridized 
zinc oxide tetrapods [28]. Figure 4 
shows the schematic diagram of gas 
sensors fabricated on individual 3-D 
hybrid structures based on ZnO for room 
temperature detection of different gases 
and vapors, which will be reviewed in 
this work. The experimental results 
show that the nanoparticles (Fe2O3, 
ZnAl2O4), CNT or C60 are firmly attached on the surface of the integrated individual 
structures after transfer on the SiO2-coated Si substrate. 

Figure 4. Schematic diagram of gas sensors 
fabricated on individual 3-D hybrid structures 

based on ZnO for room temperature detection of 
different gases and vapors. 
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The detection of ethanol in our daily life plays an important role for safety, as well as 
is a key element in breath alcohol analyzers for drivers, etc. [25, 29]. Ethanol is produced via 
alcoholic fermentation of glucose by gut bacteria and yeast and the acetone derives from 
oxidations of free fatty acids, influenced by glucose metabolism [30]. Furthermore, the 
detection of ethanol in human breath can be a good approximation of blood glucose profile 
during a glucose load [30]. Thus, it is very important to develop reliable, high performance 
and low-cost ethanol vapor detectors with high immunity to water vapor, which are 
presents in the breath. In our case highly selective ethanol vapor sensors were elaborated 
based on individual Fe2O3/ZnO and C60/ZnO hybrid structures (see Figure 4). Fe2O3 was 
chosen due to its high stability under ambient conditions, high catalytic activity in the 
dehydrogenation reaction and its ring-opening reaction of hydrocarbon. Therefore, it can 
induce the higher selectivity to ethanol vapor of the ZnO microstructures. Alternatively, C60 
can be utilized for such applications. C60 mainly exhibits n-type electrical conductivity and 
shows good response to volatile organic compounds (VOCs). 

The Fe2O3-ZnO hybrid structures with high porosity were obtained by mixing in 
different weight ratios ZnO tetrapods (synthesized by a simple flame transport (FTS) 
approach) with Fe microparticles, followed by subsequent thermal annealing in air in a 
furnace at 1150 °C for 5 h [29]. The size of the synthesized tetrapods is in the range of 10 – 
100 μm, while the diameter of the randomly distributed Fe2O3 nano- and microparticles on 
the surface is 0.1 – 5 μm [29]. The individual Fe2O3/ZnO hybrid structures (see Figure 5a), 
integrated into devices, showed excellent selectivity to ethanol vapor at room temperature 
[25]. Compared to individual ZnO tetrapod, the functionalized one showed an exceptional 
improvement in performance, i.e. improvement in UV response by about 80 times (on/off 
ratio of ~ 1400 to UV light with 15–20 mW/cm2 and λ = 365 nm) and improvement in 
ethanol vapors response by about ~ 6 times (sensitivity of ~ 1%/ppm). The calculated 
sensitivity to all tested gases of the device is presented in Figure 5b, showing an excellent 
selectivity to ethanol vapor. The Buckminster fullerene (C60) based hybrid metal oxide 
materials (see Figure 5c) were synthesized using the same ZnO-T networks by drop-casting 
of water-based fullerene dispersions [28]. The gas sensing measurements of individual 
C60/ZnO hybrid structures showed that a higher content of C60 on the surface of ZnO 
microstructures leads to an increase in ethanol response (~ 0.32%/ppm) at room 
temperature. The main mechanism of increased selectivity was explained on the basis of 
the interaction of VOCs with oxygen from the C60 layer, as well as charge transfer between 
C60 and gas molecules by weak ionic bonds at room temperature [28]. The calculated 
sensitivity to all tested gases of the device is presented in Figure 5d. 

The improvement in H2 gas response of individual ZnO structures was achieved by 
the formation of Bi2O3@ZnO shell-core structures and by surface functionalization with 
ZnAl2O4 nanoparticles [26, 31]. The monitoring/detection of H2 gas is very important for 
semiconductor manufacturing processes, where it is used as reducing agent and carrier gas 
[32]. Also, the H2 is an excellent source of clean energy [32]. Therefore, it’s a crucial 
necessity for fast detection of H2 gas leakage by gas sensors. Because H2 gas is extremely 
flammable when mixed (even in small amounts) with ordinary air, it is very important to use 
the gas sensors operable at room temperature, which was the main goal of our 
investigations in the case of selective hydrogen gas sensors. The Bi2O3@ZnO hybrid 
structures were obtained by the same method as the Fe2O3-ZnO hybrid structures, i.e. using 
the FTS approach for synthesis of ZnO and by further mixing with Bi microparticles [31]. 
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Figure 5. The schematic of hybrid structure and the room temperature sensitivity of 
individual hybrid structures to different gases: (a,b) Fe2O3/ZnO; (c,d) C60/ZnO. 

 

Bi2O3 is an important p-type semiconductor with four main crystallographic 
polymorphs denoted by α-, β-, γ -, and δ-Bi2O3 and regarding their unique optical and 
electrical properties they have not been investigated extensively as gas sensor materials, 
being additional motivation for our research [33]. The gas sensing measurements of 
individual Bi2O3@ZnO hybrid structures demonstrated excellent H2 gas sensing properties, 
namely high sensitivity of ~ 70%/ppm at room temperature [31]. The selectivity compared 
to other gases was also tested, showing a negligible gas response (<1.5) to CH4, ethanol and 
acetone. In order to check the influence of water vapor on the gas response, the 
measurements were performed at higher relative humidity of ~ 70%, showing a decrease in 
response by about 25% [31]. The lowest detection limit was found to be ~ 1 ppm. 

 

 
Figure 6. The schematic of hybrid structure and the room temperature sensitivity of 
individual hybrid structures to different gases: (a,b) ZnAl2O4/ZnO; (c,d) CNT/ZnO structure. 

 

The formation reactions of oxide spinel compounds AB2O4-based on Zn are easily 
accessible by the calcination of ZnO [26, 29]. Due to its peculiar arrangement of its cations 
in the spinel structure, this can lead to a better mobility of the charge carriers. Therefore, 
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ZnAl2O4 structures hold great promise for a wide range of applications, including gas 
sensing [26, 29]. In our studies, the ZnAl2O4-ZnO hybrid networks were obtained using the 
method, described for Fe2O3-ZnO and Bi2O3-ZnO networks. In this case the ZnO networks 
were mixed with Al microparticles [29]. However, the SEM images showed the formation of 
randomly distributed microparticles with a rough surface which can form agglomerates with 
a diameter up to 10 μm, being comparable with arm diameter of ZnO tetrapods. Therefore, 
the successful integration of individual ZnAl2O4/ZnO hybrid structures was difficult to 
obtain. In order to avoid this issue, a simple method for the growth of small and 
homogenously distributed ZnAl2O4 crystals with a diameter of 50–100 nm on the surface of 
ZnO nano- and micro-structures using aluminum acetate basic hydrate was elaborated [26]. 
Based on the individual ZnAl2O4/ZnO microstructures (see Figure 6a) with different 
morphologies (microwires and microtetrapods) gas sensing devices were fabricated. The gas 
sensing measurements demonstrated that the functionalized structures showed higher gas 
response compared to the structures synthesized using FTS approach followed by further 
mixing with Al microparticles (ZnO:Al). For example, a ZnAl2O4/ZnO microwire with a 
diameter of ~ 400 nm and a ZnAl2O4/ZnO tetrapodal structures with a leg diameter of ~ 400 
nm showed a H2 gas sensitivity of ~ 0.19 %/ppm and ~ 0.5 %/ppm, respectively, at room 
temperature, compared to ~ 0.01 %/ppm obtained by employing a ZnO:Al microwire [26]. 
These results demonstrate the high efficiency of surface functionalization of individual ZnO 
microstructures for improvement of gas sensing properties. The room temperature 
sensitivities of ZnAl2O4/ZnO tetrapodal structure to H2 gas and other tested gases are 
presented in Figure 6b, showing the high selectivity to H2 gas, which was observed for all 
tested individual structures [26]. The improved H2 gas sensing properties of functionalized 
samples were explained based on the good catalytic properties of ZnAl2O4, which can be 
also employed for synthesis, dehydrogenation, hydrogenation, dehydration, isomerization 
and combustion processes [26]. Another explanation was based on the higher oxygen 
coverage on the ZnO microstructure surface in air, especially in the areas around the 
ZnAl2O4 nanocrystals due to the specific structure of energy band diagram of ZnAl2O4/ZnO 
interface. Consequently, an electron flow from ZnAl2O4 nanocrystals to ZnO microstructures 
was induced, thus enhancing surface reactions of the gas absorption when the sensor was 
exposed to H2 gas, i.e. to a higher gas response [1, 26, 29]. 

Another study was concentrated on the possibility to combine excellent room 
temperature gas sensing properties of carbon nanotubes, being ideal building nanoblocks 
for the construction of hybrid structures, and high sensitivity of ZnO tetrapodal networks 
[27]. Some reports demonstrated the excellent selectivity of carbon based nanomaterials to 
ammonia vapors at room temperature [27]. Therefore, the main idea of surface coating of 
ZnO tetrapodal structures with carbon nanotubes CNTs was to induce the high selectivity of 
individual ZnO microstructures to ammonia vapors at room temperature. The CNT-ZnO 
hybrid networks were obtained by the CNT (CarboByk 9810) infiltration of the ZnO 
templates, synthesized using a FTS approach [27]. The five devices based on individual 
CNT/ZnO microstructures (see Figure 6c) with different diameters and lengths of the arms 
were fabricated using the CNT-ZnO hybrid networks with 2.0 wt% of CNT. The individual 
structure with the smallest arm diameter (0.35 μm) demonstrated the highest sensitivity to 
ammonia vapors of ~ 0.8 %/ppm at room temperature. Figure 6d shows the sensitivity and 
to other gases, demonstrated the high selectivity to ammonia vapors. Because the gas-
sensing mechanism of single tetrapod structures is mainly based on the modulation of 
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conduction channels by surface reactions, the higher sensitivity of smaller microstructures 
can be explained by higher influence of surface reactions on the electron depletion region 
of ZnO [27, 34 - 38]: 

 

      (1) 

 

where D is the diameter of the tetrapod arm and ΔW is the change in the electron depletion 
region at the ZnO surface. The induced selectivity to ammonia vapors was explained based 
on efficient NH3 molecules adsorption on the surface of CNT at room temperature with 
further electrons transfer to the underlying ZnO microstructure integrated in sensor, leading 
to a widening of the conduction channel [27, 34, 35, 38, 39]. All these results are 
summarized new fabrication strategy can underpin the future generation of advanced 
micro- and nano-materials for gas sensing applications and prevent gas levels that are 
hazardous to human health and could cause environmental damage too. 

 

Conclusions 
Based on the experimental data obtained and reported by Centre for 

Nanotechnology and Nanosensors, Technical University of Moldova, Republic of Moldova in 
collaboration with Functional Nanomaterials, Kiel University, Germany the following 
conclusions can be highlighted: (i) surface functionalization of individual ZnO 
microstructures with Fe2O3 nanoparticles with diameter of about 0.1 – 5 μm can lead to 
increase in room temperature gas response (by about one order in magnitude compared to 
ZnO:Fe) to ethanol vapors, as well as induce the high selectivity due to increased catalytic 
activity for dehydrogenation of ethanol molecules; (ii) the surface-to-volume ratio of C60 
based film can be increased by its surface covering on ZnO microstructures. The individual 
microstructures of C60/ZnO showed excellent gas sensing properties to VOCs vapors at room 
temperature; (iii) surface functionalization of individual ZnO microstructures with different 
morphologies (microwires or microtetrapods) with ZnAl2O4 nanoparticles with diameter of 
50 –100 nm can lead to increasing in sensitivity to H2 gas in operating temperature range 
from 20 to 150 °C; (iv) surface functionalization of ZnO microstructures with CNTs leads to 
change in selectivity to ammonia vapors, with possibility to operate at room temperature. 
The research results demonstrate the importance of the synthesis of hybrid materials with 
unique properties based on semiconductor oxide structures and other metal oxides or 
carbon nanomaterials, to be applied for the selective and highly sensitive detection of 
different gases, such as hydrogen, ethanol, ammonia, etc. The developed strategy can be 
extended to other materials with promising sensory properties and represents an essential 
step in the field of new hybrid materials for high performance practical applications in 
automotive, environmental monitoring and medical diagnostics. 
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Abstract. Cranial defects often occur after trauma, neurosurgical procedures like 
decompressive craniotomy, tumor resections, infection and congenital defects. Because 
prosthesis production is often costly and requires complex intraoperative processes, this 
paper reviews clinical data of syndrome of the trephined and its treatment by means of 
cranioplasty with the application of newer technologies such as virtual surgical planning, 
computer-aided design, as well as computer-aided manufacturing in order to give the 
opportunity to fabricate custom-made polymethylmethacrylate implants. Implant 
customized manufacturing for cranioplasty allows for a precise and anatomical 
reconstruction in a shorter operating time compared to other conventional techniques. We 
present a simple protocol, low-cost method for prosthesis manufacturing that ensures 
surgical success. In this case series on 10 patients with cranial defects are presented to 
describe the digital technique. In an open-source software’s virtual prosthesis is designed 
and manufactured with the aid of 3D-printing technology. Then the anatomical model, 
designed plate and the tow molds are printed using a DLP 3D printer, which then is used in 
a laboratory to cast the final customized prosthesis in polymethyl methacrylate (PMMA). 
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Introduction 
Syndrome of the trephined (SoT) or post-craniectomy syndrome, also known as 

Sinking skin flap syndrome or Sunken brain syndrome, is characterized by a multitude of 
neurological manifestations in patients who have experienced the craniectomy procedure 
and who subsequently regressed after performing cranioplasty. SoT was first described by 
Grant and Norcross in 1939 [1]. SoT predisposes to male sex (~ 60%) and occurs more 
frequently after decompressive craniotomies due to craniocerebral trauma (~ 38%). As a 
rule, SoT starts in approximately 5-10 months after-surgery [2]. Cranioplasty dates back to 
the ancient period (7000 BC) as well as trepanation [3] and is defined as the full-thickness 
reconstruction of calvarial bone. Large skull defects (> 25 cm2) are reconstructed to protect 
the underlying brain, shield the brain from infection, and correct esthetic deformities [3]. 
However, it is unclear whether reconstruction is appropriate for the treatment of „syndrome 
of the trephined” or to decrease seizure activity [4]. 

This procedure is also performed to treat growing skull fractures and congenital 
anomalies in pediatric patients, where the skull reconstruction is more challenging, 
considering the singularly rapid bone growth in children [3]. The pathophysiological 
mechanism of SoT has not been fully elucidated, but at the moment the influence of the 
following factors is considered: action of the atmospheric pressure on the brain that affects 
the cerebral perfusion on the defect surface; migration of the cerebrospinal fluid (CSF), 
which causes edema of the brain tissue underlying the cranial breach (demonstrated by the 
increased incidence of hygromas in the first month after decompressive craniectomy); 
global reduction of cerebral blood flow (CBF) not only at the level of the breach but also at 
a distance (demonstrated by CT-perfusion with Xe), caused by the atmospheric pressure and 
damage to venous drainage; alteration of glucose metabolism in the affected hemisphere 
and consequently causing cortical dysfunction [5]. Neurological manifestations of SoT 
patients include: motor deficiency 61%; cognitive disorders 44% (37,5% concentration 
deficit, 37,5% amnestic disorders); dysphasic disorders 29,6%; disturbance of the state of 
consciousness 27,8%; headache 20,4%; seizures 11,1%; local pulsatile pain; insomnia; 
irritability [1]. The time frame for maximum neurological recovery is 2,9-3,4 months [1]. 
Postcranioplasty 19,6% of patients achieve functional independence, cognitive disorders 
improve at 9,8% and 10,3% partially recover the motor deficit. 

Cranioplasty is indicated for the purpose of removing the aesthetic defect, remission 
of SoT, as well as protection against traumatic agents. As a rule, choosing the right time to 
perform the cranioplasty is at 4 months post-craniectomy decompression due to 
spontaneous intracerebral hematoma or closed cranio-cerebral trauma and 6 months after 
decompressive craniectomy or open cranio-cerebral trauma in order to reduce the risk of 
infectious complications. 

The reconstruction of the craniofacial skeleton is often difficult to perform even for 
an experienced surgeon, critical factors contributing to the complexity of the construction 
include anatomy, the presence of vital structures, and the uniqueness of each defect [6]. 
Surgical procedure of cranioplasty presents the following risks of postoperative 
complications: damage to the underlying brain tissue, increase of intracranial pressure 
immediately after application of implant, infection - 10%, hematoma in the lodge - 7%, 
convulsive seizures - 14%, hydrocephalus - 13%, resorption of bone grafts, paradoxical 
herniation and severe cerebral edema. 
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The various materials used for cranioplasty are methyl methacrylate, hydroxyapatite, 
titanium, polyethylene, and allogenic and autologous bone, of which 
polymethylmethacrylate (PMMA) and titanium are most commonly used [7]. The use of 
synthetic materials for cranioplasty became popular after World War II. The ideal 
characteristics of prosthetic materials are their inability to cause inflammatory reactions, 
non-allergenicity or inability to cause hypersensitivity, chemical inertness, non-
carcinogenicity, ability to withstand strain and tension, capacity to be sterilized and to be 
molded into the desired shape when fabricated [8]. 

Today, both titanium and PMMA are widely used alloplastic materials. However, 
titanium prosthesis has some disadvantages, for example, thermal conduction, little chance 
of intraoperative modifications and a high cost [9]. The advantages of PMMA are the 
following: it is low cost, no donor is required, it is lightweight, strong, inert, radiolucent, 
non-ferromagnetic and stable [10]. The disadvantages are that it has a low adherence to 
the surrounding tissue, it may cause tissue reactions (subcutaneous seroma), and may be 
bulky in some areas like the orbital rim [11]. When using conventional treatment methods, 
these specific features create drawbacks in the process of restoring skull integrity. 

Alloplastic materials, including polymethyl methacrylate (PMMA), hydroxyapatite 
and titan mesh, have been proposed as malleable substituents, which can be configured 
intraoperatively. The above-mentioned materials may require various additional 
intraoperative manipulations and therefore present some drawbacks: increasing the 
intraoperative time; adapting the material to the contour of the defect, which is difficult 
and imprecise, often leading in unaesthetic results especially in patients with extensive or 
complex defects; direct contact of the PMMA implant with dura mater during exothermic 
reactions with the release of toxic monomers affects adjacent tissues and can produce both 
local and systemic reactions. 

In order to overcome the shortcomings of intraoperative molding, many techniques 
have been introduced for the prefabrication of customized cranioplastic implants using 
medical imaging and three-dimensional (3D) biomodeling [12]. Today, three-dimensional 
(3D) models of anatomical structures can be reconstructed based on anatomical information 
from scanning data coming from computerized tomography (CT), magnetic resonance 
imaging (MRI), positron emission tomography/CT (PET/CT). Advances in hardware and 
software have increased the feasibility of accurate 3-D CAD reconstruction of skull 
skeletons [13, 14]. 

The development of virtual surgical planning (VSP), computer-aided design (CAD) 
and computer-assisted manufacturing (CAM) technologies offers the possibility of obtaining 
custom implants adapted to each defect. Prefabrication of alloplastic implants using VSP, 
CAD / CAM technologies, which are adapted to individual patient defects, clearly improve 
the aesthetic results, reduce the duration of intervention with decreased hemorrhage and 
the risk of infection, preventing the toxic action of the monomer [15]. 

The CAD/CAM systems also allow to design and manufacture personalized implants 
at an affordable cost and within a reasonable time. 

Here we present our preliminary experience in a clinical series of 10 patients who 
underwent “custom-made” cranioplasty, using an alternative method of designing and 
manufacturing, together with the support of a skull computed tomography (CT) scan to 
model the complex-shaped PMMA specific implant, with the use of a plastic mold.  
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Purpose: To asses an alternative method of PMMA patient specific implant 
fabrication of acquired cranial defect with the use of contemporary virtual surgical 
planning, computer-assisted design and computer-assisted-manufacturing technologies.  

 

Materials and Methods: 
Patients 
From May 2017 to April 2020, 10 patients underwent aforementioned cranioplasty at 

the Institute of Emergency Medicine, Neurosurgery Department. A total of 10 cranial 
implants were inserted, all prefabricated made of PMMA. The PMMA implants were 
fabricated by VSP+CAD/CAM technologies. 

 

Fabrication of 3D matrix 
The clinical protocol consists of acquiring 3D data of craniofacial complex via multi-

spiral computerized tomography or cone beam CT. DICOM (Digital Imaging and 
Communications in Medicine) data were processed and imported into the open-source 
software 3DSlicer 4.8.1 (Figure 1.A.) and, based on density ranges of the Hounsfield units, the 
3D model of the region of interest was obtained, the data being exported in the STL format 
(Standard Tessellation Language) later on. The created virtual patient was imported into the 
Meshmixer software (Figure 1.C), where the customized implant modelling was performed 
using the symmetrization process, by acquiring a mirrored image of a healthy region from 
the contralateral side. The 3D matrix wares obtained by boolean subtraction process of the 
customized implant. (Figure 1.D). The fabrication of the matrix was performed using the 
DLP Moonray S100 3D printer (Figure 2.C) (SprintRay, USA). 

 

Figure 1. Data collection for virtual planning, conversion of data into 3D images.A) 
Segmentation of anatomical formations based on density range (Slicer 3D). B) Virtual 3D 
model. C) The symmetrization of skull using the process of obtaining a mirrored image of 

the contralateral side. D) The obtaining of virtual implant via the boolean subtraction 
process. 

 

3D printing process had taken about 6 hours. PMMA resin was prepared by mixing 
the polymer and the monomer; in the „dough” phase it was introduced into fabricated 
matrices and compressed between them (Figure 2.D). 
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Figure 2. A) Virtual surgical planning of the cranial defect. B) Modelling of patrix and matrix 
based on customized cranial plate within Meshmixer software. C) Printing of 3D matrix and 
patrix using the DLP Moonray S100 printer. D) The matrix, plate, application of PMMA and 

finishing the customized flap. 
 

To prevent chemical adhesion of the PPMA material to the obtained matrices, they 
were isolated. At the end of the polymerization phase, the 2 matrices were removed, thus 
obtaining the custom implant from PMMA. It was followed by the grinding of the implant to 
the contour of the defect and the drainage and threading holes of the fixing screws. The 
implants were sterilized using plasma sterilizer, then delivered to the operating room. The 
cranioplasty surgery involves several stages: after the general anesthesia the patient is 
positioned, the operative field is processed and delimited, then the incision is made on the 
path of the old scar, followed by meningolysis with the delimitation of the cranial defect 
edges, implantation of the custom cranial plate from PMMA, control of hemostasis at all 
stages and suture in anatomical planes. 

 

Results 
All implants were successful. The average duration of the intervention (Figure 3) was 

on average 120 minutes (minimum-90, maximum-150 minutes). The aesthetic aspect as 
well as the postoperative computed tomography data showed a good restoration of the 
cranial symmetry (Figure 4). Despite the implant material used, no signs of postoperative 
complications occurred during follow-up period (6-34 months). Also to mention, is the fact 
that, plates made of polymers have the advantage, that their edges can be trimmed for a 
better fit, avoiding additional trauma to bone in order to correct their borders. PMMA 
materials seem to manifest good strain distribution, even though it cannot withstand forces 
endured by Ti alloys (51.328 MPa for the PMMA and 145.146 MPa for the Ti6Al4V) [16], its 
mechanical strength is sufficient to tolerate higher loads than the native bone tissue. 

However, placement of polymer may cause hypersensitivity, because of the slow 
release of monomers that are known to be toxic. In this study we did not observed such 
behavior. Even though, we observed good outcomes with prefabricated PMMA implants, 
there is an ongoing search to identify materials with more favorable characteristics. PEEK 
materials seem to show excellent long-term biocompatibility properties and should be 
more studied in the future. 
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Figure 3. Clinical case. A - preoperative virtual surgical planning and PSI modeling,  
B - patient with SoT, C - personalized cranial plate from PMMA, D - intraoperative aspect of 

cranioplasty intervention: the meningolysis stage (left) and implantation of the personalized 
cranial plate from PMMA (right), E - same patient after cranioplasty surgery, F- postoperative 

CT images with bone reconstruction. 
 

Figure 4. A - patient with SoT, preoperative virtual surgical planning and PSI modeling., B - 
personalized cranial plate from PMMA., C - intraoperative aspect of cranioplasty 

intervention., D - postoperative CT images with bone reconstruction. 
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Figure 5. Series of 10 cases in which the technology of virtual surgical planning 
was applied. 
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Conclusion: The syndrome of the trephined is a serious complication, which at the 
moment has no clear definition and requires additional research to elucidate the 
pathophysiological mechanisms, which could serve as a reference in the timing of surgical 
treatment and would influence the neurological recovery of the patients with acquired 
cranial defects. Although metal has been used in cranioplasty since ancient times, 
contemporary technologies using the 3D printer allow the creation of custom implants 
made of alloplastic materials such as polymethyl methacrylate, at an affordable cost. 
Further research calls for the potential of focusing on molecular biology techniques, which 
would involve bone growth factors to facilitate osteogenesis at the implant level. 
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Abstract. Feed mills of low capacities have become the major source of feeds for the 
agrarians in developing countries. Operations carried out in these feed mills do not totally 
conform to the standard operations and safety requirements in large scale feed mills. 
Therefore this paper is aimed at assessing the possibility of work-related musculoskeletal 
disorders (WMSDs) in these feed mills. A preliminary assessment of the risk was carried out 
using onsite investigation, interview of workers and a pen-and-paper based analytical 
tools. Feed discharge, weighing and manual material handling (lifting) operations were 
evaluated with Quick Exposure Check (QEC) and Rapid Entire Body Assessment (REBA) 
tools. Results showed that 70 and 60% of the workers experience body pains after and 
during work respectively. The workers expressed dissatisfaction due to the pains 
experienced in different body regions. QEC and REBA evaluation showed that the body 
regions with a high risk of WMSDs are back, shoulder and neck regions for discharge 
operation; wrist, back, shoulder and neck regions for weighing operation; and back, 
shoulder, neck, wrist, legs, and elbow regions for manual material handling. WMSDs 
mitigation measures were suggested for each operation based on identified cause. 

 

Keywords:  feed weighing, feed mixing and discharge, manual handling, QEC, REBA. 
 

 Introduction 
 Health problem has become synonymous with many small-scale productions. These 
health problems include musculoskeletal disorders, respiratory disorders, repetitive stress 
injuries, cardiovascular disorders, and the likes. Some basic features of the work 
environment have been associated with some of these health problems, especially when 
the physical requirement of an activity is higher than the physiological abilities [1]. Nearly 
all tasks on farms (e.g. machinery operation, driving mobile machinery and vehicles, using 
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workshop tools, using a hammer mill, manual handling lifting/lowering, pulling/pushing, 
carrying, etc.) involve ergonomic problems which should always be assessed [2]. 

One of the ways to reduce the prevalence of health issues is to adequately 
investigate and assess the presence of health risk. Musculoskeletal disorder is a major risk 
factor not only in small-scale mills but in agriculture [3 - 10]. In other to assess this risk for 
a particular work setting, some analytical tools are made use of. They ultimately provide an 
estimated level of risk based on the observed disparity in certain factors pertaining to the 
work environment and user/worker. Some of the analytical ergonomic tools are: rapid upper 
limb assessment, RULA [11], Ovako working posture analysis system, OWAS [12], Dutch 
musculoskeletal questionnaire, DMQ [13], observation analysis of the hand and wrist [14], 
quick exposure check (QEC) [15], rapid entire body assessment, REBA [16], agricultural 
lower limb assessment, ALLA [17] etc. These ergonomic analytical tools have some 
limitations and advantages [18]; hence, they been applied individually or jointly to assess 
the risk of WMSDs. They have also been applied by many industries before and after 
carrying out a particular intervention such as a lean workflow, workstation redesign, etc. 
[19]. 

Some of the industries where these analytical tools have been reportedly applied 
include; dairy farming [20], sawmills [21, 22], small-scale mining [23], cotton spinning [24], 
small-scale casting [25], small-scale gold mining and extraction [26], hand-woven carpet 
industry [27], small-scale forging [28], etc. 

Feed milling and other types of milling has been identified as a process which needs 
attention due to certain risks [29], especially at the small-scale [30]. Omokhodion and 
Kolude [31] observed that 73% of the operators of small-scale mills have health problems 
like headache, backache, cough, rhinitis, wheezing, tinnitus and high blood pressure. These 
health conditions may be attributed to a lack of personal protective equipment despite the 
high dust level and high noise level of 88-90 dB [30]. Small and medium scale feed mills 
have been reported to generate noise levels around 114 dB [31]. Workers in these mills are 
exposed daily to the high noise level all through the 9 hour work period without any noise 
control equipment [30, 31]. Although, body injuries have been reported as another major 
health problem [32], there has been insufficient report on the WMSD risk level the workers 
in this industry are exposed to. 

Ergonomic control measures inclusion in small-scale industrial operations is very low 
and has led to the high ergonomic hazard among workers [33]. 

More attention should, therefore, be paid to the extent to which workers in small-
scale industries are exposed to WMSD [34]. This can be done by evaluating every activity 
and task carried out by the worker during a job section. In addition, the work environment 
of these workers can also be assessed for any unfit arrangement or settings capable of 
making the worker take a discomforting or awkward posture. 

The work setting may have to be adjusted in line with the worker’s anthropometry, 
physiology, and capability in other to reduce the risk of WMSD. 

This type of WMSD assessment and workplace developmental processes has been 
applied to improve different work settings and several industrial activities and tasks. 
Therefore a WMSD risk assessment can be applied to identify the major problems, unfits 
and source of discomforts in the activities of small-scale feed milling.  

This study, therefore, assesses the risk of WMSDs in small-scale feed mills using 
REBA and QEC analytical tools. 
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Materials and Methods 
The feed milling operation was broken down into its unit operations and was 

collectively investigated in order to identify the specific problem in the process as well as 
proffering solution to them. 

 

Characteristics of Sample Population 
Thirty feed mill workers were randomly selected across ten small-scale feed mills in 

Ibadan, Nigeria. The areas the study covered include Apete, Moniya, Sango, Apata, 
Challenge, and Iwo road. The populace is actively involved in industrial production at 
various scales. Details of the sample population, machine, energy use, and other 
characteristics have been reported in Adetifa and Okewole [35]. 

 

Worker’s Complaints 
This assessment includes an onsite investigation and interview with workers. 

Information about the workers such as sex, age, work experience, and disability was 
collected. The workers interviewed highlighted some of the discomforts and pains 
experienced during and after work. They also highlighted the specific area of their body 
where this discomfort was experienced. Information about the characteristics of the 
workplace, work duration, and work requirement was also gathered. 

 

WMSDs Risk Assessment 
The feed mill workers were evaluated using QEC form to determine the risk of 

WMSDs in each of the three operations (i.e. discharging, weighing and materials handling 
operations). Two different categories of assessments were carried out and scored with the 
help of QEC i.e. 
I. Body regions (back, neck, shoulder/arm, wrist/hand) 

II. Other factors (work pace, vibration, driving, stress) 
The scores were used in determining the extent of exposure of the body regions and 

the contribution of the other factors to the risk of work-related musculoskeletal disorder 
(WMSD) as reported by, McFarren [36]. 

The feed mill workers were also assessed using Rapid Entire Body Assessment 
(REBA) form to define the presence and level of risk of WMSDs. Three different assessments 
were carried out and scored with the help of REBA i.e. 

I. Trunk, neck, and legs 
II. Upper and lower arms, and wrists both hands 

III. Load/force and coupling factors and the activity 
The interpretation of these scores determines the severity of the risk of 

musculoskeletal disorder (MSD) as reported in Middlesworth [16]. REBA has been checked 
for reliability and validity for diverse work situations. 

Comparative Analysis 
A correlation and t-test were carried out between the result of the REBA and QEC for 

each of the unit operations at 5% level of significance.  
These analyses were done between the risk level assessments of the body regions 

which were both assessed by the two tools.  
Also, this analysis was used to determine the significance of the effect of unit 

operations on the QEC and REBA scores. 
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Results and Discussion 
 Feed Mill Workers 

It was discovered that a typical small-scale feed mill in the study location has an 
average of 6 workers which includes both the line and support staff. Although 32% of these 
workers are female, those working directly with the feed mill machines are majorly men of 
25 - 40 years. With less than a year of work experience in feed milling, most of these 
workers spend close to 9 hours without a break. 

From the survey carried out, it was discovered that 70% of the workers complained 
of always having body pains after work and 60% complained of pains during working 
(Figure 1). The workers also complained of not being comfortable at work which affects 
their work pace. In most cases, they will have to take some form of medications. Figure 2 
depicts the specific body part where discomforts were felt. There were more complaints of 
discomfort in the back region followed by leg/thigh and shoulder regions. This explains why 
the workers complain of discomfort in some specific area of their bodies. 

 

Figure 1. Complaints of workers in small-scale feed mills. 

 
Figure 2. Complaints of body discomfort by workers in the small-scale feed mill.

 

Risk of WMSDs in Small-Scale Feed Milling Operations 
Table 1 summarizes the QEC scores of the three investigated operations in small-

scale feed mills. Based on the risk classification by McFarren [36], this result shows that the 
back and the shoulder regions of workers carrying out the discharge, weighing and manual 
material handling operations are exposed to a very high risk of WMSDs. This confirms the 
worker’s complaints in figure 2. 
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Table 1 
Summary of QEC scores of operations in small-scale feed mills 

Discharging Weighing Manual Material Handling/Lifting
Back 41 39 48 
Shoulder 43 44 49 
Wrist 36 36 37 
Neck 15 15 15 
Driving 1 1 1 
Vibration 1 1 1 
Work pace 4 4 4 
Stress 16 9 16 

 

Figure 3 shows that over 90% of the workers carrying out the material handling 
operation are severely exposed to WMSD at the back and shoulder regions. The wrist and 
neck of these workers are at a high risk of WMSD. Table 2 summarizes the REBA scores of 
the three investigated operations in small-scale feed mills. This result shows that the back 
and the shoulder regions of workers carrying out the discharge, weighing and manual 
material handling operations are at a very high risk of WMSDs. 

 

 
Figure 3. Distribution of the severity of the exposure to WMSDs across different operations 

in small-scale feed mills (from QEC scores). 
 

Table 2 
Summary of REBA scores of operations in small-scale feed mills 

Discharging Weighing Manual Material Handling/Lifting
Back 4 3 4 
Neck 2 3 2 
Leg 2 2 2 

Load force 2 2 3 
Shoulder (Left) 3 3 4 

Shoulder (Right) 3 3 4 
Wrist (Left) 1 2 2 

Wrist (Right) 1 2 2 
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Continuation Table 2 
Elbow (Left) 2 1 2 

Elbow (Right) 2 1 2 
Coupling 2 2 2 
Activity 2 2 3 

 

 
Figure 4. The severity of the risk of WMSDs in the operations of small-scale feed mills (from 

REBA scores). 
 

WMSDs in the discharge operation of small scale feed milling 
Around 80% of the workers carrying out this operation are at a very high risk of 

WMSD (figure 4). This extreme risk level is made clearer by the QEC results in figure 3 
which reveals that the back, the shoulder, and the neck are the major body parts that are 
subjected to this high risk. From figure 5, it is clear that the major cause of this severe risk 
level is the location of the discharge chute on this mixer. The workers usually have to bend 
their back and neck, while they also lift the bag of feeds during the discharge from the 
mixer. According to Hochschuler [37], this type of task has a high risk of back injury. The 
risk becomes severe when this risk factor is coupled with other risk factors like sedentary 
lifestyle, overweight, smoking, etc. [37]. Sim [38] recommended that modifying the 
workstation may reduce cases of neck and upper limb pain. Therefore if the horizontal 
mixer is redesigned in such a way that the discharge chute is located at a height which fits 
the anthropometry of the workers, this risk can be mitigated. 

 

 
Figure 5. Discharge operation; filling bags with feed (left), opening discharge gate (right).
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WMSDs in the weighing operation of small scale feed milling 
From figure 4, 70% of workers who carry out the operation are exposed to a very 

high WMSD risk while 20% are at high risk. QEC results in figure 3 shows that the wrist, 
back, shoulder and the neck are the major body parts that are subjected to this risk level. 
Figure 6 shows how the operation is carried out in a typical small-scale feed mill. Some 
workers usually have to bend their back and neck while they take measurement because 
they make use of the small weighing scales without a high platform. Using the flowering 
method (figure 6), the bags are closed up and then tied up with treads (instead of sealing), 
after which the bags are lifted off the scale. Although the flowering method of covering up 
bags has reduced muscle activity and exertion [39], when coupled with tying up the bags, 
the hand and wrist are subjected to WMSD [40] as a result of the bending of the wrist, task 
repetitiveness and carrying more than 4.5 kg. This operation also put the shoulder and back 
at risk. Some of the problems with this operation will be resolved when elevated weighing 
platforms and hand stitching machine are provided. 

 

 
Figure 6. Weighing operation; flowering method of bag close up (left), weighing feeds 

(right). 
 

WMSDs in the manual material handling operation of small scale feed milling 
This operation is the most problematic and severe operation in a small scale feed 

mill, capable of imposing extreme biomechanical pressures on the back [41]. Figure 4 
reveals that all the workers performing this operation were at a very high risk of the WMSD. 
It was specifically observed that there was a very high WMSD risk at the back and shoulder 
regions, higher than those recorded for other operations (figure 3). The neck, wrist, legs and 
the elbow are the other body parts that were subjected to this high risk (table 2). 

From figure 7, it is clear that one of the risk factors is the method of lifting the load. 
The workers lift the loads with their backs deviating from the neutral position, thereby 
subjecting a load of 30 – 50 kg on the spine. The workers usually do not have any specific 
posture for lifting, but supports the load with any part of the body found convenient. This 
posture of manual handling can lead to back injury [37, 41]. 

Another risk factor is the amount of load carried which is more than the 
recommendation of NIOSH. According to NIOSH [42], a characteristic industrial worker can 
lift up to 23.13 kg. This is lower than 30 – 50 kg bags carried by the feed mill workers 
during an 8 hour shift. A typical worker in the feed mills under study carries up to 100 of 
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such bags for a minimum distance of 2 m within the working hours with little or no 
personal protective equipment and sufficient break. 

In a typical small scale feed mill in the study area, it may be difficult to totally 
eradicate manual material handling due to the cost of material handling equipment. 
Therefore, one of the possible methods of mitigating WMSDs in this operation is to 
rearrange and redesign the layout [38] of these feed mills so as to reduce the points where 
the manual conveyance of products are required and also the distance to be covered during 
handling. Also, the size of the bags can be reduced to around 20 kg for easy handling. 
Another solution suggested by Digiesi [43] is job rotation, so as to reduce the risk of WMSDs 
as a result repetitive manual activities of arm and hand. 

 

 
Figure 7. Manual material handling operation; loading hand truck (left), conveying materials 

during milling (right). 
 

Comparative Analysis of QEC and REBA Scores 
Table 3 shows the Pearson correlation coefficient and paired samples t-test between 

REBA and QEC evaluation of different body regions of workers in small-scale feed mills. A 
significant positive correlation was found to exist between the result of the QEC and REBA 
in the evaluation of back when performing the discharge and the weighing operations. This 
is in line with the report of Motamedzade [44]. Other significant positive correlations 
observed were the evaluation of the wrist and neck region during discharging and manual 
material handling operations. A significant negative correlation was observed between the 
QEC and REBA evaluations of the shoulder during weighing and manual material handling 
operations. Table 4 shows that based on QEC evaluation, the type of operation carried out is 
a major causative factor to the risk of WMSDs at the back, shoulder and neck regions, while 
for REBA evaluation, the type of operation affected the score for legs and wrists. 

 

Table 3 
Pearson correlation between REBA and QEC evaluation of operations in small-scale feed 

mills (n=30) 
 Discharging Weighing Manual Material Handling
 R t Stat R t Stat R t Stat
Back 0.36 -0.80 0.43 -1.50 -0.07 -2.08 
Shoulder 0.10 -5.50 -0.31 -4.27 -0.61 -3.50 
Wrist 0.35 -2.69 0.18 3.21 -0.18 1.34 
Neck -0.06 -2.67 0.00 -0.19 0.63 -0.23 
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Table 4 
ANOVA of QEC and REBA evaluation between operations in small-scale feed mills 

Evaluation Tool Evaluated Regions/Factors P-value

QEC 

Back *
Shoulder 0.006

Wrist 0.521
Neck *

Work Pace 0.808
Stress 0.267

REBA 

Back 0.201
Neck 0.086
Leg 0.011

Left Shoulder 0.241
Right Shoulder 0.241

Left Wrist 0.031
Right Wrist 0.031
Left Elbow 0.207

Right Elbow 0.207
*p-value less than 0.001 

 

Conclusion 
A preliminary assessment of the risk of WMSD in small-scale feed mills has been 

carried out. This assessment comprises an assessment using onsite investigation and 
interview of workers and a qualitative assessment of three unit-operations (feed discharge, 
weighing and manual material handling) using QEC and REBA which are ergonomic 
evaluation tools. This study revealed that the back and the shoulder regions of workers 
carrying out the discharge, weighing and manual material handling operations are exposed 
to a very high risk of WMSDs. Around 80% of the workers in the feed discharge section were 
at a very high risk of WMSD because the discharge chute on the mixer was very low. In the 
weighing operation, due to the low platform used in weighing and the absence of stitching 
machine, 70% of workers are exposed to a very high WMSD risk while 20% are at high risk. 
The manual material handling operation was identified as the most severe because all the 
workers carrying out this operation were at a very high risk of WMSD as a result of poor  
lifting method. This study has shown the severe health risk workers in the small-scale feed 
mills are exposed to as a result of the method and machines used. It is therefore imperative 
to pay more attention to this sector. 
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Abstract. This article deals with the results of system experimental research of the load-
bearing capacity, stress-strain behaviour and crack resistance of damaged 2,000x200x100 
mm reinforced concrete beams with prestressed external metal casings that have been 
subjected to high-level static and low-cycle alternate loading. Specifically, the test-
statistical curves illustrates strengths of the inclined cross-sections (collapsing transverse 
force), sagging deflections, widths of the normal and inclined cracks before collapse of the 
beams, projection lengths of the dangerous inclined cracks on the longitudinal axis and 
the average distances between normal cracks along the element lengths versus the design 
and external factors. Comparative analysis was made to check the impact of the main 
design and external factors on the indicated load-bearing capacity parameters of the 
common reinforced concrete beams subjected to a single-time stepwise increasing  
(series 1) and high-level low-cycle alternate loading (series 2) as well as to the 
strengthened with metal casings beam elements that have been damaged through normal 
and cross inclined cracks in the course of previous tests (series 3) subjected to a repeated 
action of similar low-cycle alternate loading. All tested beam samples were manufactured 
and tested in accordance with the experimental design theory and D-optimum plan of  
Box B4. 

 

Keywords:  damaged reinforced concrete beam, prestressed metal casings, low-cycle alternate 
loading. 

 

Introduction 
Every day the engineers face new challenges that are connected with higher 

seismicity in the areas where buildings and facilities are located, their physical wear and 
damage, changes of their functional purpose, higher loading, etc. For this reason they have, 
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from time to time, to solve complicated technical problems associated with replacement or 
reinforcement of the damaged structures. Replacement of the damaged reinforced concrete 
structures requires considerable labour resources, financial costs and long-time suspension 
of production. Along with that, analysis of the damaged critically important reinforced 
concrete span structures of a facility or a building has shown, on the whole, that in the 
course of their operation it is observed a considerable damage of the protective concrete 
layer , corrosion of the reinforcement, appearance and excessive opening of cracks, 
achievement of the non-permissible deflections, etc. 

Further experience has shown that operation and the life cycle of the damaged 
structures can be extended due to their reinforcement and renewal during total renovation 
and without suspension of the technological process. 

Reinforced concrete structures can be strengthened with the aid of reinforced 
concrete or soluble mixtures which, besides increase of their weight and other known 
deficiencies, have such drawbacks: a reinforcement system can commonly work with the 
damaged element only after the materials have acquired the necessary strength in the 
reinforced cross-sections; and absence of full control of the joint performance of the 
damaged structure and the reinforcement system. 

Recently, it is made use of reinforcement structures with glued composite materials. 
However, high cost of such materials, absence of the direct control of the reinforcement 
quality, sensitivity to temperature effects, a possibility of support area scaling and 
imperfection of the existing methods of their calculation hold back a chance for the wider 
application of this advanced, on the whole, method to reinforce the damaged structures. 

Within operation the majority of span reinforced concrete structures are subject to 
cyclic or low-cycle repeated and alternate loads which arise within the operational level 
limit and, sometimes, even exceed it. Load reversal, change of its level and indefinite 
number of repetitions in the course of operation often lead to the consequences that 
qualitatively differ from those obtained at the stage when the permanent, not alternate 
loading of maximum intensity was calculated, which the most effective standards provide 
for. There is no alternative for reinforcement of the damaged through normal and inclined 
cross and excessively wide cracks in reinforced concrete beam structures which, in the 
course of their above performance, have reached the limit or ultimate limit stage resulted 
from the increasing cyclic high-level loading without suspension of the technological 
production process with the aid of prestressed metal casings. However, design of such 
reinforcement is held back by absence of the normative methodology and clear cut 
guidelines in the authors’ methodologies that adequately reflect the real stress-strain 
condition both of the damaged structure and the elements of its reinforcement. That is why 
the topicality of this work is evident. 

 

Review of recent sources of publications 
It was experimentally established [1] that the low-cycle, alternate and non-alternate 

high-level loads not only reduces the load-bearing capacity of the test reinforced concrete 
beams to 20%, and their crack resistance, considerably increases width of normal and, 
particularly, inclined cracks and sagging deflections to 35% but also changes the nature of 
their collapse as compared with a single time static proportionally increasing loading. With 
the multiple cyclic loading under unfavourable conditions the absolute limit of concrete 
and reinforcement endurance decreased to 50% of their design resistance which leads to 
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ever increasing cracking resistance and reduction of the load-bearing capacity of such 
structures, their deformability increases and the collapse process is accelerated. 

It is evident that in order to reinforce  concrete structures that have reached the limit 
or ultimate condition it is necessary to use metal as one of the most well studied materials 
according to its stable strength and physical and chemical characteristics which can be 
easily controlled. Doing so, presence of plastic properties in steel facilitates re-distribution 
of inner forces between the reinforcement elements and the damaged structure. 

Let us consider the existing methods to reinforce the damaged concrete structures 
with the use of steel arrangements. The known method deals with strengthening of the 
reinforced concrete structure [2] by way of attaching additional reinforcement to the naked 
working rods of the tensioned zone, its previous tension “on concrete” and further coating 
with concrete. However, this method provides for, first, compressing of the tensioned zone, 
which leads to resistance of only the tensioned zone that is subject to bending, i.e., the 
damaged structure is not fully reinforced which results in partial and is not always 
acceptable (at higher static, fluctuating or seismic impacts) increase of the load-bearing 
capacity of the structure being reinforced. 

Among many other methods it is worthwhile to mention a method [3] that provides 
for a fixture of the reinforcing element within the compressed zone of the reinforced 
concrete beam followed by its two-stage compression before and after prestressing of the 
strengthening element of the tensioned zone. 

Still, this method allows to strengthen the normal cross-sections of the whole 
(containing no cracks) reinforced concrete beam against the non-alternate transverse 
loading or the bending moment in the main vertical force plane, and does not lead to 
strengthening of inclined cross-sections and support areas, as a whole, against the action of 
the same non-alternate loading. In case of the alternate transverse loading (e.g., during an 
earthquake) this method may, on the contrary, result in a premature collapse caused by 
both normal previously tensioned upper reinforcement elements and normal cross-sections 
and by cross inclined cross-sections. 

Prof. V.V. Pynadjan [4] was one of the first in the Soviet Union who studied a 
possibility to apply various arrangements to reinforce the span reinforced concrete 
structures. Specifically, he established that reinforcement of the damaged and loaded T-
shape reinforced concrete beam with the reinforced soluble “casing” improved its load-
bearing capacity by 42% while reinforcement of a similar beam with the aid of prestressed 
longitudinal steel rods improved it by 8%, its simultaneous reinforcement with the aid of 
two above described arrangements resulted in improvement by 71% and reinforcement of 
the beam with prestressed U-shaped clamps in the support areas only – by 10%. So as to 
join the old concrete with a new one the author [4] recommends installation of additional 
metal links in order to prevent their mutual displacement. The author asserted that 
reinforcement of the tensioned zone of the structure with prestressed longitudinal 
reinforcement in kind of camber rods presents one of the most effective arrangements. 

This conclusion has been confirmed by testing [5] reinforced concrete beams 
strengthened with prestressed metal clamps that indicated simultaneous increase of their 
load-bearing capacity and stiffness in parallel with the increase of the transverse cross-
section of the clamps. The author tested [5] the reinforced two-span beams and the result 
showed that the prestressed clamps turned the beams into eccentrically compressed 
elements and that there is a dependence of re-distribution of the inner forces in the beam 
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versus the value of the compressing forces produced by clamps. These tests also confirmed 
expediency of the vertical transverse rods prestressing. 

Detailed qualification of the most spread causes and conditions of the building 
structures that emphasize the necessity of their reinforcement as well as the methods of 
such reinforcement is described in [6]. It contains a full set of diverse arrangements for 
strengthening reinforced concrete structures and became an indispensable handbook of 
many experts in reconstruction. However, as it appeared, the attached atlas of diagrams and 
drawings [6] still does not contain the arrangements aimed at reinforcement of the 
dangerous structures against the action of cyclic alternate increasing loading. 

It is known the design of the arrangement [7] for strengthening a reinforced concrete 
beam with a metal sheet glued to its lower surface and with linked to the sheet prestressed 
horizontal elements of two flexible ties on the side surfaces; the stress in the ties is created 
by tightening (stressing) the vertical elements anchored in the upper compressed zone. 
However, with the aid of the above described construction it is possible to reinforce the 
lower tensioned zone only and the support areas of the beam against permanent or non-
alternate cyclic transverse loading only. 

An original device for strengthening building structures subject to bending [8] 
presents a stiff wavelike reinforcing element, stressed vertical clamps, stressed 
reinforcement and support rollers. The reinforcing element is fixed at its ends and in the 
contact points to the being bent reinforced structure on the side of the compressed zone. 
Longitudinally stressed reinforcement is fixed in the ends of the structure being reinforced 
and the support rollers are located between the stressed reinforcement and the tensioned 
surface of the structure. The height of the wavelike element crest reinforcement is made so 
that it decreases from the middle part towards the ends of the structure being reinforced 
and encompasses the stressed reinforcement between the support rollers. The clamp is 
made as a shackle that has threads at its ends for a bar that is fixed with nuts. When the 
nuts are tightened, the clamps and the rods are tensioned. This construction is clamped 
from its middle towards the ends. Doing so, the upper compressed zone is partially 
unloaded while the lower reinforcement appears a moment of the sign opposite to the 
moment produced by external loading. Therefore, this device makes it possible to 
strengthen the upper compressed and the lower tensioned zones as well as, partially, the 
support areas. As a result, the load-bearing capacity increases, however, in case of the 
transverse loading of one sign only. 

It is of interest to reinforce the compressed concrete and bent elements with the aid 
of steel sheets fixed to their sides with bolt connections [9]. In this work the authors 
established a link between sliding of the bolt connection and the load-bearing capacity of 
the beam. Taking into consideration the cyclic nature of loading, the authors [10, 11, 12] 
stress both a positive quality of this device performance and a plastic character of the 
strengthened structure collapse. 

The performed experimental studies [13] of a not damaged reinforced concrete beam 
strengthened by gluing a steel strip onto it have shown an increment of its load-bearing 
capacity to 300%. The authors [13] proceed with their study of the strip end fixture so as to 
fully use its strength and preclude crushing of the beam. 

The authors [14] tested four beams: the first one – without strengthening; the 
second – strengthened on the bottom in the tensioned zone with glued steel strip; the third 
– strengthened in the compressed and tensioned zones with similar steel strips without 
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gluing them to the beam; and the fourth – strengthened with the same strips glued on the 
top and on the bottom of the beam with the aid of epoxy glue. All strengthened beams had 
the same anchoring of the steel plates on their ends. The higher load-bearing capacity 
within the range of 130…160% was achieved, the deformability of the beams strengthened 
with epoxy glue was reduced same as the plastic nature of their collapse. And the beam 
strengthened with steel plates without their gluing was working as the tensioned beam and 
had higher deformation property. 

Experimental study [15] of three reinforced concrete beams strengthened with steel 
plates installed in the tensioned zone and fixed with the aid of end anchors and e[oxy glue 
have shown the higher load-bearing capacity that was reaching 48%. In paper [16] it was 
indicated that application of the similar strengthening arrangement (though with the other 
anchor design) resulted in the higher load-bearing capacity by 10% only as compared with 
the beam without anchors. 

The authors of [17] who performed experimental study of the new strengthening 
arrangement – an external rod-and-roller strut bracing have achieved to 4.5 times greater 
load-bearing capacity and considerably reduced the deformability. 

At the moment of strengthening building structures are basically subjected to 
loading value, according to [18], defines reliability of the strengthened reinforce concrete 
element. As a result of the study of the stressed state of reinforced concrete beams by 
extension of tensioned rod reinforcement under loading, the authors [19] proposed two 
new methodologies to evaluate reliability of the strengthened reinforced concrete 
elements. 

 

Definition of the earlier unresolved parts of the general problem 
The national design norms and the known authors’ methodologies do not contain 

clear guidelines for calculating joint performance of the damaged and brought into a state 
of limit or dangerous condition reinforced concrete structures with the elements of the 
prestressed metal elements. 

According to the author’s methodologies design of the metal elements that 
strengthen reinforced concrete structures is accomplished in compliance with the existing 
provisions of the effective design norms which calculation formulas use installation and 
transverse reinforcement, the longitudinal, transverse and inclined strengthening elements 
without sufficient account of their interaction with the damaged structures  and their real 
technical condition, levelling, necessity of straightening and shaping their initial form in the 
majority of instances. 

Analysis of the available publications has proved that the existing methods to 
strengthen span reinforced concrete structures possess the following common features:  

- fixture of the strengthening elements on the damaged beam;  
- prestressing of the beam in the longitudinal and vertical transverse direction.  
The arrangements that are used for strengthening span structures have the following 

common features:  
- longitudinal strengthening elements; 
- transverse vertical strengthening elements; 
- transverse vertical strengthening elements that are connected to the longitudinal 

strengthening elements. 
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The drawbacks of the above described methods and arrangements for strengthening 
reinforced concrete beam structures are:   

- strengthening normal (more frequently) and inclined (not so frequently) cross-
sections of the whole reinforced concrete beam against the action of the non-alternate 
transverse loading in the main plane only. Under impact of the alternate loading the 
majority of the existing methods and arrangements may lead to a premature destruction of 
the studied elements; 

- impossibility to renew or improve, if necessary, the load-bearing capacity of the 
dangerous or brought to the limit state beam structures subjected to the high-level 
alternate cyclic or fluctuating loading or seismic impacts as well as their impossibility to re-
distribute inner forces in the whole beams. 

Comparison of the test data pertaining to the load-bearing capacity both of common 
and strengthened with metal casings reinforced concrete beams damaged through normal 
and cross inclined cracks that are subjected to the high-level low-cycle alternate loading    
with the results of the calculations made according to the available authors’ methodologies 
has shown their, on the whole, unsatisfactory convergence both for common and for 
strengthened test beams. At that, the main portion of the publications deals with 
determination of the load-bearing capacity of the normal cross-sections of common beams 
and the beams strengthened with metal casings on the basis of the first and second groups 
of boundary conditions while the strength of their inclined cross-sections and of the 
support area remain hardly studied at all. 

 

Goal of the work and tasks of the study  
This work is aimed at studying, both experimentally and theoretically, the load-

bearing capacity, crack resistance and deformability of the damaged through normal and 
cross inclined cracks reinforced concrete beams strengthened with prestressed metal 
casings against the action of the high-level low-cycle alternate loading with a view to 
improve the existing and of further development of a new physical and mathematical 
model of the load-bearing capacity of the normal and inclined cross-sections of the span 
reinforced concrete structures, damaged during military activity and strengthened with the 
aid of metal casings, that are subjected to the indicated loading by similarity with the 
earlier developed similar models. 

 

Tasks of the study: 
- to develop an ingenious method to renew and strengthen the damaged through 

normal and cross inclined cracks reinforced concrete beams and the arrangement for its 
achievement, as well as to receive an appropriate patent for the invention, if possible; 

- to study the stress-strain behaviour, load-bearing capacity, opening width of the 
normal and inclined cracks, spans, nature of destruction of the common whole and 
strengthened with prestressed metal casings reinforced concrete beams that have been 
essentially damaged and brought almost to destruction in the course of previous studies, 
when they were subjected to static and high-level low-cycle alternate loading, with the use 
of the experimental design theory; 

- to study the impact of the main design factors on the load-bearing capacity of the 
support areas of the studied common and strengthened with prestressed metal casings 
damaged reinforced concrete beams, their crack resistance and deformability with the aid of 
experimental and statistical dependencies obtained in the course of the received data;    
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- to make a comparative analysis of the impact of the main design factors upon said 
parameters of the common whole and strengthened with prestressed metal casings 
damaged reinforced concrete beams with due account of static and low-cycle alternate 
loading. 

 

Methodology of the experiments, materials and equipment  
Experimental research system [1, 20, 21 and 22] of the support areas load-bearing 

capacity of the complex stressed reinforced concrete span structures are conducted in 
Odesa State Academy of Construction and Architecture.   

In order to achieve this goal the Academy has set a task and developed a method of 
renewal and strengthening the damaged reinforced concrete beams and arrangements for 
renewal and strengthening a reinforced concrete beam which is in the ultimate limit state 
because of its division through normal and cross inclined cracks into separate blocks that 
are interconnected with longitudinal and transverse reinforcement that are subjected to 
high-level alternate cyclic or fluctuating loading, as well as strengthening of a common 
span reinforced concrete structure which, though being technically satisfactory, may be 
subject to said loading or seismic impacts [23]. The set task was solved with the aid of two 
inventions joined by a single idea: 

а) a method for renewal and strengthening of a damaged reinforced concrete beam 
by fixing the strengthening elements onto it and subsequent prestressing them followed by 
three-sided clamping of this beam; 

b) an arrangement for renewal and strengthening of a damaged beam that contains 
the interconnected longitudinal and transverse vertical and horizontal elements clamped 
together by threaded couplings. 

The claimed method to renew and strengthen damaged reinforced concrete beams 
and the arrangement for its accomplishment provide the following technical result: 

1. Complete renewal of the damaged beam. 
2. Enhancement of the load-bearing capacity of the reinforced concrete beam with 

strengthened prestressed metal casings. 
3. Considerable economy of material and technical resources due to saving, renewal 

and strengthening, if required, of the existing beam structures to withstand loading that 
have changed, including increasing, alternate, fluctuating or other dynamic loading. 

4. Installation works connected with the arrangement and a method to use it do not 
necessitate termination of the main technological process. 

Proceeding from the above, there has been accomplished one more additional series 
of tests of the single-span experimental beams damaged in the previous tests and 
strengthened with prestressed metal casings subjected to high-level low-cycle alternate 
loading within the frame of the research projects financed by the central government 
budget (state registration Nos.0107U000809 and 0108U000559) with the use of the 
experimental design theory and efficient PC software COMPEX  of Prof. V.A. Voznesenskyi. 

It is known from literary sources that the main performance parameters of reinforced 
concrete structures are governed by the Gaussian law and that it is possible to process the 
results with the least square method. As the studied factors can influence the output 
function in a non-linear manner, it is expedient to approximate it with the second order 
polynomial. That is why the test samples were prepared and twice tested with the use of 
four-factor three-level D-optimum Box plan В-4 [24] which ensures the same accuracy of 
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the output parameter prediction within the area that is described with the radius that 
equals the conventional “1” with respect of the “zero” point. 

The following factors were chosen as design factors that were changing at three 
levels: 

Х1 – relative shear span (distance from the support to the concentrated force line), 
 а/h0 =1, 2, 3 at h0 =d=175 mm;  

Х2 – concrete grade С, MPa, С16/20, С30/35 and С40/50; 
Х3 – transverse reinforcement coefficient of the external metal casings 

ρfw(А240С)=0.0046; 0.0105; 0.0263; сsw(BpI)=0.0016; 0.0029; 0.0044; 
Х4 – level of the external transverse loading in the reinforced concrete beams of the 

first (ASD) and the second series (A) η1, 2=0.5; 0.65; 0.80; the prestress levels in the metal 
casing elements ησf= 0.25; 0.50; 0.75.  

Coefficients of the upper and low longitudinal reinforcement ρls
/= ρls= 0.176 for all 

beam types. Coefficients of the upper and low additional strengthening of the damaged 
reinforced concrete beams in kind of prestressed elements of the metal casings made of 
angles 25х25х4 ρef

/= ρef= 0.0191, at l0=9h0; h0= 175 mm and b= 100 mm for common 
reinforced concrete beams. 

Each study of the field test of the first (ASD) and the second (A) series provided for 
two twin beams of the third series (D) had four support areas. The test sample beams of the 
third series (D) were the same as second series beams (A) damaged and divided into 
separate blocks through normal and inclined cross cracks that were brought to the limit 
state during previous tests when they were subjected to high-level alternate loading and 
which were renewed and strengthened with the use of the patented by the authors method 
and arrangement in the course of the third series (D) [23]. Hence, altogether in the first two 
series there were prepared and tested 50+50=100 reinforced concrete beams for the action 
of, accordingly, static increasing and high-level low-cycle alternate loading until the advent 
of the limit state that arises in the test elements at η≈0.95Fult loading level, i.e., on the 
verge of collapse. In the third series of experiments (D) all renewed and strengthened 
damaged test sample beams of the second series (A) were strengthened with prestressed 
metal casings [23] and repeatedly subjected to the low-cycle alternate loading until their 
practical collapse. 

The tested reinforced concrete beam samples were strengthened in accordance with 
the experiment plan B4 with two flat welded frames.  In order to make the present 
elements it was used heavy concrete of the above indicated grades prepared with granite 
chips of 5-10 mm fractions and 1.5 fineness modulus quartz sand. Portland cement grade 
500 without additives was used as a binder. In order to reduce the water/cement ratio and 
to make it more convenient to place concrete mix and shorten the cure period, all tests 
were conducted with Relaxol-Super M (ISO 9001 № 04.156.26) complex additive in quantity 
of  1% of the cement weight as recalculated to dry substance. 

To renew and strengthen the reinforced concrete beams damaged with cracks that 
appeared due to loading, it was used the patent for invention No.119294 [23] and special 
arrangements for its accomplishment according to the claimed method were manufactured, 
and a certified special power unit was made for testing. In the course of cycles, loading was 
applied according to the four-point pattern with the aid of a DG-50 hydraulic jack and two 
distribution traverse beams that applied two concentrated forces in stages: by (0.04 … 0.06) 
Fult until appearance of the first normal and inclined cracks, and then – by (0.08 … 0.12) Fult 
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until collapse in the first series (ASD) or until the preset level η of the alternate loading in 
its first cycle, afterwards – until collapse at the final stage in the second (A) and third (D) 
series. The delay exposure at a stage comprised up to 15 minutes including all 
measurements at the beginning and at the end of each loading stage. 

Before making the test beams, chains of KF5P1-5-200 strain gauges were glued on 
the tensioned reinforcement of one of the flat frames (base 5 mm) in compliance with the 
technology recommended by the manufacturer (LLC “Veda”, Kyiv).  

Deformation of the test concrete samples were measured with the aid of wire and 
foil strain gauges with the 40 and 50 mm base according to the generally adopted 
methodology; the strain gauges were glued on one lateral and the top polished sides. 

Deformations of the longitudinal and transverse elements of the prestressed metal 
casings were also measured with the aid of similar strain gauges. The transfer from the 
deformations in the reinforcement and metal elements measured in the study were 
accomplished in accordance with the Hooke’s law, and in the concrete – on the basis of the 
cross-section elasticity modulus. The control of the concrete deformations in the 
compressed zone and in the tensioned reinforcement as well as of the prestress level in the 
metal casings was accomplished with the aid of the dial type indicators, the vertical 
displacement was measured with Aistov’s flexometers. 

 

Statement of basic materials and results 
Testing of the studied reinforced concrete beams of the first (ASD) and the second 

(A) series has proved that their deformation, cracking and collapse took place in accordance 
with the structural theory rules and was predictable. At first, normal cracks have appeared 
in the maximum bending moment zones. As the transverse loading was increasing, the 
normal cracks were developing towards the beam depth, their width was increasing and 
new normal cracks were appearing. Further increase of the static stepwise loading has led 
to further development of the normal and inclined cracks with the prevailing opening of the 
inclined cracks up to the collapse of the first series beams (ASD) along the dangerous 
inclined cracks. 

The tested beam samples of the first (ASD) and the second (A) series were designed 
almost of equal strength in the normal and inclined cross-sections, however, they were 
made so that their collapse was still taking place along the inclined cracks under action of 
the collapsing transverse forces and the associated bending moments at the final stage of 
beam performance. 

The earlier formed normal and inclined cracks of the second series (A) samples were 
fully closing due to the action of the compressing springs when the sign of beam loading 
changed at half-cycle point in the zone which was tensioned during the previous half-cycle 
and now became compressed. On the contrary, in the earlier compressed zone of “pure 
bend” during the next half-cycle new normal cracks appear which join the previous normal 
cracks thereby forming visible through cracks at rest. When the sign of loading is being 
changed at half-cycle point new inclined cracks appear in the beam support areas, these 
new cracks cross the earlier formed cracks at an angle close to 90º, which is well explained 
by the direction of the main tensioning stress.  

As the alternate loading levels increase, the height of normal and length of the 
inclined dangerous cracks were increasing worse, concrete cohesion with the longitudinal 
and transverse reinforcement was becoming worse, the concrete was becoming loose and 
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its strength decreased, the cracks were becoming wider and the tested beam samples 
deformed accompanied with relative displacement of separate concrete blocks. Collapse of 
the second series (A) beams at high levels of η≥0.8Fult had, as a rule, a crushing character 
and took place, mainly, in the support areas.  

Renewal and strengthening of the second series (A) damaged beams with the aid of 
the method and arrangement claimed in [23] allowed, first, of their straightening and 
bringing the beams back to their initial shape, afterwards it became possible to 
considerably renew and strengthen them. As the results of the third series (D) tests the 
load-bearing capacity of the beams was considerably improved thereby confirming 
expediency of the practical application of the invention.  

The obtained experimental data, removal of the insignificant coefficients and re-
calculation of the remaining coefficients with the aid of COMPEX software program made it 
possible to get adequate experimental and statistical dependencies of the main parameters 
of the studied series tests samples which are very useful from the information viewpoint 
and exhibit good convergence with the test data. 

 

Strength (load-bearing capacity) of the tested elements can be represented by the 
following experimental dependencies: 

 

Ŷ V 98 41X 12X 6X 16X 7X 5X 	 7X X ,	кН, 5.2%;					 1  
 

Ŷ V 80 33X 13X 6X 2X 21X 12X 5X 7X X ,	кН, 
 

 5,8%;																																																																														 2  
 

Ŷ V 148 32X 17X 2X 8X 10X X ,	кН,																																	 5.3%;					 3  
 

where, V , V  - a collapsing transverse force under statistical stepwise increasing 
loading and low-cycle alternate loading of the common reinforced concrete beams [1], 
accordingly;  

V  - a collapsing transverse force in the damaged with forced normal cracks 
reinforced concrete beams of the second series (A) that have been strengthened with 
prestressed metal casings according to [23] that have been subjected to high-level low-
cycle alternate loading with the same values of the design factors. 

The presented adequate experimental and statistical dependencies (1) … (3), which 
Prof. V.A. Voznesenskyi called mathematical models [24], have essential advantage over 
correlation and other dependencies because they enable to comprehensively evaluate the 
impact of each of the above indicated factors upon the initial output parameters, not 
collectively but in their interaction with each other, as well as the value of such impact 
both on the common reinforced concrete beams subjected to static stepwise increasing and 
high-level low-cycle alternate loading but also on the damaged and divided into several 
blocks with forced crack reinforced concrete beams strengthened with prestressed metal 
casings subjected to similar type loading. Geometrical interpretation of the load-bearing 
capacity of the tested sample beams can be partially presented in Figure 1.  

The greatest impact on the load-bearing capacity of the test element support areas is 
produced by such design factor as the relative shear span (Figure 1, a). Generally, the 
dependence identified by O.S. Zalesov, Yu.A. Klymov [25] and V.M. Karpiuk [20, 21 and 22] 
and other researches, namely, a decrease of strength in the inclined cross-sections of the 
reinforced concrete beam structures versus an increase of the shear span that follows the 
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non-linear law. The concrete grade is the next design factor. At this, the higher the grade, 
from С16/20 to С40/50, the higher the load-bearing capacity – this dependence also 
follows the non-linear law (Figure 1, b). 

The similar picture is observed with respect of the increase of the transverse 
reinforcement coefficients ρsw, ρfw (Figure 1, c). 

The impact of the increase of the transverse loading η from 0.5 to 0.8 turned to be 
negative at the alternate loading for the common beams of the second series (A) only 
(Figure 1, d).  

Analysis of the dependencies (1) … (3) indicates that they are of the same type by 
quality and that the impacts of the design factors as well as the factor of low-cycle loading 
are also of similar quality. So, the load-bearing capacity of the inclined cross-sections in the 
tested beam samples, which is expressed via the collapsing transverse force Vu, increases 
relatively to their average values (free terms b0), 98, 80 і 148 kN, accordingly: 

- as the relative shear span a/h0 decreases from 3 to 1 in the first (ASD), second (A) 
and third (D) series, it increases by 84, 83 and 43%, accordingly; 

- as the concrete grade is higher from С16/20 to С40/50, it increases by 24, 33 and 
23%, accordingly; 

- as the quantity of the transverse steel reinforcement ρsw increases from 0.0016 to 
0.0044 (expressions (1), (2)), it increases by 12 and 15%, accordingly; 
- as the quantity of the prestressed transverse clamps of the metal casings ρfw increases 
from 0.0046 tо 0.0263, the V  value remains the same – evidently it happens due to the 
joint performance effect of all prestressed elements of the metal casings and partially 
renewed previously damaged reinforced concrete beam because of the three-side clamping 
of that beam; 

- as the low-cycle alternate loading η decreases from 0.8 to 0.5 in case of the 
reinforced concrete beams of the second (A) series – it increases by 5%; 

- as the value of the relative shear span a/h0 decreases simultaneously with the 
increase of the concrete grade C by 7, 9 and 7%, accordingly. Presence of the quadratic 
effects at factors 2

1X , 2
2X  and 2

3X  that have the signs opposite to the direct impact of 
factors indicates that, beyond the interval of the studied factor limits (a/h0>3, C>40/50 MПа, 
ρsw>0,0044 і ρfw>0,0263),  further increase of a/h0 will not lead to the essential reduction of 
the load-bearing capacity (collapsing transverse force) (Figure 1, a) further increase of the 
concrete grade C (Figure 1, b) and further increase of the transverse steel reinforcement 
quantity ρsw and of the prestressed external clamps ρfw (Figure 1, c) is inexpedient because 
the increase process Vu has, at that, a fading character.  

Analysis of the obtained experimental data has proved that the low-cycle repeated 
loading reduces the ability of the reinforced concrete beam support areas by 8% on the 
average according to [22] while the low-cycle alternate loading reduced it by 18% as 
compared with the load-bearing capacity of similar beams tested under static stepwise 
increasing loading. This conclusion is confirmed by the works of Prof. Ye.M. Babych, Prof. G. 
Kh. Masyuk and their followers. 

As the field experiments have shown, the load-bearing capacity of the reinforced 
concrete beams strengthened with prestressed metal casings [23] after being damaged in 
the previous tests was increased by 51% as compared with common reinforced concrete 
beams of the first series (ASD), which tells about high effectiveness of such strengthening. 
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Figure 1. Impact of the relative shear span (a), concrete grade (b) and quantity of the 
transverse reinforcement (c) and levels of the transverse loading and previous stress in the 

metal casings (d) on the load-bearing capacity of the test element support areas before 
their collapse. 
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The number of repeated and alternate loading cycles was dictated by the criterion 
referring to the stabilization of deformations in concrete introduced by Prof. Ye.M. Babych, 
and amounted to at least 10 in case when the test beam samples did not collapse at the 
lower number of cycles. 

The absolute majority of the tested beams collapsed along the inclined cross-
sections in both or in one (more frequently) shear spans. The collapse criterion of the test 
samples occurred upon reaching limit deformations in concrete or reinforcement with the 
evident signs of the arising plastic deformations, excessive width (to 1mm and more) of the 
inclined (more often) or normal (not so frequent) cracks, considerable increase of sagging 

(f≥
1

100
l0) and absence of the increment or a certain decrease (to 15%) of the power unit 

pumping station pressure gauge readings. 
It is experimentally proved that the structural disturbance of the concrete is the 

main reason of the load-bearing capacity reduction in the tested sample beams subjected to 
low-cycle repeated and alternate loading, especially in the support areas, concrete crushing 
and partial loss of its cohesion with the reinforcement. 

The greatest increment of the residual deformations in concrete and in transverse 
reinforcement is recorded during the first two-three cycles and, as a rule, they stabilize 
before the fifth-sixth cycles at η=0 … 0.65 loading levels. In some samples, where the 
concrete grade was minimum and the transverse reinforcement quantity at loading levels 
η=0 … 0.8, the deformations did not stabilize and the beams collapsed at 6 … 9 cycles 
because of reaching fatigue strength or possible reduction of their strength parameters due 
to statistic error in the determining the collapsing single-time stepwise increasing loading.  

Non-overreinforced (ρsw≤0.003 (ВрI), ρfw≤0.018 (А500С)) reinforced concrete test 
beams collapsed, as a rule, according to the B/M pattern when subjected to a single-time 
stepwise increasing static low-cycle, repeated and alternate loadings [1, 21, 22], i.e., along 
the inclined cross-sections with the prevailing action of the bending moment because the 
longitudinal working reinforcement yielded in the mouth of a dangerous inclined crack and 
the transverse reinforcement that crosses it. As the transverse reinforcement ρsw≥0.0044 
quantity was increasing, the similar tested elements with average (a/h0=2) and high a(/h0=3) 
shear spans were collapsing according to C/V pattern, i.e., along the inclined crack with the 
prevailing action of the transverse force due to the yield of the transverse reinforcement 
and shear or crushing of concrete because of compressing force above the apex of the 
dangerous inclined crack. With small shear spans  (a/h0≤1) the tested reinforced concrete 
beams collapsed, as a rule, according to D//cm pattern along the inclined compressed strip 
between two inclined cracks due to crushing of concrete in that strip along the route of the 
main compressing stresses or along its shear under the influence of the maximum 
tangential stresses. 

Collapse of the strengthened beams of the third (D) series began from a gradual loss 
of the prestress in the compressed elements of the metal casings, opening of the earlier 
formed cracks, mutual displacement of separate blocks and excessive deformation of the 
metal casings, and ended with a loss of the support area or areas shape. 

 

Deflections of the test beams before their collapse can be characterized by the 
following experimental and statistical dependencies   

 

Ŷ f 6 1.5X 0.65X 0.7X 0.35X 0.5X 0.2X X 	, мм,     5.5%;							 4  
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Ŷ f 7.2 2.1X 0.8X 0.8X 0.4X 0.5X , мм,																													 5.3%;						 5  
 

Ŷ f 13.2 6.6X 0.7X 0.85X 0.8X 1.5X 0.4X 0.6X X 	 0.8X X 	 	
0.9X X 	 0.6X X 	, мм,																																																																			 5.1%;						 6  

 

that indicate that the deflections of the first test series beams (ASD) comprised, on 
the average, (1/263) of the design span l0, of the second series (А) – (1/280) l0, and of the 
third (D) series – (1/119) l0. At that, the effect of the low-cycle alternate loading was 
increasing the deflections of the tested beam samples as compared with a single time 
statistical stepwise increasing loading by 20%.  

Application of the metal prestressed metal casings for strengthening the damaged 
beams subjected to low-cycle alternate loading increased not only their load-bearing 
capacity by 1.85 times but the deflections to the same extent as well. Graphical 
representation of the deflections prior to collapse of the beams and their dependence on 
the studied factors is shown in Fig. 2.  

 

Width of the normal and inclined cracks in the tested beam samples. 
Width of the normal cracks in the “pure bend” zone can be represented by 

dependencies (7), (8) and in Figure 3: 
 

Ŷ W , 0.14 0.02X 0.03X 0.01X 0.05X 0.01X 0.03X 0.02X
0.01X X 0.01X X 0.02X X 0.01X X , мм,												 6.2%,												 7  

 

Ŷ W 0.06 0.04X 0.02X 0.01X 0.01X 0.02X X 0.02X X 0.01X X
0.01X X , мм,																																																																																		 21.6%.										 8  

 

As follows from (7) and (8), presence of the prestressed metal casings restrains 
development of the normal cracks in the middle of the beams and reduces their width by 
2.3 times, on the average. 

Widths of the inclined cracks in the support areas of the tested elements can be 
represented by experimental and statistical dependencies and are shown in Figure 4:  

 

Ŷ W 0.35 0.06X 0.03X 0.01X 0.14X 0.01X X 0.03X X  
	 0.02X X , мм,																																																																																					 10.4%;																																	 9  

 

Ŷ W 0.63 0.05X 0.05X 0.06X 0.24X 0.02X 0.02X 0.02X 	 
                0.11X X 0.03X X 0.06X X , мм,																																							 11.5%;									 10  

 
Ŷ W 0.50 0.20X 0.01X 0.05X 0.09X 0.03X 0.03X X
																						 0.04X X , мм,																																																																																						 8.4%.												 11   

Analysis of expressions (7), (8), (9), (10) and (11) indicates that the width of the 
inclined cracks in common beams exceeds 2.5 times the width of the normal cracks in the 
same beams when are subjected to single time static loading.  

The action of high-level low-cycle alternate loading increases the width of the 
inclined cracks as much as by 4.5 times.  

Application of the metal prestressed metal casings enabled not only to increase the 
load-bearing capacity of the damaged and separated into blocks test beams by 1.85 times 
but also reduce the width of the inclined cracks by 21%, which is still another advantage of 
the used method to strengthen the damaged span structures. 
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Figure 2. Deflections before collapse of the test beams versus the relative shear span value 
(a), concrete grade (b), transverse reinforcement quantity (c) and levels of transverse loading 

and prestress of the metal plate elements (d).   
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Length of the dangerous inclined crack projection on the horizontal axis of the beam 
is represented by expressions (12), (13) and is shown in Figure 5: 

 

Ŷ l 201 53X 19X 4X X 23X X , мм,																													 8.5%;															 12  
 

Ŷ l , 173 40X 16X 19X 16X X 7X X 14X X 11X X , мм,	 
     8.9%;																																																																																		 13  

 

As follows from (12) and (13), the average length of the critical inclined crack 
projection, when the beam is subjected to low-cycle alternate loading, it is reduced as 
compared with the static single time loading by 14% at the expense of the fatigue rupture 
of the concrete in the compressed zone and destruction of the protection layer of concrete 
of the supports. 

 

Distance between the normal cracks in the “pure bend” zone is characterized by 
dependencies (14), (15) and is shown in Figure 6:  

 

Ŷ l┴	┴ 68 6X 2X 3X X , мм,																																																					 5.1%;										 3.16  
 

Ŷ l ,
┴	┴ 70.9 2.15X 1.93X 1.75X , мм																																					 4.7%;										 3.17  

 

Conclusions 
1. The experiments have proved a possibility and expediency of practical application 

of the ingenious method developed by the authors which is a distinctive renewal and 
strengthening the damaged reinforced concrete beam structures damaged through normal 
and cross inclined cracks which divide the beam into separate blocks due to three-side 
clamping, and the arrangement for its accomplishment claimed by the patent of invention 
[23] subjected to action of the increasing static, cyclic, alternate, seismic, fluctuating and 
other dynamic loading, including, among other things, the reinforced concrete beams 
damaged during military activity, such beams did not collapse completely and preserve 
their initial shape. 

2. The accomplished system approach to the experimental and theoretical research 
of the stress-strain behaviour of the common, renewed and strengthened reinforced 
concrete span structures damaged through forced cracks with the aid of metal prestressed 
metal casings enabled to make a reliable quantitative and qualitative evaluation of the 
design factors and external factors impact on their load-bearing capacity, stiffness, crack 
resistance and other performance parameters, either individually or in their interaction with 
each other, considerably specify the physical model of present structures performance when 
subjected to static and low-cycle alternate loading. In particular, it was established that the 
load-bearing capacity of the studied elements according to the 1st group of boundary 
conditions is increasing in a non-linear manner: 

- as the relative shear span a/h0 decreases from 3 to 1 in the indicated series ASD, A, 
D -  by 43 … 84%; 

- as the concrete grade is higher from С16/20 to С40/50 - by 23 … 33%;  
- as the quantity of the transverse steel reinforcement ρsw increases from 0.0016 to 

0.0044 – by 12 … 15%; 
- as the level of low-cycle alternate loading η increases from 0.8 to 0.5 – by 5%; 
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Figure 3. Impact of the relative shear span (а), concrete grade (b), quantity of the transverse 
reinforcement (c), levels of the transverse loading and prestress of the metal casing 
elements (d) on the normal crack width in the tested beams prior to their collapse.
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Figure 4. Dependence of the inclined crack width prior to collapse of the test beams on the 
value of the relative shear span (а), concrete grade (b), quantity of the transverse 

reinforcement (c), levels of the transverse loading and prestress of  
the metal casing elements (d).   
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Figure 5. Impact of the relative shear span (а), concrete grade (b), quantity of the transverse 

reinforcement (c), levels of the transverse loading and prestress of the metal casing 
elements (d) on the length of inclined crack projection in the tested elements prior to their 

collapse of normal crack width in the tested beams prior to their collapse. 
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Figure 6. dependence of the distance between normal cracks prior to collapse on the value 
of the relative shear span (а), concrete grade (b), quantity of the transverse reinforcement 

(c), levels of the transverse loading and prestress of the metal casing elements (d). 
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- as the value of the relative shear span a/h0 decreases simultaneously with the 
increase of the concrete grade C by 7 …9. 

3. The low-cycle repeated loading reduces the load-bearing capacity of the common 
reinforced concrete beam support areas by 8% on the average according to [22], and the 
low-cycle alternate loading – by 18%. 

4. The load-bearing capacity of the damaged reinforced concrete beams 
strengthened with prestressed metal casings [23] subjected to alternate loading increased 
by 51% on the average as compared with the common reinforced concrete beams tested for 
a single time static loading, it indicates high effectiveness of such strengthening. 

5. The low-cycle alternate loading increases deflections of the tested beam samples 
as compared with a single time static stepwise increased loading by 20%. 

Application of the metal prestressed metal casings for strengthening damaged 
beams increases both their load-bearing capacity and the deflections by 1.85 times 
subjected to low-cycle alternate loading as compared with these parameters in the common 
whole beams subjected to single-time loading. 

6. The normal crack width in the middle part of the tested beams of all series does 
not exceed the permissible values and varies within 0.02 … 0.22 mm. 

The average value of the inclined crack width in the tested elements subjected to 
operational loading levels does not exceed the permissible values and varies, prior to 
collapse, within 0.35 … 0.63 mm. At that, application of the metal prestressed strengthening 
reduces the inclined crack width by 21% on the average, and the width of the normal cracks 
– by 2.3 times. 

7. The average length of the horizontal projection of a critical inclined crack 
subjected to low-cycle alternate loading is reduced as compared with the static single-time 
loading by 14% due to the fatigue rupture of the compressed concrete zone and destruction 
of its protection layer in the support areas. 
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Abstract. This study investigates the geotechnical properties of lateritic soil stabilized with 
pulverized wood charcoal (PWC) in comparison with the same soil stabilized with cement 
which is considered to be the best stabilizer. Classification of the soil according to AASHTO 
revealed that the soil is an A-6 soil. Chemical tests carried out on PWC and ordinary 
Portland cement (OPC) indicated that the major oxides present in the OPC sample were CaO 
and SiO2 at 60.50% and 21.40% respectively and in the PWC were CaO and SiO2 at 39.46% 
and 28.46% respectively. This distinctly high concentration of CaO is responsible for their 
high stabilizing property. Compaction, California Bearing Ratio (CBR) and Unconfined 
Compressive Strength (UCS) tests carried out on the lateritic soil in its natural state and 
when PWC was added in varying proportions of 2, 4, 6, 8 and 10% by weight of soil 
indicated that the stabilizer enhanced the strength of the lateritic soil. The unsoaked CBR 
value of the soil attained the optimum value of 13.68% on addition of 6% PWC by weight of 
soil. The unconfined compressive strength improved from 148.65kN/m2 in the natural state 
to 296.6kN/m2 at 10% PWC addition. Based on the geotechnical properties obtained, 
charcoal has a high potential of being a veritable soil stabilizer and compares favourably 
with cement in compressive strength. 

 

Keywords:  compaction, California Bearing Ratio, Unconfined compressive strength, optimum. 
 

Introduction 
Laterites are products of tropical weathering with red, reddish brown and dark brown 

colour with or without nodules or concreting and generally (but not exclusively) found 
below hardened ferruginous crust or hard pan [1]. Lateritic soils are of great interest to 
researchers all over the world in regard to both their common and extensive occurrence and 
peculiar properties; they are widely used as fill materials for various construction works in 
most tropical countries. These soils are weathered under conditions of high temperatures 
and humidity with well-defined alternating wet and dry seasons resulting in poor 
engineering properties such as high plasticity, poor workability, low strength, high 
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permeability, tendency to retain moisture and high natural moisture content. The effective 
use of these soils is therefore often hindered by difficulty in handling particularly under 
moist and wet conditions typical of tropical regions and can only be utilized after 
modification/stabilization. Lateritic soils that present such problems during construction 
processes are termed problematic laterites [2]. 

The modification/stabilization of engineering properties of soils is recognized by 
engineers as an important process of improving the performance of problematic soils and 
makes marginal soils perform better as civil engineering materials [3]. The application of 
chemicals such as ordinary Portland cement, lime and fly ash or a combination of these 
often results in the transformation of the soil properties which may involve the cementation 
of the particles [2]. Soil stabilization, which refers to the procedures employed with a view 
to altering one or more properties of a soil so as to improve its engineering performance, is 
one of the several soil improvement techniques available to the geotechnical engineer and 
its choice for any situation should be made only after a comparison with other techniques 
indicates it to be the best solution to the problem [4]. Stabilization is the process of 
blending and mixing materials with a soil to improve the properties of the soil. The process 
may include the blending of soils to achieve a desired gradation or the mixing of 
commercially available additives that may alter the gradation and improve the engineering 
properties of soil, thus making it more stable [5]. 

Soil stabilization is the alteration of soils to enhance their physical properties. Soil 
stabilization can also be defined as a soil improvement technique in which the resistance of 
the soil to the various types of deformations and forces is increased [6]. It can increase the 
shear strength of a soil, control its shrink-swell properties and improve its load bearing 
capacity. Soil stabilization can be utilized on roadways, parking areas, site development 
projects, airports and many other situations where sub-soils are not suitable for 
construction. It can also be used to treat a wide range of subgrade materials varying from 
expansive clays to granular soils as well as improve other physical properties of soils such 
as increasing their resistance to erosion, dust formation or frost heaving. The ability to 
blend the naturally occurring lateritic soil with some chemical additives to give it better 
engineering properties in both strength and water proofing is very essential [7]. 

Charcoal is a lightweight, black residue, consisting of carbon and any remaining ash, 
obtained by removing water and other volatile constituents from animal and vegetation 
substances. Charcoal is usually produced by slow pyrolysis - the heating of wood or other 
substances in the absence of oxygen [8]. Wood ash, similarly regarded as grounded 
charcoal, in general has a pozzolanic property which alters most properties of soil that 
makes it become suitable for construction [9]. 

In previous times, the most commonly used additive for soil modification or 
stabilization is Ordinary Portland Cement (OPC). However, the reasons for finding 
alternatives to cement are high cost of production, high energy demand and emission of 
CO2 which is responsible for global warming [10]. The effect of the introduction of charcoal 
to the soil, much like Portland cement, is to cause flocculation and agglomeration of the 
clay particles due to ion exchange at the surface of the soil particles. The resultant effect of 
these reactions is to enhance workability and provide an immediate reduction in swell, 
shrinkage and plasticity [2].  

Hence, this study shows that the use of charcoal as a stabilizer can improve the 
performance of lateritic soils at a cheaper and environmentally safer rate. 
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Materials and Methods 
The major material used for this study is lateritic soil which was sourced from a point 

located in the Federal University of Technology, Akure (FUTA) north campus. The soil was 
sealed in plastic bags and kept in sacks to avoid loss of moisture. The pulverized wood 
charcoal (PWC) used was obtained from the famous King‘s Market located in Akure 
metropolis (Plate 1). Ordinary Portland Cement (OPC) was used as basis for comparison of 
results of strength with charcoal, and this was obtained from a retailer in Akure metropolis.  

 

Plate 1. Sample of the Pulverized Wood Charcoal. 
 

The lateritic soil samples were air-dried and then pulverized, under minimal 
pressure, to obtain particles passing sieve BS No. 4 (4.75mm opening). Wood charcoal 
lumps were also pulverized and sieved through BS sieve 212μm. An inorganic geochemical 
analysis was carried out on the PWC and OPC samples using an X-Ray Fluorescence 
Diffractometer. Preliminary tests such as natural moisture content, particle size distribution, 
Atterberg limits and specific gravity as well as engineering tests such as compaction test, 
California Bearing Ratio (CBR) and unconfined compressive strength tests were carried out 
on the lateritic soil samples in their natural state and on adding the stabilizers. In this 
investigation OPC and PWC were used to stabilize the lateritic soil samples in varying 
proportions of 2, 4, 6, 8 and 10% by weight of the soil. This study tries to implement that 
Lateritic Soil-PWC might have an equal advantage as the standard mix of Lateritic Soil-OPC. 

 

Results and Discussion 
Preliminary Tests 

Table 1 presents the preliminary tests conducted on the lateritic soil sample to determine 
its natural properties. This revealed that the soil has a natural moisture content of 18.53% 
with a liquid limit of 34% and plastic limit of 21% Other index properties are as indicated. 
According to AASHTO classification, the lateritic soil is an A-6 soil, which makes it 
unsuitable as a subgrade material, hence, the need for stabilization. 

 

 Table 1 
Geotechnical properties of the unstabilized lateritic soil 

Properties Quantities 

Natural Moisture Content 18.53% 

Percentage Passing BS No 200 Sieve 51.3% 

Liquid Limit 34% 



 O. Aderinlewo, O.Sorunke, A. Afolayan, M. Tanimola 131 

Journal of Engineering Science  May, 2020, Vol. XXVII (2) 

Continuation Table 1 

Plastic Limit 21% 

Plasticity Index 13 

Linear Shrinkage 5% 

Specific Gravity 2.68 

AASHTO Classification A-6 

Maximum Dry Density 1785kg/m3 

Optimum Moisture Content 18.40% 

California Bearing Ratio  17.32% 

Unconfined Compressive Strength 148.70kN/m2 
 

Oxide Composition of the OPC and PWC 
Results of X-Ray fluorescence diffractometer test on the OPC and PWC are shown in 

Table 2. The OPC sample as CaO and SiO2 contents at 60.50% and 21.40% respectively 
while the PWC as CaO and SiO2 contents at 39.46% and 28.46% respectively. This 
distinctively high concentration of CaO in both additives is responsible for their high 
stabilizing property. 

 

 Table 2 
Oxide composition of OPC and PWC 

Oxides OPC (%) PWC (%) 

SiO2 21.40 28.46 

Al2O3 5.01 3.96 

TiO2 0.38 0.23 

Fe2O3 4.30 1.95 

MnO 0.21 0.62 

MgO 1.35 4.32 

CaO 60.50 39.46 

Na2O 0.35 0.12 

K2O 0.48 2.40 

P2O5 1.55 1.29 

SO3 2.18 1.91 

Fixed Carbon - 15.28 

Loss on Ignition 2.29 - 
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Compaction Test 
Figure 1 shows that the Maximum Dry Density (MDD) and Optimum Moisture Content 

(OMC) of the soil sample in its natural form before stabilization were 1806 kg/m3 and 
19.52% respectively. 

 

Figure 1. Compaction curve of the lateritic soil in its natural form. 
 

With the addition of varying percentages of stabilizers (OPC and PWC) to the soil sample, 
variations in the values of OMC and MDD were observed as shown in Figures 2 and 3 
respectively. As the percentage of OPC and PWC increased, MDD decreased and OMC 
increased. 

 

Figure 2. Variation of OMC with percentage of stabilizers. 
 

For the OPC stabilizer, MDD decreased from 1730 kg/m3 to 1673 kg/m3 and OMC 
increased from 19.4% to 23.06%  as its content varied from 2% to 10% while for PWC 
stabilizer, MDD decreased from 1650 kg/m3 to 1494 kg/m3 and OMC increased from 18.5% 
to 24% as its content varied from 2% to 10%.  

The observed decrease in MDD values can be attributed to mixture of the sample 
with PWC which has low specific gravity of 1.10, as compared to lateritic soil and the 
pulverized nature of the PWC which could make it to act as filler in the soil voids. Increase 
in OMC values implies that more water is needed to compact the soil [11]. 

 
 



 O. Aderinlewo, O.Sorunke, A. Afolayan, M. Tanimola 133 

Journal of Engineering Science  May, 2020, Vol. XXVII (2) 

Figure 3. Variation of MDD with percentage of stabilizers. 
 

California Bearing Ratio (CBR)  
In the case of the OPC, the CBR increased progressively at 2% from 17.86% to 

35.29% at 10% content. Increase in CBR with OPC can be attributed to the hydration of 
cement. As shown in Figure 4, for PWC, the CBR increased from 9.52% at 2% stabilizer to 
13.68% at 6% content and then decreased to 9.47% at 8% content and 10.95% at 10% 
content.  

 

Figure 4. Variation of CBR with percentage of stabilizers. 
 

The fluctuation in the CBR values may be due to the excess PWC which may not be 
used up in the reaction as the presence of naturally occurring Calcium Hydroxide in the soil 
may be small. The excess PWC filled the voids within the specimen and reduced the clay 
and silt content in soil and hence, reduced the bond/cohesion in the Soil-PWC mixture. 

Unconfined Compression Strength Test (UCS) 
The UCS test carried out showed a progressive increase at 2% value of 202.10kN/m2 to 
383.50kN/m2 at 10% OPC content. 

Figure 5 shows that there was an increase in the UCS values when the PWC was 
added from 135.10 kN/m2 at 2% stabilizer to 296.60 kN/m2 at 10% content. The increase in 
UCS value can be attributed to the fact that PWC contains a considerable amount of CaO 
which is capable to increase its resistance to shear failure. 
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Figure 5. Variation of UCS with percentage of stabilizers. 
 

Conclusion 
The Atterberg limits test and the particle size distribution analysis carried out using 

the AASHTO classification system, revealed that the lateritic soil used is an A-6 soil (i.e. soil 
that cannot be used as subgrade material in road construction unless it is stabilized). The 
compaction test indicates that the maximum dry densities are obtainable for the lateritic 
soil treated with cement and charcoal at OMCs of 19.40% and 18.50% respectively. This is 
an indication of high strength in the soil as well as less susceptibility to changes in 
moisture content which may lead to swelling and shrinkage. Optimum CBR results can be 
achieved by adding 6% wood charcoal by weight of soil to the natural lateritic soil sample. 
The CBR tests also suggest that charcoal-treated-soils will only produce results comparable 
to cement-treated-soils under dry conditions. Hence, charcoal can be used as an alternative 
to cement under unsoaked conditions. The study has revealed that charcoal satisfactorily 
acts as a veritable stabilizing agent for subgrade purposes. 
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Abstract. The paper presents, in synthesis, the outcomes of the research on the 
experimental methods of soil stabilization with ecological substances in order to achieve 
some stable and durable structures using technological processes of compacting by 
vibration. Based on laboratory and „in situ” tests, there were determined values of soil 
elasticity taking into account Poisson's coefficient change. Thus, as a result of the 
modification of the size and content of the enzyme pores in the process of atomized 
treatment of the soil treated by special mixing, significant variations of the elasticity 
modules (monoaxial and volume) are produced and of the stiffness coefficient varies in the 
normal direction of vibration at the soil compaction surface. The effect of unstable soils 
stabilization using enzymatic solutions is even more significant as the porosity index 
decreases, Poisson's ratio and the modulus of soil elasticity is increasing. 

 

Keywords:  Rheological model, Elastic modulus, Monoaxial Compression, Enzymes, Stabilized 
Soil. 

 

 Introduction 
 The realization of road systems based on stabilized soil, enzymes and natural adding 
materials is possible only on the basis of an appropriate research program aimed at 
highlighting the technological stages, the material resources and the dynamic compacting 
vibration equipment. 

The output of the research should highlight consistent, efficient and reproducible 
results of an assessed method and technology leading to strength increase and stability of 
road structures. 

In this context, this paper highlights the effect of enzymes mixed with natural soil, 
mineral aggregates and additives to achieve stable and durable structures. As a result, for 
certain categories of soil with significant and measurable content of clay, mixed with sand 
and mineral aggregates, with the appropriate treatment of enzyme stabilizers, remarkable 
experimental outcomes were obtained. Thus, the characteristics of the enzyme-stabilized 
structures can be defined on the basis of the mechanical strength σz	of the longitudinal 
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elastic modulus , in the vertical direction, of the modulus of volume elasticity  and of 
the coefficient of stiffness k in the vertical direction [7, 8]. The treatment with atomized 
enzyme solutions is conditioned by the appropriate dosing, mixing and homogenization by 
modifying the Poisson’s ratio, marked by . In this case, by increasing values of  to the 
maximum limit 0,5, it is found the increase of the volume elasticity modulus, the 
increase of the strength and the increase of the rigidity of the achieved structure. 

The evolution of the dynamic compaction parameters highlighted by the families of 
curves, reflects the efficiency of the compaction process of the stabilized soils [9]. 

 

Parametric Analyses of Enzyme-Stabilized Soils  
Dynamic rigidity 
The mineral-aggregate mixture must be provided with the optimal dose of atomized 

feed, with enzymes or poly-enzymes to occupy the porous spaces. 
This reduces the water content of the natural porous network. In this case, the 

processed material, in the form of enzyme-stabilized soil, must have a porous network with 
significant enzyme content to increase the Poisson’s coefficient and the resistance to the 
gelling process (freeze-thaw). 

Taking into account the elastic deformations for the road structure put into 
operation at the static compaction, the rigidity can be established with the relation: 

 

 ∙   (1) 
 

Where  is the stiffness coefficient in the elastic domain, 	the uniform elastic 
contraction coefficient, corresponding to the S- area of the rectangular contact surface. 

The elastic contraction coefficient in static mode, shall be calculated as follows: 
 

 
√

 (2) 
 

Where  is the shape coefficient of the contact rectangular surface 0,8
1,2 ,	  is modulus of longitudinal (monoaxial) elasticity of the soil, 	 	Poisson’s 
coefficient. The stiffness coefficient , in static mode, for the real surface , of rectangular 
shape (contact flat), between the compactor’s roller and the ground (stabilized soil layer) 
can be calculated as: 

 

 √  (3) 
 

In the dynamic one-directional vertical regime, at the action of the vibrations guided in the 
normal direction versus the compaction surface, the elastic volumetric reaction of the 
deformed soil is expressed by the volume elasticity model , as follows: 

 

  (4) 
 

In this case, the uniform contraction coefficient in dynamic mode , can be written down 
as: 

 
√

 (5) 
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The dynamic stiffness coefficient of the road structure of soil stabilized with 
enzymes in the technological vibration mode corresponding to the compaction process 
emerges as: 
 √  (6) 

 

It is noted that  parameter increases with respect to the increase of the	 ,  
values as well as with the increase of 	 ∈ 0,1…0,5 . 

 

Centric monoaxial longitudinal elastic modulus 
The laboratory experiments are performed on cylindrical samples taken from the 

stabilized and compacted soil layer. The samples are subjected to quasi-static pressures of 
centric mono-axial compression at controlled deformation rates, according to the 
specialized normative documents. In this way, the  axial elastic modulus is determined as 
follows: 

 

 
∆

 (7) 
 

Where  is the centrically applied axial force; 
 - initial diameter of uncompressed sample; 
 - initial height of uncompressed sample; 

 - final diameter of the median transversal section after compression; 
 - final height remained, of the sample, after compression; 
∆  - the variation (compaction) of the sample height where compressive force so that 
∆  =  -  < 0 
 

Thus, on the basis of a samples sufficient number taken from the enzyme-stabilized 
soil layer compacted with a vibrating roller, the values of the  modulus were determined. 
Depending on the amount of enzyme by mass relative to 100 kg of ground, mixed, 
compacted soil, that is to , % percent dose and a clay content % of the total mass, there 
were obtained the values of the  longitudinal elasticity modulus values, presented in 
table 1. 

 

Table 1 
Elasticity modulus , MPa 

, % 0,1 0,2 0,3 0,4 0,5 0,6 
20	% 5,81 6,50 7,80 8,78 9,15 10,21 
45	% 37,1 41,6 50,0 56,19 58,56 65,34 

 

Coefficient of Poisson 
In the case of the monoaxial compression in the vertical direction with the  force, 

the axial deformation process characterized by the specific deformation ∆  is 

accompanied by the transverse deformation in the median plane, expressed by 	
∆ , so that 	  [4, 6, 7] 

 

Consequently, Poisson’s ratio  may be determined by: 
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 0

0

∆
|∆ |

 (8) 

The experimental results showed values of  ranging from 0.400 and 0.485 for the 
100 samples taken „in situ” for the specified parametric values of the clay and enzymes 
dosages specified in Table 1. 

 

Viscous amortization of the enzyme stabilized soil  
The  coefficient of viscosity specific to the linear viscous force proportional to the 

deformation velocity of soil, during the compacting process by vibration, determines the 
fraction of the critical  amortization, as follows: 

 

 
2√

 (9) 
 

Where:   is the vibrating mass of the compactor. 
 

The (9) relation enables the calculation of the amortization for the discreet variance of the 
 stiffness after each pass of the vibratory roller. 

 

Parametric measures of the vibratory compactor –stabilized soil system 
There are presented physical and mechanical values that define the Voigt-Kelvin 

rheological calculation model for the dynamic analysis of the compaction process.  
Thus, for the  perturbator force, the 5	  and 0…500  

rad/s static moment assures the dynamic compaction level for a stabilized soil mix with 45 
% clay percentage and 3 % enzyme dosage. In this case, the calculation parameters for the 
case study are presented in table 2. 

 

Table 2 
Experimental parameter values 

No. Parameter symbol Experimental values 
1 , % 0,400 0,450 0,475 0,485 
2 ,  50 50 50 50 
3 ,  0,750 0,750 0,750 0,750 
4 10 	 /  1 2 4 6 
5 , % 25,00 17,00 12,50 10,80 
6 10 	 /  5,090 5,000 5,09 5,10 
7 , 10 	  10 10 10 10 

 

Analysis of the Dynamic Parameters of the Compaction Process 
The Voigt-Kelvin rheological model is illustrated in Figure 1 and it means that the 

enzyme-stabilized soil in the dynamic compaction process can be analyzed in the linear 
viscoelastic domain for each successive step of repeatedly passing the vibrating equipment. 

 

trmkxxcxm  sin2
0       (10) 

 

Where:   xtx   means the instantaneous movement of the vibrating roller in permanent 
contact with the surface of the stabilized soil structure. 

The differential equation of motion for the model in Figure 1 is: 
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 The solution in stabilized regime, for the 
compaction technological vibrations, on vertical direction 
is: 

 

   tAx sin      (11) 
 

Where: A is the amplitude of the instantaneous movement, 
  - the phase shift between the instantaneous movement 

 txx   and the excitation force   trmtF  sin2

0 . 
Out of the condition that the (11) condition is the solution 
of the (10) differential equation, A and   emerge, as 
follows: 

 

  2222

2
0

1
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     (12) 
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      (13) 

 

The efficiency of the behavior may be considered by assuring the parameters that reflect 
the dimension of the  force transmitted to the soil and of the dissipated energy by the 

 viscous component of the soil. 
 

Dynamic force transmitted to soil 
The dynamic transmitted force  may be written down as: 

 

  xckxtQ       (14) 
 

Where:    tAx sin  and    tAx cos  are inserted. Thus, it is obtained: 
 

       tcAtkAtQ cossin    (15) 
 

Considering the (15) relation  can also be written down as: 
 

     tQtQ sin0      (16) 
 

Where:  is the force amplitude	 ,   dephasing between  txx   and 
 tQQ   

By identifying the (15) and (16) relations it emerges: 
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From where we have: 
222

0 ckAQ   
or replacing A from the (12) relation, we obtain: 
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The de-phasing is obtained from the (17) relations system as: 

Figure 1. Dynamic calculation 
model. 
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Dissipated energy in the process of compaction by vibration 
The dissipated energy may be calculated with the relation: 

 
2AcWd        (20) 

 

or considering the (12) relation we have: 
 

    2222

5
2
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cmk
rmcWd 

     (21) 

 

Hysteretic loops 
The energy dissipated on the cycle is equal to the hysteretic loop area. For the linear 

Voigt-Kelvin viscoelastic model, the hysteretic loop is an ellipse whose own axis are rotated 
relative to the chosen reference system. 

 

a) Equation of the F – x ellipse  
For the forced excitation with   tFFtF sin0  and the solution 

     tAxtx sin , the equation of the ellipse F - x is obtained by eliminating the time 

between function   xtx   and the trigonometric function 
0

sin
F

F
t  , taking into 

consideration 
0

2

1cos
F

F
t   

Thus, we have: tAtAx  cossincossin    
Where there are inserted the tsin  and tcos  functions. 

 

In this case, we obtain: 
 

0sincos2 222   XX     (22) 
 

Where: 
0F

F
  and 

A

x
X   

From the (22) equation, it emerges  X   thus: 
 

21sincos XX       (23) 
 

Where: 
0

sin
F

A
c  ;  

0

2 ;cos
F

F

F

A
mk    and 

A

x
X  , Thus by replacing it in the 

(23) relation we obtain: 
 

  222 xAcmkxF       (24) 
 

Which represents the equation of the ellipse in the axis system F- x. 
 

b) Equation of the Q – x ellipse  
Force   xckxtQ   may be written down as: 

 

     tAckxtQ cos     (25) 
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Where:    
A

x
tt

2
2 1sin1cos   . In this case, the (25) relation may be 

written down as: 
 

  22 xAckxxQ       (26) 
 

The dissipated energy on cycle is equal to that area of the hysteretic loops. In the case of 
the F - x and Q - x functions, which define the specific ellipses, areas are equal, as follows: 

 

        
T TT

d dtxxQdtxxmxQdtxxFW
0 00

   (27) 

 

because  
T

dtxxm
0

0
 
because x  and x  are orthogonal functions. 

 

Families of Curves Characteristic to the Dynamic Compaction Process 
Based on the data from Table 

2 and on the calculation relations, the 
parameterized curves families were 
drawn by the discreet variance of the 
dynamic rigidity in accordance with 
the discrete variance of Poisson's 
coefficient for the four values. 

Figure 2 shows the family of 
curves of amplitude depending on the 
continuous variation of the 
perturbation and the discreet 
variance of stiffness.Figure 3 shows 
the variation curves of the maximum 
force Q0  transmitted to the stabilized 
soil layer. The variation curves of the 
dissipated energy are presented in figure 4. 

Ellipses surfaces Q – x are in table 3. 
 

Figure 3. Variation of the maximum force 
transmitted in relation to  and . 

Figure 4. Variation of the dissipated energy 
in relation to  and . 

 

Figure 2. Amplitude variation in relation 
to  and . 
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Figure 5 shows the hysteretic Q - x ellipses for the four distinct situations of the excitation 
technological pulse. 

 

a) b) 

 
c) d) 

Figure 5. Q – x Hysteretic Ellipse
a)  =100rad/s; b)  =150rad/s; c)  =200rad/s;    d)  =300rad/s. 

 

Table 3 
Experimental parameter values 

               k [N/m] 
 [rad/s] 108 2·108 4·108 6·108 

100 157.020408 31.404082 4.243795 1.554658 

150 140.279262 476.949489 82.232671 20.382457 

200 125.616326 251.232653 1256.163264 251.232653 

300 143.984752 196.126630 350.054671 847.910203 
 

After each passing of the compactor in dynamic conditions, the proportionality 
between compaction degree and dissipated energy corresponding to the increase of 
hysteretic loop surface while increasing soil stiffness and reducing settlement of the 
compacted layer has been noted. 

 

Conclusions 
The research results revealed the correlation between the degree of compaction for 

every equipment passing  and energy proportionally dissipated with hysteretic loop when 
the soil is stabilized with natural enzymes brought in atomized state using an ejection 
system (nozzles) with micrometric level during mixing process. 



 Aspects regarding evaluation of compacting process by vibration of enzyme-stabilized soils 143 

Journal of Engineering Science  May, 2020, Vol. XXVII (2) 

The effect of unstable soils stabilization using enzymatic solutions is even more 
significant as the porosity index decreases, Poisson's ratio increase while the modulus of 
soil elasticity is increasing. In this case, the proper soil stiffness for layer stabilization 
evidenced by compaction degree increase and settlement decrease is ensured. 

Numerical simulation performed in the study by considering Voigt-Kelvin rheological 
model has conducted to a realistic assessment of soil dynamic response during vibro-
compaction process, which can be considered as an important tool to be applied to provide 
a high quality of engineering compaction works and improvement of design techniques. 

The final results revealed the necessary conditions to set a rapid method to be used 
in verification of in-situ compaction parameters by a proper calibration of the technological 
tools system so that the hysteresis loop area can directly indicate the degree of compaction, 
the stiffness of the compacted layer in real time and the energy required in the compaction 
process. 

The methodology will contribute to development of technical applications in 
compaction of bioactive stabilized soils used in road systems by ensuring durability and 
greening of performed works. 
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Abstract. Walnuts change their appearance during storage, becoming brown and bitter. The 
aim of this paper was to determine the polyphenols and naphthoquinones extraction 
process parameters from the pellicle of kernels, and to assess the influence of extraction on 
the walnuts quality. It was studied the influence of NaOH, ethanol and polygalacturonase 
on the polyphenols and naphthoquinones extraction from walnut kernels pellicle. Small 
amounts of enzyme, (0.011±0.001) %, contribute to the extraction of colored substances 
from the pellicle by destabilizing of biopolymer matrix. Hydration, volume increase, the 
destruction of the bio-polymeric matrix - all contributes to the extraction, also to the 
pellicle release from the kernels surface. The hydration degree increases as the amount of 
ethyl alcohol in the extract became < 7.5 %. The oxidized and colored components are 
extracted according to the exponential models: Y Ae , k(-0.40±0.06). The consecutive 
extraction of phenolic substances and naphthoquinones, carried out at room temperature, 
contributes to the improvement of colour and taste, increasing technological value of the 
processed walnuts. 

 

Keywords: walnut kernels processing, Box-Hunter experimental design, extraction, UV-Vis 
spectra, “step climb experience”, sensorial analysis, juglone. 

 

Introduction 
Walnut kernels is a source of nutrients and biologically active compounds: dietary 

fibers, vitamins (E, B3, B5, B6), bio elements (K, P, Mg) that cause high product value [1, 2]. 
Walnut kernels contains great amounts of lipids with recognized biological activity such as 
linoleic acid (ω6) and linolenic acid (ω3), sitosterols and biologically active polymers [3-5]. 
Walnut kernels are covered with pellicula, also called “pellicle” and “film” – thin skin, rich in 
phenolic substances, especially in gallic acid derivatives (C6-C1), naphthols and 
naphthoquinones (C6-C4) [6, 7]. These compounds exhibit pronounced antioxidant activity 
and protect bioactive compounds in lipid tissues of the kernels from oxidative degradation 
[8, 9]. While exposed to light, the walnut kernels pellicle changes colour and chemical 
composition [10]. This process probably protects lipids from light-caused destruction. 
During the storage, walnut kernels change their appearance: colour becomes dark brown 
and taste – bitter. These undesirable transformations are caused by the phenolic 
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compounds of the pellicle. They interact with the molecular oxygen from air, suffering 
irreversible oxidation. As an example it may serve a transformation of colourless 
hidroxyjuglone (1, 4, 5-trihidroxy-naphtalene) into brown-reddish juglone (5-hidroxy-1,4-
naphthoquinone) [6, 11]. The brown oxidized pellicles cause real sensations of bitterness 
and, moreover, expectations of a bitter taste to potential consumers [12]. Thus, extraction 
of polyphenols and naphthoquinones from the pellicle of walnut kernels will allow to 
improve their quality. The aim of our investigation was to determine the polyphenols and 
naphthoquinones extraction process parameters from the pellicle of walnut kernels, and to 
assess the influence of extraction on the appearance and taste of the walnuts. 

 

Experimental design 
There were used the  Calarash variety of walnut fruits, purchased in 2018 from 

Iargora State Forestry. Weight of the single walnut fruit without mesocarp was in range of 
(16.7±2.3)g. Walnuts were kept whole in cotton bags at room temperature, (22±2)°C, and on 
relative humidity, HR = (60±5)%, in darkness [10], for 15 months. The kernels were carefully 
removed from fruits in the form of halves or quarters. There were used: 96% food-grade 
ethanol (“Kvint”, Moldova), food-grade citric acid (“Condiprod-Prom”, Moldova), sodium 
hydroxide “pro analyses” (“Stanchem”, Poland), Folin-Ciocîlteu reagent (“Ecochimie”, 
Moldova), oenological polygalacturonase (“Laffort”, France). 

Various factors can influence the extraction process independently and jointly. In 
order to obtain information about directly influence and jointly interactions it was 
performed 2-Level, 3-Factorial Full Experiment, FFE 23[13]. There were studied influence of 
selected and codified factors, as ethanol (X1, min. 10%, max. 25% (v)), NaOH (X2, min 0,005%, 
max. 0.020%) and enzyme (X3, min. 0.004%, max. 0.010%) to the extraction and to 
modification of walnut kernels quality. There were prepared water-ethanol solutions 
containing 10% (lower level) and 25% (upper level) of ethanol (factor X1). Samples of 
100mL of these solutions were distributed in hermetically sealed vessels with a volume of 
150mL. 

The corresponding quantities of NaOH (factor X2) and enzyme (factor X3) were 
introduced directly into the same vessels. Samples of walnut kernels, (25.00 ± 0.03)g, 
containing only halves and quarters were added to the resulting solutions. Samples were 
kept in extracting solutions for 24 hours at a temperature of (22.0 ± 1.0)°C. The obtained 
extracts were filtered immediately under the identical conditions, their filtration rates (Vf) 
were measured. 

The amount of polyphenols (PPh) in the extract was determined by the standard 
Folin-Ciocîltău assay [14]. Walnut kernels, processed by extraction, were washed with 0.2% 
citric acid solution for 15 minutes, dried in a dark place for 3 days, when they were 
subjected to sensorial analyses. 

 

Spectral and sensorial analysis 
Spectra of strongly diluted extracts were recorded on a DR 5000 spectrophotometer in 

the range of 200...1000nm, using quartz cell with l = 10mm. The integral absorption, noted ID, 
which characterizes the sum of extracted substances with active absorption in the studied 
region of spectrum, was also taken into account. Processed walnuts were analyzed by a 
group of five experts. The tasters appreciated the general appearance (colour) and the taste 
of the processed walnuts, attributing to the samples the general score in the 5-point 
system. 



 Polyphenols and naphthoquinones extraction from walnuts pellicula: the impact on kernels quality 147 

Journal of Engineering Science  May, 2020, Vol. XXVII (2) 

Statistic interpretations 
The confidence interval of the sensory analysis results was appreciated accordingly 

to the 3σ-rule. It can be mentioned, that Box-Hunter experimental design presumes 
reducing of experiences number in the frameworks of whole experiment. In this context, for 
the statistical interpretation of the regression equations, the confidence level P = 0.95 was 
chosen. The reliabilities of linear and exponential mathematical models were estimated by 
the R2 values. 

 

Influence factors choice 
It was observed that studies of a walnuts chemical composition are based on the 

overall quantity of the components from the whole kernels [1-4]. However, in some sources 
the pellicle, its chemical composition, the experimental data with the emphasis on separating 
and identifying the compounds of the pellicle, are discussed [6, 7]. The goal of this study was 
to appreciate the parameters of the extraction process of the water-soluble compounds from 
walnut kernels pellicle. Extracts obtained can be used to appreciate the amount of 
polyphenols and naphthoquinones, also to estimate the impact of the extraction process of 
these compounds on the formation of walnut kernels color, taste and quality. 

It is known that phenolic substances are very sensitive to the pH, forming salts 
(phenolates) in an alkaline environment [15]. At the same time, significant amounts of alkali 
at elevated temperatures can expose the lipids of the walnut core to an absolutely 
undesirable saponification process.  

Therefore, it was originally planned to carry out the extraction of phenolic 
substances at low concentrations of NaOH at room temperature. Pectolytic enzymes are 
widely used in winemaking to enhance the extraction of dyes from grape skins [16]. 
Therefore, they should act similarly in the water-alcohol phase extraction of polyphenols 
and naphthoquinones from the walnut kernel pellicles.  

Therefore, the studied range of concentrations of the pectolytic enzyme (factor X3) 
complies with the recommendations of the enzyme manufacturer, developed for 
winemaking processes.  

The planning matrix for the Full Three-Factor Experiment and the response values 
are shown in Table 1. 

Table 1 
Plan matrix in codified and real coordinates, results (responses) 

of phenolic compounds extraction from walnut kernels pellicle: B – brown, Y – yellow. 
 Factors Responses  

N 
X1 EtOH 

(%v) 
X2 NaOH 

(%m) 
X3 Enzime 

(%m) 
Color,

Transparency
Vf I A(A) A(B) PPh(A) PPh(B)

1 + 25 + 0.020 + 0.010 B clear 1.5 381.5 0.042 0.041 0.405 0.413
2 + 25 + 0.020 - 0.004 B opaque 2.0 380.6 0.039 0.039 0.400 0.408
3 + 25 - 0.005 + 0.010 Y clear 4.0 359.7 0.021 0.020 0.414 0.409
4 + 25 - 0.005 - 0.004 Y opaque 4.0 353.4 0.024 0.023 0.370 0.378
5 - 10 + 0.020 + 0.010 B clear 3.0 375.4 0.041 0.040 0.516 0.503
6 - 10 + 0.020 - 0.004 B opaque 4.0 379.5 0.042 0.041 0.524 0.515
7 - 10 - 0.005 + 0.010 Y clear 4.5 356.9 0.020 0.019 0.582 0.594
8 - 10 - 0.005 - 0,004 Y opaque 3.0 347.3 0.023 0.022 0.497 0.502
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Experimental data interpretation 
The external appearance of the obtained extracts clearly correlated with the design of 

some influence factors in the planning matrix. The brown (B) and yellow (Y) colour of the 
obtained extracts corresponded to the maximum (+) and minimum (-) values of the NaOH 
concentration (Figure 1).  

The opacity, or the clarity of the extracts, corresponded directly to the quantity of the 
pectolytic enzyme. The extracts were transparent, when X3 values were maximal (+). This 
observation correlates with emulsifying effect, which was found for high-methoxylated 
pectin, characteristic for walnuts [5]. Thus, the effect of the enzyme can be explained by its 
expected direct action on the partial hydrolysis of pectic substances, which are extracted from 
the pellicle together with the polyphenols. Because the clarity of the extract testifies to the 
lack of visible colloidal impurities, we can conclude, that the presence of the pectolytic 
enzyme contributes to obtain the extracts of polyphenols and naphthoquinones with better 
technological properties. Other direct correlations between the influencing factors values and 
the measured responses were not observed. Therefore, obtained data were subjected to 
regression analysis. The significance parameter (absolute error) of the regression coefficients, 
Δβ, was determined for the significance level P = 0.95. There were obtained four regression 
equations, describing the physical and chemical state and technological properties of the 
extracts. These equations characterize: extracts filtration speed; optical density at λ = 450nm; 
UV-Vis spectrum integral of the diluted extracts in the wavelength range 200...1000nm; the 
total concentration of polyphenols in the extracts which were obtained. 

 

•  Extract filtration speed, Vf, mL/min. 
 

V 	 	3.25	–	0.38X 	–	0.62X 	–	0.50X 	–	0.38X          Δβ	 	0.31  (1), 
 

where in X12 is the synergistic (super-additional) factor of ethanol and NaOH common 
influence, and X23 is the synergistic factor of NaOH and polygalacturonase influence. 

The extract filtration speed depends on its chemical composition, temperature, and 
also, on the presence of fine colloidal impurities. These impurities are capable to block 
filter pores. The Equation (1) shows that all significant factors contribute negatively to 
filtration speed of the extract value. The 
negative influence of the alcohol on the 
filtration speed can be explained by the 
decrease of the extract density but also 
by changing the phase state of the 
biopolymers in its presence of ethanol. It 
should be noted that this influence in 
industrial technological processes can be 
shifted by filtration at high pressures. 

The negative influence of NaOH 
was even greater. We assume that the 
slowing down of the extract filtration in 
basic media can occur due to the increase 
of the extract viscosity. Unexpectedly, the 
influence of factor X3 (enzyme) on the 
extract filtration rate, expressed in 

Figure 1. Fragments of the extracts spectra in 
the visible range: B – brown extracts  

(1, 2, 5, 6); Y – yellow extracts (3, 4, 6, 8). 
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Equation (1), proved to be null. However, polygalacturonase increase extract transparency, 
so improving its quality. 

 

• Optical density integral in the analyzed wavelength range, ID 
 

I 	 	367	 	2X 	 	12X 	 	2X 	 	2X  Δβ	 	1   (2) 
 

where in X23 is a synergistic influence factor of NaOH and pectolytic enzyme. 
The integral absorption, ID, represents the sum of the optical densities of the solution 

in the recorded range of the UV-Vis spectrum (200-1000nm). Thus, the ID value correlates to 
some extent with the summary amount of all extract components, which manifest the light 
absorption in the studied spectrum’s region. This response is positively influenced by all 
matrix generating factors, especially by NaOH, for which β2 = 12. In this equation we 
observe the positive influence of the pectolytic enzyme, expressed by the statistically 
significant values of the factors β3 and β23. These values confirm the beneficial role of the 
pectolytic enzyme for the extraction of biologically active substances from the kernel’s 
pellicle. 

 

 The optical density of the extract at λ = 450nm, A450 
 

	 	0.0311	 	0.0096 	 	0.0009  Δβ	 	0.0006  (3) 
 

Equation (3) quantifies colour differences, observed in the obtained extracts. 
According to Equation (3), the impact of factor X2 on the extract colors is maximal and 
positive. The regression coefficient β2, equal to 0.0096, exceeds 16 times the respective 
value of Δβ, equal to 0.0006. Therefore, the increase of NaOH quantity in the extracting 
system contributes to the increase of the extracted substances concentration. The impacts 
of direct factors X1 and X3 were statistically insignificant in case of this response. 

 

 The amount of polyphenols, determined by the Folin-Ciocalteu method, PPh. 
 

PPh	 	0.46	–	0.06 0.02X 	0.01X 	–	0.02X 	0.01X  Δβ	 	0.01 (4) 
 

Equation (4) shows that the polyphenols extraction is negatively influenced by 
alcohol concentration increase. At the same time, NaOH does not significantly influence the 
extraction of polyphenols. The moderate, statistically significant positive influence of the 
enzyme, is expressed by the coefficient value β3 = 0.02, which twice exceeds the value of 
Δβ = 0.01. 

 

Improving the processed nuts quality and sensory analysis 
The obtained Equations (1)-(4) can be used to improve nuts processing technologies. 

The accumulation of oxidized substances in the core film contributes to the low sensory 
appreciation of the walnuts by consumers [12]. That is why, phenols and naphthoquinones 
extraction offers a possibility of the walnut kernels native aspect restoration. Based on the 
analysis of equations (1)-(4), the optimal conditions necessary for obtaining processed nuts 
were determined, using the “step climb experience” assay (SCE) [13]. The experiences 
counting, noted as NSCE, was carried out in continuity of the FFE planning matrix counting, 
which includes 8 experiences (Table 1). The optimization plan of the extraction included 
the gradual decrease of the Ethanol and NaOH concentrations, and the increase of 
Polygalacturonase amount in the extract with respective “step climb” values, ΔXSCE (Table 2). 
Experience NSCE = 9 was not carried out. 
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Table 2 
Planning matrix and results of walnuts sensorial quality optimization 

by means of extraction conditions 

Factor 
Center Step climb Conditions and responses in NSCE

 

X0 ΔXSCE 10 11 12 13
Alcohol, % 17.5 -2.5 12.5 10.0 7.5 5.0
NaOH, % 0.0150 -0.0025 0.0100 0.0075 0.0050 0.0025

Enzyme, % 0.007 0.001 0.009 0.010 0.011 0.012

Colour of walnuts surface after 
extraction

brown brown yellow yellow

General opinion about taste of the
samples

bitter good good acid

Sensorial appreciation in five-points 
scale  

4.0 ± 0.3 4.3 ± 0.3 4.7 ± 0.3 4.4 ± 0.3

 

The colours of the walnuts, processed under conditions of NSCE = 10 and NSCE = 11, 
remains dark. Better, light-yellow colours were obtained in NSCE = 12 and NSCE = 13 (Figure 
2). The tastes of samples NSCE = 10 and NSCE = 11 caused disapprovals remarks from experts. 
Finally, walnut kernels samples, obtained in NSCE = 12 and NSCE = 13 gained high scores from 
all experts.  The most successful sample in all aspects was one obtained under conditions 
of NSCE = 12. These conditions are optimal for the kernels quality improving by extracting 
components that determine their bitter taste. 

 

NSCE = 10 NSCE = 11 NSCE = 12 NSCE = 13
Figure 2. The external aspect of the walnuts kernels after extraction under the

“step climb experience” conditions. 
 

During the experiences, it was observed that the pellicle was partially detached from 
the kernels, due to the visible swelling of these. The walnut kernels, subjected to 
processing by extraction, were immediately weighted after extract decantation, being air-
dried for 24 hours at room temperature.  

The gravimetric measurements showed linearly changes of the samples hydration 
degree within the SCE, reaching the maximum values at NSCE = 13 (Figure 3). As a result of 
the walnuts swelling, there were a partial release of the pellicle. This effect can be 
considered as a sign of the walnuts quality diminishing.  

We consider that this fact is due to the linear decrease of the ethanol concentration in 
the respective extracts. Earlier it was reported that the walnut hydration process takes place 
for 4 hours, of which the most effective are the first 2 hours [17]. 
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In order to improve walnut processing technology it is important to avoid or minimize 
the hydration of the walnuts, and simultaneously to accelerate the extraction process of the 
polyphenols and naphthoquinones from pellicle. 

Drying of processed walnuts also 
requires additional time and energy. 
Therefore, we resorted to the repeated 
extractions of the walnuts under 
conditions, which correspond to the 
optimization experience NSCE = 12. The 
resulted UV-Vis absorption spectra 
considerably differ from those obtained in 
the case of long-term extractions. The 
spectrum of the first extract contains well 
determined peaks at 256, 290 and 410nm 
(Figure 4). Following extracts spectra are 
pouring in peaks. At the second and third 
extraction the peaks at 256 and 410 nm manifest only as weakly shoulders. After the fourth 
extraction these shoulders completely disappear. We hypothesized that oxidized forms - 
substances that have already fulfilled their physiological role, are extracted firstly, but the 
un-oxidized substances, 
which still stay in 
reserve, are extracted 
more difficult. In this 
case, current physical 
and chemical state of 
polyphenols and 
naphthoquinones in the 
pellicle also bringing the 
contribution to 
extraction’s kinetic. 

The integrated 
absorption of extracts in 
the studied range 
corresponds to a linear 
model, which is 
confirmed by a high 
value of approximation credibility, R2 = 0.9849 (Figure 5), Thus, we can conclude that the 
global content of extracted substances also slowly and linearly decreases. We suggest that 
the extraction of pellicles components is very difficult due to their attachment to the lipid 
part of the core. 

 

Extract composition changes 
Electronic absorption spectra make it possible to interpret the main components 

signals of the walnut kernel pellicle extracts. Particularly, the signals at 250 nm and 410 nm 
can be attributed to the juglone and other naphthoquinones [6, 18]. The signal at 290 nm 
corresponds to the polyphenols absorption, in particular, of some gallic acid derivatives [11].  

Figure 3. Walnuts hydration grade
after extraction. 

Figure 4. UV-Vis spectra of consecutive extractions.
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It can be observed, that absorption values satisfy the descending exponential 
mathematical models, respective R2 values 
being high (Figure 6). The colour intensity of 
the extracts decreases exponentially that is 
expressed quantitatively by light absorption 
in the visible range. As both polyphenols and 
naphthoquinones are responsible for forming 
the colour and taste of the walnut kernels, 
we can see that the amount of polyphenols 
and naphthoquinones in the pellicle 
decreases exponentially. Respectively, 
improving the quality of the kernels 
extraction takes place due to improving of 
their colour and diminution of the 
naphthoquinones-caused bitter taste. 

 

Figure 6. Changes in the UV-Vis absorptions in the consecutive extractions,  
exponential models. 

At the same time, the exponential nature of the curves shown in Figure 6, demonstrate 
that more than 7-8 extraction cycles are necessary for the complete removal of polyphenols 
and naphthoquinones from the walnut kernel pellicles. 

Conclusions 
Efficient removing of polyphenols and naphthoquinones from the walnut kernel 

pellicles is performed in the basic medium, NaOH (0.005±0.001) %, in the presence of 
moderate amounts of ethyl alcohol (7.5±1.5) %. The presence of polygalacturonase 
(0.011±0.001) %, significantly contributes to the extraction of coloured substances from the 
pellicle. The role of enzyme is destabilization and hydrolysis of biopolymer matrix of the 
pellicle. The changes of the kernels quality during extraction is strongly influenced by the 
hydration and imbibing processes. Naturally, the degree of hydration increases as the 
amount of Ethyl alcohol in the extract decreases. Hydration, accompanied by the increase in 
volume, but also by the destruction of the biopolymer matrix, contributes to the extraction 

Figure 5. Linear model of light
absorption integral. 

y = -10.456x + 78.322
R² = 0.9849

0
10
20
30
40
50
60
70
80

1 2 3 4 5 6 7

A
bs

or
pt

io
n

in
te

gr
al

Extraction number



 Polyphenols and naphthoquinones extraction from walnuts pellicula: the impact on kernels quality 153 

Journal of Engineering Science  May, 2020, Vol. XXVII (2) 

of coloured substances, and to the pellicle release from the kernels surface. The oxidized 
and coloured forms of the pellicle components are extracted according to the descending 
exponential models: Y Ae  , k(-0.40±0.06). The consecutive extraction of phenolic 
substances and naphthoquinones, carried out at room temperature, contributes to the 
significant improvement of the external appearance (color) and taste of the processed 
walnut kernels. 
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Abstract. The vegetable and cereal sprouts’ consumption is a modern, pleasant and low-
cost way to ensure a healthy diet. The kohlrabi sprouts are particularly rich in antioxidants, 
especially in polyphenolic compounds. The present paper analyses the antioxidant 
properties reflected by total polyphenolics and radical scavenging capacity of edible 
kohlrabi sprouts at different maturity stages (5, 7 and 9 days old), in the purpose to suggest 
the optimal harvest time to produce sprouts with better health-promoting content. The 
obtained results recommend the harvest of 5-days sprouts, if the producer is interested in a 
high content of total polyphenolics and increased soluble dry matter. In the case that a 
product with higher radical scavenging capacity, no matter the nature of contained 
antioxidants, is required, then the harvest of kohlrabi at the stage of 7-days old sprouts is 
recommended. 

 

Keywords: antioxidants, Brassicaceae, Brassica oleracea var. gongylodes L., Cruciferae, diet, 
germination, health-promoting, kohlrabi sprouts, optimal harvest time. 

 

 Introduction 
 Kohlrabi (Brassica oleracea var. gongylodes L.) is a vegetable from the family named 
Brassicaceae or Cruciferae. It originates in north-western Europe and is grown especially in 
Europe, North America and temperate parts of Asia, but also in subtropical Asia (India, China 
and northern Vietnam), and occasionally in eastern Africa. There is no information about it 
before 16th century [1]. Kohlrabi is grown for the flattened spherical stem (stem tuber), 
which is eaten cooked or raw (in salads). It contains 90 – 92 g/100 g water, 6 – 6.5 g/100 g 
carbohydrates (more dietary fibers than sugars), 1.5 – 2.0 g/100 g amino acids and proteins, 
and also minerals: potassium, sodium, calcium, magnesium, iron, manganese, selenium and 
phosphorus [2]. Kohlrabi is rich in antioxidants from the group of phenolic compounds with 
a total phenolic content of 2.733±0.026 g GAE/100 g [3] and also contains antioxidant 
vitamins. The most important content is vitamin C (60 – 65 mg/100 g) and less in vitamin E 
(around 0.5 mg/100 g). Other well represented water-soluble vitamins are: B1, B2, B3, B5, 
B6 and B9. The fat content is very small (0.1 g/100 g) and also other fat-soluble vitamins 
(e.g. vitamin A 2 μg/100 g). 
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 Latest years became more and more popular a modern way to consume raw kohlrabi, 
not as mature vegetable, but in the phase of sprouts, namely, 5 - 10 days-old plants [4]. 
Except the very short production time, sprouts usually have the advantage of a greater 
content in nutrients and nutraceuticals than the same mature plant, and also, than the 
seeds. In this regard, Marton et al., stated that the biological value of the sprouts’ proteins 
increase during germination, the digestibility was better and the quantity of the 
antinutritive materials decreased [5]. Li et al., found that in adzuki bean, the total free 
amino acid content of 3-days sprouts was less than that of 7-days sprouts [6]. Guo et al., 
studied mung bean sprouts and concluded that germination increased vitamin C content, 
reaching the higher content during day 8 of germination - up to 285 mg/100 g dry weight, 
almost 24 times bigger than the initial concentration in mung bean seeds. They found that 
the antioxidant activity was maximum also in day 8 (by 6 times higher), while the total 
phenolics and total flavonoids contents were maximum in day 9, being 4.5 and 6.8 times 
higher than in initial mung bean seeds, respectively [7]. 
 It is well-known that phenolics from vegetables and fruits are antioxidants and 
health-promoting compounds useful in the prevention of cancer, cardio-vascular and many 
other degenerative diseases. 

From the point of view of the phenolic compounds, in kohlrabi mature plants it was 
noticed a higher content in leaves than in the edible part of the plant, the stem tuber. The 
total phenolic compounds were found between 16.473 - 27.582 mg GAE/g extract in 
kohlrabi leaf, and 7.323 - 8.303 mg GAE/g extract in tuber [8]. In this context it is raised the 
question of the way that total phenolic content changes in the whole plant during the 
phases of its maturation. 

Based on the present state of knowledge, this study analyses the antioxidant 
properties, reflected by total phenolic content and radical scavenging capacity of edible 
kohlrabi sprouts at different maturity stages (5-, 7- and 9-days old), with the purpose to 
recommend the optimal harvest time to produce sprouts with better health-promoting 
properties. The sprouts younger than 5-days cannot be considered, because of their very 
small dimensions and accumulated mass, while after 9-days are too large to be considered 
as sprouts. 

 

Materials and methods 
The “Gigant” kohlrabi seeds from Agrosel, Romania were sterilised with 0.07% 

NaOCl. The germination was performed in laboratory conditions at 22 – 24 °C and relative 
air humidity 65 - 70%, for 5, 7, and 9 days. 

The soluble dry matter was determined from whole sprouts, at 18 - 20 ºC, using 
Zeiss portable refractometer. Results were expressed as °Bx. 
 The polyphenols were extracted from whole sprouts, using 70% ethanol acidified 
with 0.01% HCl following the two-steps procedure described by Patras et al. [9]. 
 The total phenolic content of kohlrabi extracts (TPC) was determined by Folin – 
Ciocâlteu method according to Cristea et al. [10]. Results were calculated from a calibration 
curve with gallic acid and expressed as mg gallic acid equivalents reported to fresh weight 
(mg GAE/100 g FW). Another method used to quantify total phenolic content was the direct 
measurement of sample absorbance at 280 nm (after appropriate dilution). It is a faster 
alternative to Folin – Ciocâlteu method and results were expressed as total polyphenol 
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index (I280). The value of I280 for each sample was given as the absorbance multiplied by the 
proper dilution rate [11]. 
 The radical scavenging capacity (RSC) of kohlrabi extracts was measured by reaction 
with 2,2-diphenyl-1-picrylhydrazyl radical (DPPH•), according to the method of Brand - 
Williams et al. [12], modified by Patras et al. [9]. The results were expressed as percent of 
DPPH• inhibition by the extract [13]. 
 All spectrophotometric measurements employed the Analytik Jena Specord 200 Plus 
spectrophotometer.  

The results were obtained in 3 parallel experiments and are expressed as means ± 
standard deviations. Statistical analysis was performed using IBM SPSS Statistics 21 (Tukey 
HSD test). Differences at p < 0.05 were treated as significant. 

 

 Results and discussions 
The highest content of soluble dry matter was registered for 5-days sprouts (3.4 °Bx), 

while for 7-days was the lowest one (2.7 °Bx). Still, the differences among all the obtained 
values are not statistically significant (Figure 1). These slight changes are due to the 
fluctuations in sugars content during the development of sprouts. 

 

 
 

Figure 1. The soluble dry matter (expressed in °Bx) of kohlrabi sprouts 
at different stages of maturity (5-days old, 7-days old and 9-days old). 

Results are means of 3 determinations and error bars represent standard deviation. Same 
letter (a) denotes statistically insignificant differences between obtained values (Tukey 

HSD test, p < 0.05). 
 

The obtained total phenolic content (TPC) was high in all samples (Figure 2), being 
between 81.7 – 112.3 mg GAE/100 g FW, which is in concordance with previous results. For 
example, Lim et al., proved that among a series of 7 different sprouts, kohlrabi hold a top 
place after radish.  

They stated that the TPC of different sprouts species decreased in the order: radish > 
kohlrabi > rape > red radish > tah tasai > cabbage > broccoli sprouts [14]. 
 The highest total phenolic content was obtained for 5-days old sprouts (112.28 mg 
GAE/100 g FW) and it is statistically different compared to TPC of 7- and 9-days old sprouts. 
The 9-days old kohlrabi sprouts revealed the lowest TPC (81.68 mg GAE/100 g FW), and it is 
not significantly different compared to 7-days sprouts (82.70 mg GAE/100 g FW). 

The total phenolic content measured by Folin – Ciocalteu method is considered an 
indicator of the total antioxidant capacity. 
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Figure 2. The total phenolic content (expressed in mg GAE/100 g fresh weight) of 
kohlrabi sprouts at different stages of maturity (5-days old, 7-days old and 9-days old). 

Results are means of 3 determinations and error bars represent standard deviation. 
Different letters denote statistically significant differences between obtained values 

(Tukey HSD test, p < 0.05). 
 

 The total polyphenol index (I280) has exactly the same variation with sprouts age 
(Figure 3), as TPC. The highest I280 was obtained for 5-days sprouts (6.49), and its value 
decreased gradually to 7-days (4.59) and 9-days old sprouts (4.36), all differences being 
statistically significant. 

 

 
 

Figure 3. The total polyphenol index (I280) of kohlrabi sprouts at different stages of 
maturity (5-days old, 7-days old and 9-days old). 

Results are means of 3 determinations and error bars represent standard deviation. 
Different letters denote statistically significant differences between obtained values 

(Tukey HSD test, p < 0.05). 
 

 Other Brassica sprouts (broccoli and cauliflower) proved different variation of 
phenolic content during germination. In the previous study, TPC measured by same 
methods decreased in broccoli from 5-days to 7-days old and then increased to 9-days 
sprouts, but remained less important than in 5-days sprouts. In cauliflower, TPC increased 
insignificantly in 7-days sprouts, compared to 5-days and decreased significantly in 9-days 
sprouts, which revealed the lowest content [9]. 

112.28 a

82.70 b 81.68 b

0,00

20,00

40,00

60,00

80,00

100,00

120,00

5‐days 7‐days 9‐days

To
ta
l p
h
e
n
o
lic
  c
o
n
te
n
t 
(m

g 
G
A
E/
 1
0
0
 g
 F
W
)

6.49 a

4.59 b 4.36 c

0,00

1,00

2,00

3,00

4,00

5,00

6,00

7,00

8,00

5‐days 7‐days 9‐days

To
ta
l p
o
ly
p
h
e
n
o
l i
n
d
e
x 
(I
2
8
0
)



158 Polyphenolic content and radical scavenging capacity of kohlrabi sprouts at different maturity stages  

Journal of Engineering Science  May, 2020, Vol. XXVII (2) 

 The DPPH radical scavenging capacity (RSC) registered the highest value in 7-days 
sprouts, 71.58%, but statistically insignificant compared to 5-days sprouts (70.64%). The 
lowest RSC was obtained in 9-days sprouts (69.44%) and this value was statistically 
significant different (Figure 4).  

Exactly the same type of variation was obtained for cauliflower sprouts and similar 
result was obtained also for broccoli 9-days sprouts [9]. So, all these 3 Brassica sprouts 
revealed the lowest DPPH radical scavenging activity in 9-days old sprouts and higher RSC 
in 5- and 7-days sprouts with insignificant differences among the last two. 
 The important decrease of TPC in 7-days kohlrabi sprouts, which is not accompanied 
by the decrease of RSC (but, even contrary), prove that from the 5th to 7th day of 
germination, other antioxidants are synthesised (such as antioxidant vitamins, 
glucosinolates etc.), while the phenolic compounds are used in different metabolic 
processes.   

The 7-days sprouts have also the advantage of a more important accumulated mass 
(data not shown). 
 The 9-days kohlrabi sprouts are not recommended to be produced because of lower 
content of phenolic compounds and decreased antioxidant capacity, despite the higher 
accumulated mass. 

 

 
 

Figure 4. The DPPH radical scavenging capacity (expressed in %) of kohlrabi sprouts at 
different stages of maturity (5-days old, 7-days old and 9-days old). 

Results are means of 3 determinations and error bars represent standard deviation. 
Different letters denote statistically significant differences between obtained values 

(Tukey HSD test, p < 0.05). 
 

 Conclusions 
 The kohlrabi sprouts were analysed in dynamics during germination (5-, 7- and 9-
days old) from the point of view of total phenolic content and radical scavenging capacity. 
This study recommends the harvest after 5 days of germination if a high content in 
phenolics is specifically required, and this maturity stage assures also, an increased soluble 
dry matter. In case that the producer is interested in a product with higher radical 
scavenging capacity (and superior mass), no matter the nature of contained antioxidants, 
then the harvest of kohlrabi at the stage of 7-day old sprouts is recommended. 
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