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MECHANICAL PROPERTIES OF CARBON-BASED 

NANOCOMPOSITES FOR SENSORS USED  

IN BIOMEDICAL APPLICATIONS  

Maria Roxana MARINESCU1, Bogdan Cătălin ȘERBAN2, Cornel COBIANU3, 

Niculae DUMBRĂVESCU4, Octavian IONESCU5, Octavian BUIU6,             

Liviu Daniel GHICULESCU7 

In this paper, we present our initial findings related to the response of carbon 

nanohorns nanocomposites, processed as films with polyvinylpyrrolidone as matrix. 

Films having 1-8 sensitive layers (denoted 1L, 2L, 3L, 4L, 5L, 6L, 7L and 8L) of 

composite were subjected to mechanical stress and various temperature changes. A 

quick mechanical stress test was made by applying different loads (2 N, 5 N, 10 N 

and 20 N). We obtained Young elasticity modulus of 8.33 MPa (1L) and 3.99 MPa 

(8L). The electrical resistances of the sensors were measured for each deposition, 

showing a decrease from 838 Ω to 562 Ω (from 1L to 8L deposited). Optical 

microscopy images showed that the solution used as sensitive layer is resistant to 

temperatures from +50 0C to -50 0C.  
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1. Introduction 

The medical field (including here all the aspects – prevention, monitoring, 

clinical intervention, physical and physiological rehabilitation) was and still is one 

of the driving forces for the development of new, more performant instruments 
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and operating devices, adapted to the specific requirements of the field: reliability, 

biomedical compatibility, and ease of use. In particular, the recent advancements 

in the use of wearable devices for monitoring the patient's health status brought 

into discussion the need for precise regulatory requirements to support the faster 

deployment of the devices from design, laboratory tests, towards real-life clinical 

trials and, finally, on the market [1].  

Carbon-based nanomaterials (CBNs) and their nanocomposites have been 

– over more than a decade – in the limelight of the scientific and industrial 

communities. The CBN's - graphene (and its derivatives, such as graphene oxide - 

GO, reduced graphene oxide - rGO, graphene quantum dots – GQDs, carbon 

nanotubes - CNTs, carbon nanohorns - CNHs, nanocrystalline graphene - NCG, 

etc.) have become especially important over the past years due to their unique 

chemical, electrical or mechanical properties. They have shown, overall promising 

results for a wide range of applications: biomedicine (targeted drug delivery, bio-

sensing, or cell imaging [2], regenerative [3], and therapeutical medicine [4], 

nanosystems for breast cancer detection and treatment [5]); industrial [6, 7]; green 

energy generation and storage [8, 9]; gas sensing [10-12]. 

The CBN's used in living systems have opened the way for the 

investigation of their potential applications in an emerging field of nanomedicine 

[13]. Each member of the carbon family exhibits specific and, up to a point unique 

features; all these have been exploited in diverse biological applications including 

biosensing, tissue engineering, diagnosis, drug delivery, imaging, and cancer 

therapy [14]. Santos et al. [15] focused on amorphous carbon films – with high 

potential as a biomaterial used during cardiovascular surgeries. Another great 

example is presented by Xie et al. [16], where a graphene-based supercapacitor is 

used as a flexible wearable sensor for monitoring pulse-beat. The invention 

focused on the advantages of the graphene, which is thin, extremely sensitive, and 

highly adaptable.  

Carbon nanostructures (CBNs) can play a significant role in the 

multidisciplinary approach needed in the development of neuro-regenerative 

techniques, where neuroregeneration is the regrowth, restoration, or repair of 

degenerated nerves and nervous tissues [17]. Carbon nanotubes (CNTs), in 

particular, have shown to interact with the nervous system promoting neural 

development; moreover, artificial nerve conduits were built of absorbable 

synthetic materials [18]. Studying the properties of CBNs, it can be seen that they 

are very suitable for bio-sensing [19]. Many humidity sensors are used in 

biomedical applications; one such example is described in [20], where a wearable 

humidity sensor - used to sense and record relative humidity levels (RH) in nasal 

and oral breath - is presented. The sensor has high sensitivity and rapid time of 

response. The idea of using humidity sensors for measuring the sweat rate was 

discussed by Salvo et al. in [21], where such sensors have been embedded into 
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textile substrates, and their functionality – continuous monitoring of the sweat 

levels - demonstrated. Sweat - composed 99% from water - is a promising biofluid 

used in clinical analysis having the great advantage of its non-invasive sampling 

[22]. Evaporation of sweat from skin surfaces effectively dissipates heat generated 

by a hot environment or physical activity. Calcium is crucial to driving sweating 

[23]. Other essential data can be extracted from the sweat levels: the most 

concentrated solute in sweat is NaCl; the rate of sweating can lead us to different 

problems of the human body [24]. 

On the other hand, single-walled carbon nanohorns (SWCNHs), a kind of 

0D carbon - nanoallotrop consisting of horn-shaped sheath aggregate of graphene 

sheets, were first reported by Iijima in 1999 [25]. These carbon nanostructures 

exhibit outstanding properties such as high dispersibility, large specific surface 

area, excellent thermal, electrical, and mechanical properties, versatile synthesis 

procedure, availability for covalent and noncovalent functionalization [26]. Due to 

their specific spherical shape of sub-micron diameter carbon nanohorns are 

expected to have attractive tribological and thermal properties. Miyawaki et al. 

[27] and Fan et al. [28] made some investigations on thermal treatment of the 

nanohorns at high temperature (∼1500 K). The results showed that the formation 

of junction structures, based on well-reorganized carbon networks, was 

significantly enhanced. They investigated the coalescence and melting behaviors 

of carbon nanohorns at temperatures ranging from T = 300 K to T = 3600 K. 

Those two properties can be determined from the temperature dependence of the 

exchange rate of the carbon atoms between two nanohorns and from the internal 

energy in the carbon atom aggregates. Two extreme nanohorn cases, i.e., θ = 30° 

and θ = 120°, were studied. It is observed that the coalescence temperature (Tc) of 

the sharp nanohorn (θ = 30°) is lower than that of the blunt nanohorn (θ = 120°), 

i.e., 1400–1800 K compared to 1900–2200 K, respectively [29]. Nan et al. [30] 

have demonstrated that a majority of CNHs could resist the applied force over 900 

µN, showing excellent load-bearing ability. They demonstrated that there is a 

similarity between the hydrostatic behavios of CNHs and single-walled 

nanotubes. They both present high structural stability under high pressure. 

Unlike carbon nanotubes, the joint influence of the three-dimensionality of 

SWCNHs aggregate and the one-dimensionality of the individual moiety of 

SWNH aggregates,  on the mechanical properties of polymers has been rarely 

explored. One example of using carbon nanohorns together with polymeric 

materials was presented by Fraczek-Szczypta and Blazewicz [31]. It does analyze 

a combination of polyacrylonitrile (PAN) matrix with carbon nanohorns; it was 

observed that the presence of SWCNHs in the PAN suspension affects the 

structure of nanocomposites after solidification, by changing the structural 

ordering of the polymer. Mechanical properties of single-walled carbon nanohorns 

(SWCNHs) and SWNCHs plus few-layer graphene (EG)-reinforced poly (vinyl 
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alcohol) (PVA) matrix composites have been studied by Kadambi et al. [32]. The 

hardness (H) and elastic modulus (E) of PVA were found to be improved by 

∼135% and ∼315%, respectively, upon the addition of just 0.4 wt % SWCNHs. 

The dimensionality of carbon nanohorns, and their interaction with the polymer 

matrix are factors responsible for these improvements of the mechanical 

properties. 

Oxidized carbon nanohorns and their nanocomposites were used as a 

sensing layer for different types of humidity sensors [33 - 42]. Recently, two types 

of nanocomposites oxidized single-wall carbon nanohorns (ox-SWCNHs - Fig. 1.) 

/polyvinylpyrrolidone (PVP - Fig. 2.) were synthesized, one using ox-

SWCNHs/PVP at 1/1 (w/w) ratio and another with ox-SWCNHs/PVP in a 1/2 

(w/w) ratio. Both nanocomposites were used as sensing layers in the design of a 

relative humidity resistive sensor.  The sensor comprises an interdigitated (IDT) 

electrodes structure manufactured on a Si/SiO2 wafer and the sensing layer which 

is deposited via the drop-casting method. The performances of the designed 

sensor are comparable to that of a commercially available capacitive relative 

humidity sensor, which is characterized by the fast response time, high sensitivity, 

and excellent stability in time [43]. However, no details about the mechanical and 

thermal properties of the sensing layers (and thus its stability in time) were 

included in the mentioned study. It is the purpose of this paper to initiate a 

preliminary study about the mechanical and thermal properties of an ox-

SWCNHs/PVP composite, at the 1/1 (w/w) ratio. 

2. Materials and Methods 

The oxidized SWCNHs are purchased from Sigma Aldrich and are 

characterized by diameters in the 2 nm to 5 nm range and lengths between 40 nm 

and 50 nm. The PVP (purchased from Sigma Aldrich) has an average mol wt 

40,000. 
HOOC

COOH

COOH

 
 

Fig. 1. The structure of oxidized carbon nanohorns Fig. 2. The structure of PVP  
 

2.1 Procedure of Sensor Preparation 

First, it was established the design of the sensing IDT structure that is 

going to be fabricated on a Si wafer covered with 1 micron of SiO2 (Fig. 3a. and 

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjDyL6D-djeAhWN2KQKHUfgD80QjRx6BAgBEAU&url=https://www.medchemexpress.com/Polyvinylpyrrolidone.html&psig=AOvVaw0zzOGHRQdYgXIKA1ioNnQO&ust=1542458816518977
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Fig. 3b.). The IDT’s metal stripes were made by successive deposition of 10 nm 

chrome (Cr) and 100 nm gold (Au). The sensor has dimensions of 20 x 11 mm. 
 

 

 

 
Fig. 3b. Dimensions 

 of the chip 

Fig. 3a. The structure of sensing IDT electrodes (100 pairs)  
  

 

The solution is made of polyvinylpyrrolidone (PVP) and oxidized carbon 

nanohorns (1/1, w/w). 2 mg of Ox-SWCNHs were dispersed in 3 mL isopropyl 

alcohol and subjected to magnetic stirring (3500 rpm, for one hour at room 

temperature). Next, 2 mg of PVP was added in the first dispersion and were 

subjected again to magnetic stirring (2500 rpm, one hour at room 

temperature), followed by one hour of ultra-sonification. This ultrasonic 

homogenization part was implemented by using an Hielscher Ultrasonics UP200 

St Equipment, with a working frequency of 26 kHz. The resulted dispersion of 

PVP / Ox-SWCNHs (1/1, w/w) solution was deposited in 8 successive layers by 

the "drop-casting" method on the IDT sensing structure. The layer thickness is 

measured with the Nova NanoSEM 630 (SEM) equipment from FEI Company.  

After each deposition, we measured the 

electrical resistance with an Keithley 2700 

Multimeter/Data Aquisition System equipment 

(Fig. 4.) from Keithley Instruments. 

 

 
Fig. 4. Measuring the resistances 

2.2 Characterization Techniques 
 

2.2.1 Mechanical Stress 

The mechanical tests were performed using a Mecmesin Multitest – i 2.5 

equipment (Fig. 5.). This is a versatile, benchtop type tensile and compression 

tester  (2 N up to 5 kN) controlled by software running on a PC. 
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Force testing is used to determine how a sample - 

subject to a tensile or compressive load (normal 

operation or when is being pulled or pushed) - 

reacts until it deliberately fails or breaks. When 

delivered suddenly at ultra-high speed, this is 

known broadly as 'dynamic' loading. It is typically 

used for cyclic-fatigue or creep testing to determine 

the life cycle of materials or components. 

However, it is much more common to measure the 
 

Fig. 5. Mecmesin Multitest-i 2.5 

mechanical strength of an object by applying a load at a constant rate or varying it 

slowly (i. e.," static" or "monotonic" loading). Static force measurement is used as 

a quality-control method to comply with industry standards. It ensures the proper 

functioning of components and serves to record their safety and fitness for 

purpose. It can even help to determine the root cause of a wide variety of defects 

[44]. The testing was performed on the Si/SiO2 structures with IDTs (20 x 11 mm) 

samples, differentiated by the number of 

layers obtained through "drop casting" 2 

µL of the prepared solution and labeled as 

1L, 2L, 3L, 4L, 5L, 6L, 7L and 

respectively 8L. Each sample went 

through a compressive load test, using the 

Mecmesin Multitest machine. The 

maximum load for the tests was set at 20 

N, a value that was selected following the 

tests performed in which the maximum 

load until the sample breaks was 23 N 

(Fig. 6.). Young’s modulus of elasticity 

(E) was determined using the equation: 

 
Fig. 6. The maximum load until 

 the sample breaks 

 

2.2.2. Temperature 

One of the most challenging steps in the sensor's development is to verify 

how the environmental challenges affect their parameters, to be able to further 

compensate for these effects. In order to investigate the potential changes induced 

by the temperature, a Cryogenics 8200 Compressor (model CCS-450) was used 

for testing at temperatures below 50 oC. We used two samples (1 and 8 layers, 

respectively) for testing to see the reaction of the sensitive layer at different 

   (1) 

where: F = the force exerted on an object under 

tension; ΔL = the amount by which the length of 

the object changes; L0 = the initial length of the 

object; A = the area of the device; 
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environmental temperatures. In the first step the samples were exposed to 

mechanical stress, and the response was good, showing a high resistance. Before 

any experiments, the samples were observed through the optical microscope. Then 

the samples were tested at +50 oC and after that at -50 oC. When the tests ended, 

the samples were observed under the optical microscope in the same spot in order 

to see the changes.  
 

3. Results and Discussion 

By measuring the layer thickness with the Nova NanoSEM 630 equipment 

(Figures 7a – 7c), we can see that the thickness was approximately 200 nm. Of 

course, nanohorns agglomerations appear. The largest one measured was around 

347.9 nm. The nanohorns arrange themselves next to each other, occupying the 

free spaces as the number of layers increases, to form a continuous layer.  
 

  
a) b) 

  
c) d) 

Fig. 7. SEM images of samples with: a) 1 layer; b) 4 layers; c) 8 layers; d) 20 layers 

We wanted to see the reaction at 20 layers deposited on the substrate, and 

it seems that even more larger agglomerations appear (378.9 nm), but we can see 
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no interruptions of the layer, all the spaces were fulfilled (Fig. 7d.). After each 

deposition, we measured the electrical resistance, and the measured values are 

presented in Table 1. All the electrical resistances were measured at normal room 

temperature (23 oC, humidity 35%). 
Table 1.  

Values of electrical resistances for each sample 

Number of Layer/s 1 2 3 4 5 6 7 8 

Resistance [Ω] 838 827 814 798 742 705 640 562 
 

Data from the typical responses (i.e., load force vs. displacement) from 

mechanical tests were collected and further analyzed (see Fig. 8a. for the sample 

with 1 layer and Fig. 8b. for the sample with 8 layers). First of all, it should be 

noted that the slope of the two characteristics changes during the measurements 

(at approx. 10 N for the 1L sample, and at approx. 8 N for the 8L sample). This 

means that they are no longer in linear mode. Young elasticity modulus (E) was 

calculated for the linear part for the sample with 1L and for the one with 8L. If we 

look at the data corresponding to a load force of 20 N, we can see that the values 

of the displacements are quite different between the two samples: 0.11 mm in one 

case (1L) and 0.20 mm for the sample with 8L. 

  
Fig. 8a. The variation of static load depending 

on deformation - Sample with 1 layer  
Fig. 8b. The variation of static load depending 

on deformation - Sample with 8 layers 
 

The values of Young’s modulus of elasticity for the samples with 1 layer 

and for the sample with 8 layers are presented in Table 2. 
    Table 2.  

Values of Young’s modulus of elasticity for the two samples 

No. of layers F (N) ΔL (mm) L0 (mm) A (mm2) E (MPa) 

1 Layer (1L) 10  0.06  11 220 8.33 

8 Layers (8L) 8  0.10  11 220 3.99 
 

The solution used as sensitive layer consisting of oxSWCNHs and PVP on 

a Si/SiO2 sensor with Au/Cr interdigitated electrodes has shown a 8.33 MPa 

elasticity when 1L sample is deposited on the sensitive area, and has an elasticity 

of 3.99 MPa for 8L deposited. 
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Studying the results obtained for all the samples, we can observe that the 

trend (i.e., the change in the E value, as the number of layers is increasing) is 

occurring in all samples, with a 

maximum change in E 

occurring for the sample 

consisting of 4 layers (see Fig. 

9.).  Fig. 9. does summarize the 

results from all the samples. We 

must also note that the increase 

of the elastic module is 

occurring at the same time with 

a decrease in the electrical 

resistance (for example, the 

dramatic decrease of the 

resistance between 7L to 8L). 
Fig. 9. The displacement graphic depending on the load 

 

The results of temperature influence refer to two samples (1 and 8 layers, 

respectively) which were tested to see the reaction of the sensitive layer at 

different environmental temperatures. The optical microscopy images before and 

after the temperature experiments at +50 0C and -50 0C are presented in Fig. 10. A 

certain dynamics of cluster positioning can be observed, but no significant 

differences are recorded for the samples exposed at extreme temperatures of  

operation (+50 oC/-50 oC). 

From Fig. 10., we can see 

that the nanohorns can 

form agglomerations. We 

can also see that at -50 oC, 

the largest agglomeration 

was removed, but 

otherwise there cannot be 

seen any other important 

changes. So, from this 

point of view, the sensitive 

substrate responds very 

well to climatic changes. 

 
Fig. 10. Optical microscopy images for the samples with 1 

layer and 8 layers 
 

The resistance of the sensitive layer was also re-measured. As it was said 

before, at 8 layers deposited, the resistance was 562 Ω. After the tests at +50 oC, a 

resistance of 544 Ω was measured, and after the last treatment, at -50 oC the 

resistance was 611 Ω. A final 15 min furnace treatment at 110 0C was made, and 

after this the measured resistance was 534 Ω. 
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4. Conclusions 

Nanocomposite layers based on ox-SWCNHs/PVP, which were proven as 

excellent relative humidity (RH) sensing layers [12], have been mechanically and 

thermally tested. The aim of the tests is twofold: a. to identify the correlation 

between their mechanical and electrical properties, thus allowing a future, 

optimized design of an RH sensor, on a rigid substrate; b. the asses their 

environmental stability. The results of the experiments performed indicated a 

change in the mechanical properties of the sensitive layers with the thickness (i.e., 

a decrease in Young's modulus). The elasticity value of the sensor with the 

sensitive layer that consists of 8 layers is, E = 3.99 MPa (reduced from 8.33 MPa 

for 1L). This behavior is accompanied by the changes in the electrical resistance 

of the layers, from 838 Ω to 562 Ω, a dramatic change being spotted at the 

transition from 7L to 8L. The functional properties of the layers were fully 

preserved after the thermal tests.  
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