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extrusion, addition of significant amounts of plasticizers is 
required (up to 30 wt%).[29,30] Hence, practically CA is not the 
most suitable material for the development of flexible and 
foldable bio-based electronic materials both for its intrinsic 
rigidity and for several issues linked with plasticizer loss by 
migration or evaporation over time.[31,32] Nevertheless, CA cur-
rently remains to be the most used bio-based polymer for bio-
medical applications due to its low cost and compatibility with 
other biomaterials, such as aliphatic-aromatic biodegradable 
copolymers,[33] chitosan,[34] essential oils,[35] and vitamins[36] 
just to cite a few. Raw paper, i.e., before the “sizing” process, 
is however a mere nonwoven cellulose fiber network, which 
is highly flexible, porous, mechanically robust and chemically 
resistant.[8,37,38] Thus, the “sizing” process with a bio-based con-
ducting material can result in a foldable biocomposite, showing 
true isotropic electrical conductivity.

To this end, we demonstrate that cellulose fiber networks can 
be sized or compounded with CA-graphene based composites, 
avoiding the use of any plasticizers, resulting in foldable, flex-
ible, and wear abrasion resistant biocomposite electrical con-
ductors. The use of graphene nano-platelet (GnPs) as the filler 
results in robust, highly conducting, biocompatible, and flexible 
nanocomposites, behaving like a thin metal foils with excel-
lent mechanical properties and bulk-like electric conductivity. 
In order to demonstrate their versatility, two applications were 
chosen both requiring isotropic electrical conduction, namely, 

(i) noninvasive electrodes for measuring small stochastic electri-
cal signals generated by muscles (surface electromyography), 
and 

(ii) terahertz (THz) electromagnetic interference (EMI) shields 
for high speed electronics,

Electromyography (EMG)[39,40] is based on two different 
approaches to record muscular signals, i.e., by either a needle 
or a surface electrode.[41–43] These are quite different from the 
patient’s point of view. In fact, the needle electrode method is 
an invasive and sometimes “unwanted” process, requiring the 
penetration of the needle itself into the muscle.[41,44,45] On the 
contrary, the surface electrode method allows for the assess-
ment of the muscle function by recording the muscular activity 
from the surface skin,[45] thus eliminating the invasive effect 
of the needle.[46] The current technology is based on the use 
of metallic plates or buttons attached to the skin by means of 
an adhesive patch,[47,48] having various limitations in terms of 
biocompatibility and wearable design. The design of a flexible, 
thin, disposable, biocompatible and lightweight EMG electrode 
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Bio-based foldable electrical conductors thanks to their bio-
compatibility, tunable biodegradation rate, and lightweight 
are emerging as new-generation components in surgery[1,2] 
and food packaging.[3] Moreover, they can considerably reduce 
nondegradable and potentially toxic electronic material waste 
mainly caused by the whirling race of continuous upgrades 
in portable electronic devices.[4,5] Among biodegradable and 
biocompatible polymers, cellulose is the most abundant.[6–8] 
Aside from its popular and wide use in paper-based printable 
electronics,[9–12] cellulose is emerging as a key material for new 
potential applications such as functional flexible and foldable 
electronics,[13] not only as a substrate.[14] Although cellulose 
fibers and nano-whiskers have been successfully used as rein-
forcement for various synthetic[15] and bio-based[7] polymers, to 
date only a few studies focused on the development of func-
tional composites combining continuous cellulose fiber net-
works with cellulosic thermoplastic polymers.[16] Despite the 
fact that cellulose and thermoplastic cellulose derivatives are 
intrinsically brittle materials,[17–21] when they are in the form 
of nonwoven microfibers or electrospun nanofibers they show 
flexibility and foldability similar to cotton fibers.[22,23]

Cellulose acetate (CA) is a strong thermoplastic cellulose 
derivative with a Young’s Modulus of about 2 GPa.[24,25] How-
ever, pure CA suffers several structural limitations such as brit-
tleness, fracture, and crack propagation under stress.[20,21,26–28] 
In view of its large-scale use as film or as bulk material for 
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possessing metal-like conductivity can further boost the wide 
use of such medical devices. For example, flexible and thin 
EMG electrodes can be attached to the skin over the entire body 
to monitor muscular activity overcoming the impractical use 
of rigid and thick metal electrodes especially near the joints.[48] 
Moreover, flexible, metal-free and thin EMG electrodes can 
be directly used in vivo to control prosthetic devices.[49,50] It is 
important to mention that due to the aforementioned materials 
and design requirements, the use of conductive printed elec-
trodes or circuits on paper,[11,12] may not be a viable option for 
EMG recording due to the sizing of the paper (impregnation 
with polymers,[51,52] talc,[53] and starch[54]) which prevents iso-
tropic conduction throughout the bulk.[55] Also, paper exhibits 
poor structural stability against water compared to thermo-
plastic cellulose derivatives.[56,57]

The second demonstrator is a THz EMI shield in which the 
isotropic electrical conductivity (volume conductivity) close to 
that of a metal is vital for very high-speed circuit operations.[58] 
It is worth to note how lightweight THz EMI shielding is 
gaining importance due to increasing speed of electronic sys-
tems and circuits in diverse fields, from biological sensing[59] 
and imaging,[60] to space science[61] and security.[62] Therefore, 
the exploitation of a foldable cellulosic lightweight biocom-
posite with THz EMI shielding capability can enable a range of 
high-speed circuit applications in the biomaterials field.

The exfoliated GnPs used in this work are platelets of 
functionalized graphene of thickness ranging from ≈2 to 
≈15 nm,[63,64] produced as described in refs. [65,66] The system-
atic study of their Raman and morphological characteristics, 
such as lateral size and thickness, are presented in the Sup-
porting Information (see Figures S1 and S2). The experimental 
methods for the biocomposite production are also detailed in 
the Supporting Information. Biocomposites containing dif-
ferent amounts of GnPs where labeled as CA+GnPX/PCN, 
where X indicates the weight percent of GnPs with respect to 
CA polymer (see Figure S3 in the Supporting Information). 
PCN designates pristine (untreated) cellulose network substrate 
over which the coatings were made. After the spray coating 
deposition, the as prepared samples were heated for 1 min at 
220 °C (near the melting point of CA ≈ 230 °C,[67] see Figure S4 
in the Supporting Information for thermogravimetric analysis) 
using a heat gun both to remove any traces of residual solvents 
(ethanol:acetic anhydride, 1:1) and to soften the CA matrix par-
tially. The photograph in Figure 1a shows the PCN substrate 
(approximately 40 μm thick) before and after the spray coating 
with the polymer-GnPs dispersion. The biocomposite is folded 
to demonstrate its flexibility.

We characterized the electrical conductivity of the biocom-
posites with particular attention to the percolation threshold.[68] 
Figure 1b shows the change in electrical conductivity (as well 
as sheet resistance) as a function of the volume fraction (φ) of 
GnPs.[69] The percolation starts approximately at φ = 0.03 cor-
responding to 5 wt% GnPs concentration, a value that confirms 
earlier reports in literature.[55,69] Before the electrical perco-
lation is reached (0 ≤ φ ≤ 0.03), the sheet resistance value is 
of the order of 109 Ω/, whereas at the percolation threshold 
(φ = 0.03), it decreases by two orders of magnitude to ≈107 
Ω/. Sheet resistance values of ≈10 Ω/ were obtained with 
a GnPs concentration of ≈30 wt%. The obtained results are 

in agreement with previous literature reports that compared 
electrical conductivity (σ) of GnP filled composites with other 
carbon-based fillers such as graphite and carbon black at sim-
ilar filler concentrations.[55,70] According to the classical percola-
tion theory,[71,72] σ is proportional to φ as follows 

σ φ φ( )∝ − γ
C  

where φc is the volume fraction at which the composite 
starts to conduct electricity, while γ represents the universal 
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Figure 1. a) Photograph of the nontreated PCN and of the folded 
CA+GnP30/PCN sample. b) Four-probe sheet resistance and electrical 
conductivity, σ, measurements as a function of the GnPs wt% and 
volume fraction relative to the biopolymer. c) Extraction of electrical 
transport properties.
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critical exponent,[72,73] which describe the fractal proper-
ties of the percolating medium from a macroscopic point of 
view. Depending on the value assumed by γ, it is possible to 
determine the type of percolation: if γ has a value of about 1, 
the system is considered a 2D conductor, while if its value 
is around 2, the system is a 3D conductor, with electrical 
behavior close to the one of an isotropic conductor.[72,74,75] 
Literature also reported higher (>2) values of the critical 
exponent, associated to the presence of defects,[76] charge tun-
neling,[77] nonhomogeneous inter-particle contact resistances 
distribution and anisotropy,[78] among other factors.[79,80] 
Although the application of this theory to conductive compos-
ites containing GnPs is only an approximation, it can still be 
used to estimate the percolation condition at the micro/nano 
scale.[81,82] As shown in Figure 1c, the estimated value of γ 
correspondent to the slope of log(σ) versus log(φ–φc) is close 
to 2 indicating a 3D percolating system in which the conduc-
tive nanomaterials (i.e., GnPs) contact each other throughout 
the entire polymer matrix.[79,80] This confirms that the bio-
composites behave as a bulk conductor,[72] having continuous 
uninterrupted conductive channels comprising physically 
connected GnPs within the bulk.[83–85]

Biocomposite conductors reported herein display resistance 
values around 10 Ω (conductivities >1000 S m−1) under the 
optimized polymer-graphene compositions. It is worth noting 
that various conducting polymers have also been immobilized 
on cellulose fiber networks or on various paper substrates to 
achieve flexible cellulose based conductors. A pioneering work 
by Johnston et al.[86] followed a polymerization approach of 
conducting monomers/polymers on cellulose fibers. Although 
they did not report resistance values or mechanical durability 
of their composites explicitly, they reported conductivity values 
around 600 S m−1. Similarly, Mattoso et al. polymerized aniline 
monomer on cellulose nanofiber mats and obtained conductors 
having 1 S m−1 conductivity.[87] In one of our previous works,[88] 
we demonstrated fabrication of highly conductive flexible SiC 
paper conductors by tribo-charging and acid doping of polyani-
line particles into the texture of the rough paper. Conductivities 
between 700 and 1000 S m−1 were obtained.

The morphological features of the biocomposite and its 
constituent materials are presented in Figure 2a–c. A dense 
but porous network of microfibers (10–40 μm) constitutes the 
microstructure of the bare PCN substrate as seen in Figure 2a. 
Upon spray coating the substrate with cellulose acetate 
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Figure 2. SEM images of the morphology and cross section of biocomposites and their mechanical properties. Images a–c) show the surface mor-
phology of the PCN, CA-sprayed PCN, and CA+GnP40/PCN sample, respectively. Images d–f) are the corresponding cross sections. g) The graph shows 
tensile strain versus tensile stress measurements. The inset shows the elastic modulus of the samples tested. h) Photograph of dumbbell-shaped 
samples: 1. PCN, 2. CA-coated PCN, 3. CA+GnP40/PCN, 4. pure solvent cast CA film, and 5. free standing solvent cast CA+GnP40 film.



C
o

m
m

u
n

iC
a
ti

o
n

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1600245 (4 of 8) wileyonlinelibrary.com

dispersion, the pores are closed and the 
fibers are encapsulated with the polymer as 
seen in Figure 2b. The fibers are no longer 
visible when PCN is spray coated with the 
polymer-GnP solution (CA+GnP40/PCN) 
as seen in the surface scanning electron 
microscopy (SEM) image in Figure 2c. The 
cross sections of the aforementioned surfaces 
are shown in Figure 2d–f in the same order. 
Pure cellulose substrate, when cut, tends to 
flake off, forming a disordered fiber network 
(Figure 2d). On the other hand, as seen in 
Figure 2e,f, the fiber network is well encap-
sulated with cellulose acetate polymer or 
with the CA+GnP40/PCN composite from 
both sides due to spray coating. Note that, 
in Figure 2f, CA+GnP40/PCN composite is 
completely impregnated through the PCN, 
thus rendering it a truly uniform composite 
material. Figures S5 and S6 in the Sup-
porting Information display higher magnifi-
cation SEM images of the biocomposites.

The characterization of the mechanical 
properties of the conducting foldable biocom-
posites is important for practical applications. 
Figure 2g reports stress–strain curves of the 
bare PCN, the free-standing cellulose acetate 
film, the free standing film of CA with GnPs 
(CA+GnP40), as well as the CA+GnP40/PCN 
composite (Table S2 in the Supporting Infor-
mation lists the thickness information). The 
Young’s modulus of bare PCN was found to 
be ≈61 MPa and it could sustain a maximum 
stress of ≈2 MPa before breaking, whereas 
when impregnated with the CA polymer 
its Young’s modulus significantly increases 
reaching 508 MPa. The CA+GnP40/PCN bio-
composite exhibits similar elastic modulus of 
514 MPa. The maximum stress before break 
for the CA/PCN biocomposite increased 
to 15 MPa and the maximum stress of the 
CA+GnP40/PCN biocomposite was measured to be 5 MPa. The 
bare PCN elongates ≈6% before rupture; when impregnated 
with CA, the elongation is reduced to about 4.5% and with 
CA+GnP40 it further reduces to 2.5%. The reduction in elonga-
tion compared to the fiber support is consistent with previous 
observations[58,89,90] and it is tied to encapsulation of the fibers 
with CA, which reduces the ability of the nonwoven fibers to 
transfer stresses.[91,92] Furthermore, the CA+GnP40/PCN and 
CA/PCN biocomposites have similar elastic moduli, indicating 
that the presence of GnPs does not change the hardness of 
the biocomposite. We note that further hardening would have 
detrimental effects on the biocomposite electrical conductivity, 
following possible failure during folding–unfolding events. On 
one hand, the impregnation of the PCN with GnPs induces iso-
tropic electrical conductivity of the composite material, and on 
the other it still maintains the elastic moduli of GnPs free CA/
PCN biocomposite. Note that pure and free-standing CA and 
CA+GnP40 composite films have Young’s moduli of 2.2 and 

2.3 GPa, respectively, the latter being the most brittle, showing 
an elongation less than 1%. Photographs of the tested dumb-
bell samples are shown in Figure 2h.

The folding stability and the resistance to wear abrasion of 
the biocomposites are reported in Figure 3. Measurements 
were repeated in at least five samples. The electrical resistance 
of the biocomposites increases under continuous folding–
unfolding or abrasion under 20 kPa. Folding–unfolding events, 
for a total of 40 cycles, were carried out following two proce-
dures, as seen in Figure 3a. During the first 20 cycles, a weight 
of 5 kg was applied and run alongside the fold mark and upon 
unfolding the electrical resistance was measured across the 
folded region. After the 10th folding event, the sheet resistance 
was stable, reaching a plateau. Therefore, for the last 20 cycles, 
the samples were merely folded and unfolded without applying 
an additional force alongside the folded region. The changes in 
the electrical resistance across the fold mark are plotted as the 
ratio ρ = Ri/R0 for the case of CA+GnP40/PCN sample, where 
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Figure 3. a) Changes in normalized sheet resistance (Ri/R0) as a function of folding–unfolding 
events for CA+GnP40/PCN. Up to the 20th folding event a 5 kg weight was applied and run 
over the fold mark. Afterwards (red line), the sample was simply folded and unfolded by hand. 
Photographs of the inset demonstrate robustness of the biocomposite powering an LED even 
when squashed into a wrinkled ball. b) SEM image of the fold mark after 10 folding events. c) 
SEM image detail of the surface crack due to folding. d) Changes in sheet resistance of various 
biocomposite conductors as a function of abrasion under 20 kPa. The total abrasion time was 
30 min. Inset photograph displays the wear zone for CA+GnP40/PCN after the abrasion is 
terminated.
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Ri is the sheet resistance at the ith cycle of folding–unfolding 
sequence and R0 is the initial sheet resistance. During the 
first 10 cycles, ρ reached to ≈1.8 almost double; however, this 
increase is not a big loss in conductivity such as an order of 
magnitude change. To further demonstrate the mechanical 
robustness of our as-prepared GnPs-based biocomposite, the 
inset photo in Figure 3a (see Video file V1 in the Supporting 
Information), shows how the CA+GnP40/PCN composite lit up 
a light-emitting diode (LED) even under a compressed ball-like 
folded state, showing similar performance as for the unfolded 
composite. Investigation of the morphological changes across 
the fold mark was made by SEM as shown in Figure 3b,c. After 
the 10th fold cycle, it is possible to identify the formation of a 
crack. However, the crack appears to be only on the surface of 
the CA+GnP40/PCN composite, thus not altering the isotropic 
electrical conductivity preserving the conductive paths.

Wear abrasion resistance tests results are shown in 
Figure 3d, in which three different conductive biocompos-
ites were tested, namely CA+GnP20/PCN, CA+GnP30/PCN, 
and CA+GnP40/PCN with decreasing electrical resistance, 
as shown in Figure 1b. Up to 30 min of abrasion tests were 
carried out using a plastic abrasive disk under pressure. The 
sheet resistance of the samples increases as the abrasion 
time increases under the given applied pressure (20 kPa). In 
the case of conducting biocomposites (CA+GnP30/PCN and 
CA+GnP40/PCN), the sheet resistance roughly doubled its ini-
tial value (from 15 to 40 Ω/ for CA+GnP30/PCN and from 
10 to 25 Ω/ for CA+GnP40/PCN). We note that, the increase 
in sheet resistance, i.e., from 120 to 135 Ω/, is less marked for 
the biocomposite (CA+GnP20/PCN) having higher sheet resist-
ance. A possible explanation could be given by considering that 
at high GnP loadings, many more interfaces form between the 
binding polymer matrix and the GnPs which can fail by separa-
tion and wear under harsh abrasive conditions. Nonetheless, as 
seen in Figure 2, due to the architecture of the biocomposites 
such as the good compatibility between two cellulosic mate-
rials (cellulose fiber network and cellulose acetate matrix) and 
high Young’s modulus of CA prevent severe conductive failures 
under the abrasion conditions studied herein.[90]

Given their robust mechanical resistance and resilience 
to severe folding conditions, our new biocomposites become 
appealing candidates for both heavy duty medical and elec-
tronic applications. In what follows, we demonstrate two 
proof of principle devices: (i) biocomposite thin flexible elec-
tromyography (EMG) electrodes, and (ii) a biocomposite 
THz shield.

Biocomposite Myoelectric Contacts: Thin flexible electromyo-
graphy electrodes can be obtained by using CA+GnP40/PCN 
sheets in direct contact with the patient skin. We fabricated three 
flexible electrodes based on the CA+GnP40/PCN composite (con-
ductivity = 103 S m−1), in order to compare the performance with 
the bulky titanium (Ti) (conductivity = 106 S m−1)[93] rigid elec-
trodes, commonly used in EMG (Figure 4a). Note that isotropic 
(metal-like bulk) conductivity is essential for such an experiment. 
For the EMG measurements, the GnPs-based biocomposites 
were directly connected to the amplifier circuit, in a configura-
tion identical to the one used for the standard Ti electrodes. 
Afterwards, the two electrodes (the standard Ti-based and the 
GnPs-based biocomposite) were placed over a human forearm 
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Figure 4. a) Photograph showing a standard electromyography Ti elec-
trode (≈500 μm) in comparison with the thin (≈70 μm) CA+GnP40/PCN 
biocomposite. b) Photograph displaying both electrodes strapped to the 
arm side by side. c) Signals obtained from the Ti electrode. d) Signals 
obtained from the biocomposite. e) Superimposed signals from both 
electrodes corresponding to the first 28 s portion of the experiment. The 
signal rests at zero when the wrist is not flexed (see inset on the left). 
The signal somewhat exceed 2500 counts and the wrist if flexed (inset 
on the right). The zone between 10–20 s time intervals corresponds to 
holding the wrist flexed. f) Terahertz EMI shielding characteristics of the 
biocomposites in terms of frequency-dependent transmittance.
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side by side and fastened with a strip (Figure 4b). As the arm was 
flexed, the signal was measured simultaneously with both elec-
trodes and then stored for further analysis (see Experimental Sec-
tion). Figure 4c,d display the signals measured by both electrodes 
(standard Ti-based: red signal and GnPs-based biocomposite: 
black signal) as function of time. The shape of the acquired sig-
nals is almost identical as well as their relative intensities and 
the saturation point at 2640, i.e., the maximum of the scale 
expressed in arbitrary units. The comparable performances of 
the two tested electrodes are further confirmed by enlarging and 
overlapping a part of the recorded traces (see Figure 4e). Herein, 
the signals from both electrodes in the 3–28 s time interval are 
superimposed, showing similar profile. The slight difference 
detected can be attributed to the fact that the electrodes cannot, 
physically, monitor simultaneously the same spot on the muscle 
due to their finite size (in the order of tens of millimeters). The 
inset photographs to Figure 4e show the location of the signals 
corresponding to movement of the wrist. Namely, when the 
wrist is relaxed the signal is almost equal to zero, while when 
it moves or contracts, the signal is at ≈2640 in both cases. Note 
also that if the wrist is kept at a flexed position for some time (in 
this case longer than 6 s in Figure 4e), the signal does not decay 
and remains constant, identical to the Ti electrode. Hence, the 
biocomposite electrodes are as efficient as the thick (≈500 μm) 
Ti block electrodes as shown in Figure 4a. This demonstration 
proves that these flexible biocomposites can be potentially used 
as wearable conductors for acquiring biomedical signals. As 
such, a lightweight, isotropic, flexible and potentially wearable 
conductor can offer many advantages, with respect to the current 
technology, for electro-diagnostic monitoring. For further details 
on the behavior of biocomposites with lower GnP concentration 
Figure S7 in the Supporting Information can be referred.

Biocomposite THz Shields: Successful THz performance of thin 
and flexible isotropic metal-like conductors is imperative for broad-
band communications and high-speed electronics in which expen-
sive and corrosion-prone metallic conductors can be replaced with 
such biocomposites. The EMI shielding measurements were car-
ried out at frequencies exceeding the upper limits of the micro-
wave W band (0.5–0.75 THz; see Figure 4f), which is an order 
of magnitude higher than the satellites communication range 
(≈0.05 THz; V band). The reader can refer to Figure S8 in the Sup-
porting Information for further details on the EMI measurements. 
The EMI shielding effectiveness (SE; i.e., sum of all the losses of 
the incoming electromagnetic wave due to screening[94]) is calcu-
lated using SE (dB) = −10 log (PT/PI), where PT is the transmitted 
electromagnetic power and PI is the incident power.[62,95] The ratio 
PT/PI (also called transmittance T-SE in dB) is a function of the 
frequency of the incident electromagnetic wave. In Figure 4f, we 
report the EMI SE (i.e., the absolute value of T) per unit length 
versus the frequency (from 0.5 to 0.75 THz) of the incoming elec-
tromagnetic waves for the aforementioned samples. The transmit-
tance has a constant value over the investigated frequency range 
(0.5–0.75 THz) (slightly lower transmittance expected following 
the well-known Druid model[96]). The average SE value increased 
from 0 dB μm−1 for the control PCN sample to 0.6 dB μm−1 for 
the CA+GnP30/PCN and CA+GnP40/PCN biocomposites. The 
obtained results are in line with literature values reported for 
carbon nanowhisker/fluoropolymer coatings (≈1 dB μm−1),[97] this 
means that in our case, considering for example the thickness 

of the CA+GnP40/PCN sample (≈70 μm, see Figure 2f), the 
SE assumes a value of 40 dB significantly exceeding the lowest 
threshold value of EMI SE (20 dB, ≤1% transmittance of elec-
tromagnetic wave) required for commercial applications.[95,98,99] 
Note that both CA+GnP30/PCN and CA+GnP40/PCN biocom-
posites have similar EMI shielding performance. Experiments 
reported in Figure 1b indicate how the electrical conductivity 
of the biocomposites does not significantly increase with a GnP 
concentration exceeding 30%. EMI shielding measurements at 
high GHz frequencies are complex and influenced by noise asso-
ciated with the measurements themselves as well as variations 
in sample thickness. However, samples having close electrical 
conductivity values would produce similar EMI shielding perfor-
mances.[83,84] As reported in Figure 4f, both samples produce satis-
factory THz shielding effectiveness. Therefore, the biocomposites 
display a shielding effectiveness corresponding to 0.5 dB μm−1, 
which is above the generally accepted threshold transmittance 
of 0.2 dB μm−1. It is worth to note that the percentage of GnPs 
reported so far is based on CA polymer weight on dry basis. How-
ever, if the weight of the PCN is also taken into account, weight 
percent of GnP with respect to the total cellulosic compounds in 
the biocomposite is halved. Generally, for EMI shielding experi-
ments on composites and reported in literature, the weight per-
cent or fraction of the conductive components is reported with 
respect to the total weight of the composite.[62,95,99,100]

In summary, we fabricated lightweight all cellulose based 
biocomposite conductors with graphene nanoplatelets. Due to 
their low sheet resistance value, ≈10 Ω/, they performed as 
efficient as bulky metallic (Ti) electrodes for biomedical signal 
acquisition. The biocomposites demonstrated remarkable tera-
hertz EMI shielding capabilities. Contrary to conductive Xerox 
paper, the proposed graphene nanoplatelets-based biocom-
posites feature isotropic bulk electrical conductivity and better 
water-proof resistance. Moreover, graphene nanoplatelets-based 
biocomposites demonstrate remarkable robust mechanical 
resistance against severe (weight pressed) folding–unfolding 
cycles as well as wear abrasion under 20 kPa applied pressure. 
Due to their lightweight, biodegradability, flexibility coupled 
with mechanical robustness, and quasi-metal electrical con-
ductivity values, these biocomposites can be used in a variety 
of high-speed applications ranging from wearable electronics, 
electro-diagnostic medicine, aerospace, and security.
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