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A B S T R A C T   

There is a growing interest in zirconia ceramics due to their high flexural strength, excellent corrosion resistance 
and good biocompatibility. The assembly of advanced zirconia material with functions of sensing, actuation and 
controlling to solve the problems that may arise during its use is critical to ensure long-term service and per
formance. Within this context, the objective of this work is to analyse the structural health of zirconia samples by 
screen-printing silver-based conductive ink on the surface subjected to maximum load under flexural testing. In 
doing so, silver conductive ink was formulated using silver nanoparticles where polyvinyl pyrrolidone acted as 
the capping agent. Silver ink was then screen-printed onto zirconia samples and sintered at 200 ◦C. The resis
tance of the sensors was measured and the sensing capabilities of printed conductive patterns were investigated 
using the four-point probe method. Experimental findings displayed a reproducible direct correlation between 
electrical resistance change and strain resulting from surface displacement under applied load in four-point 
bending.   

1. Introduction 

Ceramic materials based on zirconia (ZrO2) are becoming increas
ingly attractive as structural components, thermal barrier coatings, solid 
oxide fuel cells and smart implants due to their unique high mechanical 
strength and fracture toughness, excellent corrosion resistance, good 
biocompatibility, and elevated ionic conductivity [1–3]. Zirconia is an 
oxide ceramic material with special crystal structure transition charac
teristics, i.e. phase transformation from tetragonal to monoclinic (t→m) 
during cooling results in residual compressive stresses and micro-cracks 
[4]. To avoid this, zirconia is stabilized by the addition of rare earth 
elements. Yttria (Y2O3) is the most commonly used additive to stabilize 
the tetragonal or cubic phase at room temperature, depending on the 
amount of dopant [5]. The microstructure and properties also change 
markedly with yttria content. Polycrystalline tetragonal zirconia doped 
with 3 mol.% yttria (3Y–ZrO2) has been used as dental implants and 
prostheses due to its outstanding mechanical properties [6]. Meanwhile, 

the 8 mol.% Y2O3 stabilized cubic zirconia (8Y–ZrO2) has been widely 
used as solid oxide fuel cells, sensors and catalysis supports because of its 
high ionic conductivity, thermal and chemical stability [7–9]. 

Measurement of different parameters such as force and displace
ment, or corresponding stress and strain, is one of the most important 
necessities in engineering. In this regard, strain [10], pressure [11], bio- 
[12] and hybrid [13] sensors have been produced and used. Sensors 
could convert physical or chemical parameters like force, humidity, and 
light into an electrical output. As sensors have a decisive effect on 
quantity and quality, great care has been taken in their production. 
Among different modern manufacturing processes, screen printing has 
proved its possibility with great potential for the fabrication of sensors 
and electronic components [14]. Screen printing is the process that 
transfers the ink pass through the patterned stencil with a squeegee, 
leading to a printed pattern. It is often considered to print conductive 
inks onto various rigid or flexible substrates because it is a simple, 
cost-effective and fast method [15]. Conductive inks for the screen 
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printing process contain nanomaterials such as metallic nanoparticles 
[16,17], carbon nanomaterials [18] and conductive polymers [19]. 
Among them, silver (metallic) nanoparticles (Ag NPs) have attracted 
considerable research interest due to their high electrical conductivity, 
low cost as compared to gold, relative resistance to oxidation, and 
biocidal properties [20–22]. Currently, silver-based inks are used in 
micro- or nano-electronic industries aiming to a broad set of applications 
such as sensors [23–25], solar cells [26,27], thin-film transistors [28] or 
supercapacitors [29,30]. 

Advanced zirconia material incorporates functions of sensing, actu
ation, and controlling to describe and analyse a situation as well as to 
make decisions based on the available data in a predictive or adaptive 
manner, thereby performing smart actions [31,32]. Since zirconia is a 
brittle material with significant sensitivity to surface defects, good 
quality control is necessary to enhance its long-term performance. With 
advanced printing technologies, it is possible to print materials on zir
conia substrates, with the ability to sense surface displacement, tem
perature, or PH. In this regard, Moura et al. [31] printed silver-based 
wires in zirconia substrates using laser technology for smart implant 
applications. Silver-based wires with good quality and a resistivity of 
10− 7 Ω m were achieved, being a conductor path to the electrical flow. 
However, the flexural strength of zirconia decreased as the laser passage 
was performed. Furthermore, the sensing capability of the sensor was 
not investigated. 

Moreover, zirconia ceramics show high thermal, chemical and me
chanical stability, which makes them very suitable potential candidates 
for sensor applications. Materials such as alumina and zirconia have 
been developed as sensing surfaces [33–35]. Hrovat et al. [36] reported 
thick-film resistors on zirconia substrates for strain gauge applications. 
They concluded that the sensing elements on zirconia substrate exhibi
ted improved characteristics when compared with alumina. To the au
thors’ knowledge, there is no research work in the literature reporting 
the integration of sensors on zirconia substrate by screen-printing silver 
conductive ink. This is particularly true regarding studies addressing the 
relationship between measured electrical resistance of silver conductive 
ink and surface displacements resulting from applied load in zirconia. 
This may be quite useful for studying crack imitation and propagation of 
zirconia material. Structural health monitoring of zirconia material is 
key to ensure long-term service and performance of corresponding 
components. 

Following the above ideas, this work addresses the ability of screen- 
printing silver-based ink on zirconia substrates, by evaluation of the 
electrical response of silver conductive ink when load is applied. The 
aim is to improve the knowledge of the design of strain sensors on zir
conia substrate, with particular attention to the relationship between 
surface displacement and measured electrical resistance. In the current 
study, the conductive ink was formulated using silver nanoparticles 
where polyvinyl pyrrolidone acted as the capping agent. Silver ink was 
then screen-printed on zirconia substrates and thermally sintered. A 
systematic investigation, including crystal structure, microstructure, 
roughness, and resistivity of screen-printed silver patterns has been 
performed. Moreover, the sensing capabilities of printed conductive 
patterns were investigated when the specimen surface was subjected to 
flexure under four-point bending. Results were compared with those 
measured on samples where a commercial ink was used. 

2. Materials and methods 

2.1. Materials 

Silver nanoparticles and zirconia powders stabilized with 3 mol.% 
yttria (3Y–ZrO2) were supplied by Nano Technology Inc. (Korea) and 
Tosoh-Zirconia (TZ-3YSB-E, Tosoh, Japan) respectively. Glycerol 
(C3H8O3, 99.5%) and polyvinyl pyrrolidone (PVP, Mw ~ 40,000) were 
provided by Sigma-Aldrich. Polyester resin was supplied by Euroresins 
Ltd. (FS9900/AC SIRESTER, Spain). Commercial silver nanoparticle ink 

for screen printing was purchased from Sigma-Aldrich (Product No. 
901090). All chemicals were used as-received, without further 
purification. 

2.2. Formulation of silver ink and screen printing 

Silver conductive ink was prepared by dispersing as-received silver 
nanoparticles into glycerol, where polyvinyl pyrrolidone (PVP) and 
polyester acted as the capping agent and the binder respectively. The 
mixture was homogenized using a dual asymmetric centrifugal mixer 
(SpeedMixer, DAC a50.1 FVZ-k) for 5 min. Typically, silver ink consisted 
of 51 wt% Ag NPs, 43 wt% glycerol, 2.6 wt% PVP and 3.4 wt% polyester 
resin. Silver conductive ink was screen-printed on zirconia substrate. 
The printing process was performed on an automatic screen printer 
(Upart Equipment Ltd., China) using a nylon mesh (62T mesh count). As- 
printed patterns were dried at 60 ◦C for 45 min and sintered at 200 ◦C for 
45 min in an oven (Digitheat-TFT SELECTA). Fig. 1 shows the schematic 
representation of the general procedure. A copper wire was then 
attached to Ag patterns using a silver-epoxy adhesive (Atom Adhesives, 
AA-BOND 918-10 gm-Syr), as measurement lead. 

Samples fabricated using commercial silver ink were also produced 
to compare with the as-prepared ones. In this regard, conductive silver 
patterns were screen-printed using a polyester mesh (140T mesh count), 
following the same sintering process as mentioned above. 

2.3. Preparation of zirconia substrates 

Zirconia bars of 50 ✕ 8 ✕ 3 mm3 were uniaxially pressed at 50 MPa 
and then cold isostatic pressed (CIP) at 300 MPa. As-pressed samples 
were pressureless sintered. During sintering, the de-binding process was 
carried out at 700 ◦C for 1 h, and the sintering process at 1450 ◦C for 2 h, 
using a furnace (Nabertherm, Germany). Heating and cooling rates were 
3 ◦C/min. Prior to use, the zirconia substrates were polished using sus
pensions of diamond particles down to 1 μm, cleaned with acetone and 
ethanol, and dried at room temperature. 

2.4. Characterization 

Characterization of Ag NPs as well as of zirconia microstructure was 
carried out by means of field emission scanning electron microscopy 
(FESEM, Carl Zeiss Neon 40, Oberkochen, Germany) using a unit 
equipped with energy dispersive X-ray spectroscopy (EDX). 

Crystalline phases were determined by X-ray diffraction (XRD, 
Bruker D8 Advance Diffractometer, USA), using Cu Kα radiation (40 kV 
and 40 mA) in the 2θ range from 20 to 90◦ with an angular step of 0.01◦

at 1 s per step. 
The thickness of the printed patterns was determined by focus ion 

beam/scanning electron microscopy (FIB/SEM), employing the unit 
referred above. 

Topographic images and surface roughness of printed silver patterns, 
including root-mean-square (Rq) and average roughness (Ra), were 
obtained by atomic force microscopy (AFM, Veeco Dimension 3100), 
which has maximum lateral (x, y) and vertical (z) scan ranges of 90 μm 
and 6 μm respectively. Images were obtained over an area of 15 μm ✕ 
15 μm with 512 points per scan line and 512 scan lines. 

Scratch tests were carried out using a nanoindentation unit (Nano
indenter XP, MTS) with a Berkovich diamond tip, under sliding contact 
conditions. For as-prepared ink, applied load was increased up to 150 
mN, over a scratch length of 500 μm and following a lateral displace
ment rate of 10 μm/s. For commercial ink, similar scratch length and 
displacement rate were used, but up to a maximum load of 25 mN. The 
cross-sectional morphology of the scratch was examined by FIB/SEM 
after testing, to evaluate the interface delamination of the film stack 
around scratch tracks. 

The sheet electrical resistance of printed patterns was measured 
using the four-point probe resistance tester (Ossila Four-Point Probe 
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System, Ossila Ltd.). On each sample, 5 points were measured and 
averaged. The sheet resistance is calculated by the following formula 
[37]:  

Rs = CF✕V/I                                                                                 (1) 

where Rs is the sheet resistance, CF is a geometrical correction factor, 
assumed to be 3.40 for as-prepared ink and 1.45 for commercial ink, V is 
the voltage between the inner probers and I is the applied current. 
Electrical resistivity was then calculated from the measured sheet 
resistance and film thickness using the following equation [38]: 

ρ=Rs✕t (2)  

where ρ is the resistivity, Rs is the sheet resistance of the film, and t is the 
average thickness of the film. 

Resistance of the sensors was measured, using a digiltal multimeter 
(Keithley 2700), as specimens were tested under load control in flexion. 
In doing so, testing was conducted using a four-point bending fully ar
ticulated test jig with inner and outer spans of 20 and 40 mm, respec
tively. Flexural strength tests were performed on an Instron 8511 
servohydraulic machine. Load was progressively increased in 50 N in
tervals with intermediate holding steps of 30s, until failure of the tested 
specimen. All the experimental data were simultaneously recorded in 
real-time. 

A representative as-printed specimen for flexural testing is shown in 
Fig. 2. Here, sensor is shown to consist of a single rectangular strip of 
conductive ink, aligned with the specimen length. For all the sensors, the 
conductive stripe had a nominal length of 32 mm, i.e. within the 40 mm 
outer span of the four-point bending testing fixture used. A copper wire 
was then attached to Ag patterns, using a silver-epoxy adhesive, as 
measurement lead. It should be noticed that consideration of printing 
resolution as experimental variable was out of the scope of this study. 
Nevertheless, taking into account that it is indeed a critical parameter to 
be optimized if sensor integration and performance want to be enhanced 
[16], the need of a more systematic study addressing printing resolution 

of the ink used is highlighted for future work. 
The sensitivity of the sensor can be determined by calculating the 

gauge factor (GF), which is defined as the ratio of change of resistance, 
ΔR/R0, to the strain and is represented as [39]: 

GF =(ΔR /R0) / ε (3)  

where ΔR/R0 is the relative change in resistance, and ε is the elastic 
strain resulting from applied stress. The GF was calculated from the 
slope of the best-fit linear regression of the data. 

3. Results and discussion 

3.1. Characterization of Ag NPs 

Morphological structure and size of Ag NPs have important effects on 
the electrical, optical, and sensing properties. Fig. 3 (a) displays FESEM 
images of Ag NPs, indicating that they are spherical in shape. It can be 
also observed that larger particles of Ag NPs were formed due to the 
aggregation of nanoparticles during the synthesis process. A particle size 
distribution histogram determined from FESEM images showed that 
average size of Ag NPs was around 160 nm, Fig. 3 (b). The elemental 
composition of the Ag NPs was analyzed by means of EDX, as shown in 
Fig. 3 (c). A sharp signal was observed at 3 keV, which was typical for 
the absorption of metallic silver nanoparticles [40,41]. No other obvious 
impurity peaks were detected, indicating the high purity of Ag NPs. 

3.2. Characterization of screen-printed Ag patterns 

3.2.1. X-ray diffraction (XRD) analysis 
XRD analysis was performed for Ag NPs, as well as Ag films prepared 

by as-prepared and commercial inks. Results are given in Fig. 4. All the 
diffractograms showed typical peaks at 2θ values of around 38.1◦, 44.3◦, 
64.4◦, 77.4◦, and 81.5◦, corresponding to (111), (200), (220), (311) and 
(222), respectively. These patterns exhibited the face-centered cubic 

Fig. 1. Schematic illustration of the whole process of screen-printing silver conductive ink: from the formulation to the sintering process of conductive patterns.  

Fig. 2. Representative as-printed specimens for flexural testing: (a) as-prepared ink, and (b) commercial ink.  
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(FCC) structure of silver which correlated to those of the Joint Com
mittee on Powder Diffraction Standards (JCPDS file no. 04–0783) [42, 
43]. The high intense peak in the XRD pattern indexed as (111) sug
gested a preferential growth of nanoparticles [44]. No other diffraction 
peaks in Ag NPs can be found in Fig. 4 (a), indicating the purity of the Ag 
NPs. That was consistent with FESEM results, as shown in section 3.1. 
Meanwhile, new phases were not evidenced, after printing and 

sintering, for Ag films prepared with as-prepared ink and commercial 
ink. Other peaks in Ag films prepared from as-prepared and commercial 
inks may be described as contributions from zirconia substrates [45]. 

Fig. 4 (b) shows the detailed scan of the most intense peak (111). It 
was rather broader than the one observed for printed Ag films, indi
cating a smaller crystallite size. Bragg’s law was used to calculate the 
lattice parameter, while Debye-Scherrer’s formula was employed to 
measure the crystallite size of Ag NPs., as given below [46]: 

D=Kλ/β Cos θ (4)  

where D is the crystallite size of Ag NPs, K is a constant related to 
crystallite, normally taken as 0.94 for spherical crystals with cubic 
symmetry, λ is the wavelength of the X-ray source (0.15417 nm) used in 
XRD, β is the full width at half maximum (FWHM) of the diffraction peak 
in radian, and θ is the Bragg’s angle in degrees. 

As shown in Table 1, based on the crystal plane corresponding to the Fig. 3. Characterization of Ag NPs: (a) FESEM micrographs; (b) Particle size 
distribution histogram from the FESEM image; and (c) Energy-dispersive X- 
ray spectrum. 

Fig. 4. (a) XRD patterns of Ag NPs and screen-printed Ag films along with 
standard silver patterns, and (b) magnification of the (111) peak. 

Table 1 
Lattice parameters and crystallite sizes of Ag NPs and screen-printed Ag films.  

Sample Peak 
2θ 

FWHM 
β 

Miller 
indices 

Lattice 
constant 
(nm) 

Crystallite 
size (nm) 

Ag NPs 38.1 0.143 (111) 0.236 86 
As-prepared 

ink 
38.2 0.080 (111) 0.236 109 

Commercial 
ink 

38.2 0.078 (111) 0.236 112  
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highest peak (111), the lattice constant of Ag NPs was 0.236 nm and the 
crystalline size of Ag NPs was 86 nm. It is noted that grain growth of Ag 
NPs has been observed when the printed films were sintered at 200 ◦C, 
due to aggregative growth [47,48]. 

3.2.2. Field-emission scanning electron microscopy (FESEM) and energy- 
dispersive X-ray analysis (EDX) 

As-printed Ag patterns using two types of inks strike a clear stance 
through morphological properties, where the microstructures are quite 
different in terms of particle morphology, size and degree of contact. As 
seen in Fig. 5 (a1, a2, b1, b2), both annealed films were fairly smooth 
and uniform on the zirconia substrate. Densely packed Ag nanoparticles 
are evidenced in the low magnification images shown in Fig. 5 (a1, b1). 
Adjacent particles connect to form network structures. Compared with 
Ag film from commercial ink, the Ag film derived from as-prepared ink 
showed an irregular crystal structure, consisting of small and large 
particles and exhibiting a loose surface morphology. Compactly inter
connected particles for both Ag films; and thus, forming an easy pathway 
for the transportation of electrons, are seen in the high magnification 
FESEM images shown in Fig. 5 (a2, b2). However, the Ag film from the 
as-prepared ink shows some nanoparticles’ aggregates, yielding then a 
rougher surface (Section 3.2.4); and thus, lower conductivity values 
[49] (Section 3.2.6). 

The chemical composition of the films derived from both inks was 
identified by EDX spectra, as seen in Fig. 5 (a3, b3). A strong charac
teristic peak of Ag appears in both EDX spectrums, demonstrating that 
the nanoparticles observed in FESEM images (Fig. 6 a1, a2, b1, b2) were 
composed of silver [50]. Furthermore, two elements (carbon and oxy
gen) for as-prepared Ag ink were detected, which was in accordance 
with the original chemical composition of the compounds. The annealed 
sample contained mainly silver phases. Carbon and oxygen elements 
might be contributed from solvent (glycerol), binder (polyester resin), 
and capping agent (PVP). Moreover, most of the compounds were still 
left in the film after annealing at 200 ◦C. This was the reason for the film 
from as-prepared ink to have a lower Ag content and higher organic 
residue. The higher silver content from commercial ink can increase the 
conductivity. Meanwhile, Zr signal was also observed in EDX results 
corresponding to Ag film printed using the commercial ink, Fig. 5 (a3), 
possibly because its smaller thickness, which allows then the electron 
beam to penetrate through it until the substrate [51]. 

3.2.3. Focused ion beam (FIB) analysis 
The FIB cross-sectional images of Ag films using the two types of inks 

are shown in Fig. 6. Cracks are absent in both films. Moreover, this figure 
clearly shows the defined interface between the film and the zirconia 
substrate. However, as mentioned before, the microstructural charac
teristics of Ag films using the two types of inks were different, which 
were dependent on the solvent evaporation rate and thermal decom
position of silver ink. The presence of voids in both Ag films was mainly 
due to the quick evaporation of low boiling point liquids present in Ag 
ink after the annealing process [52,53]. The as-prepared ink was derived 
from glycerol in a solvent, as glycerol has a higher boiling point of 
290 ◦C. Hence, most of the solvent was still left in the film, surrounding 
the silver particles, preventing their connection with each other and 
resulting in a rough morphology [54]. The cross-sectional thicknesses of 
Ag films for as-prepared and commercial inks were around 12 μm and 
1.2 μm, respectively. The thickness obtained is later used to determine 
bulk resistivity [55]. 

3.2.4. Atomic force microscopy (AFM) analysis 
The surface morphology, as well as the roughness of printed silver 

patterns, were measured by AFM. Fig. 7 shows two and three dimen
sional topographic scans of the films. Each scan represented a 15 μm ✕ 
15 μm lateral area. The film from as-prepared ink had bulges. It was 
different from the surface using commercial ink, which contained 
islands. Average surface roughness, Ra, and root-mean-square one, Rq, 
were 382 and 495 nm, respectively, for the as-printed ink. Meanwhile, 
the commercial film had Ra and Rq values of 53 nm and 68 nm, 
respectively. The as-prepared silver ink showed coarser silver grains and 
increased surface roughness compared to commercial ink, which was 
consistent with FESEM images in Section 3.2.2 and Section 3.2.3. 

3.2.5. Scratch test 
A quantitative assessment of the adhesion properties of thin films is 

important to guarantee not only the reliability of the screen-printed film 
but also the performance of the sensor system. In this regard, scratch 
tests were carried out to determine the damage mechanism and critical 
loads of Ag films. Fig. 8 shows FESEM images of the resulting scratch 
tracks. Critical load Lc at which the Ag film from as-prepared ink failed 
was 73 mN. It is almost three times higher than that assessed for the Ag 
film from commercial ink, i.e. 20 mN. The measured higher load-bearing 
capability should be partly linked to the higher thickness exhibited by 
the former [56]. Nevertheless, there are several other factors that might 
affect adhesion, such as surface energy, polarities of the joined surfaces, 
solvent residues in the inks, or absorption of solvents into substrate 
surfaces [37]. Accordingly, differences in adhesion between commercial 

Fig. 5. FESEM images and EDX spectra of Ag patterns printed on zirconia substrate: (a1-a3) with commercial ink, and (b1-b3) with as-prepared Ag ink.  
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and as-prepared inks could also be related to the distinct chemical na
ture of polymers in these inks, as reported by Hicks et al. [57]. 

Below the critical load in the scratch tests, films were ploughed by 
the indenter tip resulting in plastic deformation and cracking, Fig. 8 (a2, 
b2). On the other hand, as critical load is reached, there is a transition in 
the damage scenario into one characterized by delamination or buckling 
of the film. Further increase in applied load, finally yields breakdown of 

film through cracking along its thickness, Fig. 8 (a4, b4). 

3.2.6. Sheet and bulk resistivity of screen-printed Ag patterns 
Sheet resistance was measured using the four-point probe technique, 

and the corresponding resistivity was calculated by using equation (2). 
Electrical properties measured are summarized in Table 2. The re
sistivity of the film from the as-prepared ink was about 5.4 × 10− 6 Ω m. 

Fig. 6. FIB cross-sectional images of Ag patterns on zirconia substrate: (a1, a2) with commercial ink, and (b1, b2) with as-prepared Ag ink.  

Fig. 7. 2D and 3D topography images of the printed silver patterns: (a1, a2) with commercial ink, and (b1, b2) with as-prepared silver ink.  
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This value is similar to the one reported by Hyun et al. [16], 5.5 × 10− 6 

Ω m, for screen-printed silver ink (77 wt %) on polyimide film. Direct 
comparison of the conductivity values for commercial and as-prepared 
inks indicates that it is higher (about two orders of magnitude) in the 
film derived from the former. That outcome was expected, since the 
latter exhibits aggregates of particles with rough morphology as well as 
coarse silver grains (higher surface roughness), besides impurities and 
porosity resulting from the sintering process, which may hamper the 
mean free path of electrons, yielding then a lower conductivity. A denser 
microstructure would increase the electrical conductivity, which in
dicates that enhanced densification in the sintering process is key to 
attain optimal electrical properties [31,52]. 

3.2.7. Electromechanical performance of the printed sensors 
Four-point bending tests with simultaneous measurements of elec

trical resistance and applied load were performed (Fig. 9). Experimental 
data is plotted in terms of electrical resistance – strain in Fig. 10, aiming 
to analyse sensing capabilities of printed conductive patterns under 
bending conditions. In doing so, strain experienced by the zirconia 
specimen at the surface subjected to maximum stress was calculated 
assuming linear stress-strain response for the tested specimen up to 
failure, and using a Young modulus value of 210 GPa for zirconia. A 
direct correlation between relative changes in electrical resistance and 
strain is found. It may be physically rationalized by the corresponding 
increase of the inter-filler distance as well as cracking phenomena in the 
screen-printed network [37]. GF was calculated from linear regression 
fitting (coefficients of determination of 0.98), as shown in Fig. 10. Both 
sensors exhibited good strain sensitivity, with gauge factors of 6 and 5 
for as-prepared and commercial inks respectively. These high GF values 
compare favourably with respect to those typically exhibited by com
mercial foil strain, i.e. about 2 [58]. In this regard, it should be high
lighted that a slightly better sensing capability (higher value of GF) is 
obtained for the sample with as-prepared ink. Looking into future ap
plications of these sensors in smart implants to monitor their mechanical 
integrity, it should be noticed that protection of strain gages and their 
circuits from the effects of bodily fluids is indeed a big challenge [59]. 

Fig. 8. FESEM images of scratch tracks, and critical load measured for different Ag patterns: (a1-a4) with commercial ink, and (b1-b4) with as-prepared Ag ink.  

Table 2 
Sheet resistance/conductivity measured for printed Ag patterns on zirconia 
substrate.  

Sample Thickness 
(μm) 

Sheet 
resistance 
(Ω⁄□) 

Resistivity 
(Ω⋅m) 

Conductivity 
(S/m) 

As-prepared 
ink 

12 0.45 5.4 × 10− 6 1.9 × 105 

Commercial 
ink 

1.2 0.03 3.4 × 10− 8 2.9 × 107  
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Within this context, a strategy to overcome this issue could be to design 
the implant such that strain gages or printed sensors could be inserted (i. 
e. mounted inside) in the implant itself [60]. Hence, a systematic and 
in-depth study in this direction is recommended as future research 
action. 

4. Conclusions 

Integration of sensors on zirconia substrates has been successfully 
achieved by screen-printing silver conductive ink directly on the 
ceramic material, and subsequent heating at 200 ◦C. The conductive ink 
was formulated using silver nanoparticles with a diameter of 160 nm at a 
solid loading of 51 wt%. No phase transformation and formation of new 
oxides were detected after printing and sintering, as compared to as- 
received Ag NPs. The resultant Ag films were uniform and showed 
satisfactory adhesion strength to the zirconia substrate. The printed film 
exhibited good electrical properties with a resistivity of 5.4 × 10− 6 Ω m. 
Compared to commercial ink, the formulated ink reached equivalent 
properties for strain monitoring. The promising results obtained for 
printed lines show that the formulated ink is suitable for electronic 
application and detection of the structural health of zirconia during its 
use. 
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