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 A B S T R A C T

Carbon black (CB)-elastomer composites can serve as low-cost, highly deformable sensor materials. We report 
on the flow-induced anisotropy of CB-silicone films generated via doctor blade coating. Cured films exhibited 
larger conductivity perpendicular to the coating direction (𝑅∥/𝑅⟂ > 1). The piezoresistive sensitivity was 
2-3 times larger when stretching perpendicular than parallel to the coating direction, with relative resistance 
increases of 100–200 %. In contrast, the mechanical stress response to strain was isotropic within the 
measurement uncertainties.

Structural analyses at length scales up to the CB agglomerate level (<1 μ m) yielded only weak structural 
anisotropy and excluded alignment of small, primary CB aggregates (<150 nm) in flow direction. Small 
structural anisotropy apparently suffices to induce significant (piezo-)electric anisotropy.

Atomistic molecular dynamics simulations of CB in a viscous medium under strong shear indicate that the 
CB aggregates have a weak tendency to align with the flow. This generally leads to increased conductivity 
parallel to the coating 𝑅∥/𝑅⟂ < 1. Affine deformation in response to small tensile strain reduces conductivity 
uniformly.

Our results show that shear can induce the formation of electrically anisotropic composites but excludes 
shear alignment as dominating mechanism. We propose that anisotropy is caused by an interplay of extensional 
flow and weak alignment in the flow-vorticity plane that varies under tensile strain.
1. Introduction

Carbon black (CB) is a common filler material used to tune mechan-
ical properties of rubbers [1–5]. In addition, it introduces electrical 
conductivity when its concentration exceeds a critical value (perco-
lation threshold) needed to form a network within the polymeric 
matrix [6–9]. CB-filled elastomers can thus be used to create flexi-
ble electrodes and highly deformable piezoresistive sensors [3,10–14]. 
Compared to conductive fillers like carbon nanotubes (CNTs) [15–17], 
graphene [18,19], and silver nanoparticles [20,21], CB is an attractive 
alternative in that it is less expensive and more readily available [1].

To optimize CB elastomers for electronic applications, the corre-
lation between structure, the distribution of CB and its agglomerate 
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structure, and electromechanical properties must be understood. Liter-
ature on CB composites reports on numerous relevant factors, e.g., CB 
primary structure and surface chemistry [4,22–24], CB aggregate size 
distribution [25,26], CB-matrix interactions [27], additives (e.g. ionic 
liquids [28,29], inorganic salts [26], non-ionic plasticizer [30]), ma-
trix viscosity during processing [31], and curing temperature [31]. 
Processing has a decisive impact on the CB distribution and the elec-
tromechancical properties [1–3,6,7,32–36]. Depending on the flow 
history of the precursor (mixture of CB and the still liquid matrix), 
different CB morphologies can form, including anisotropic ones. These 
anisotropic structures are associated with material flow in preferential 
directions as experienced during injection molding [35], compression 
molding [2,6], melt-casting [37], and extrusion [36].
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Fig. 1. Directions and planes relevant for characterizing the CB-silicone films. (a) Film with tensile specimens cut from near the edges and example of measuring 
grid (spacing 3–4 cm) for electrical four-point measurements indicating ‘start’, ‘middle’, and ‘end’ positions, (b) probe arrangement and polarity of four-point 
measurements in the square setup, (c) definition of directions and planes with respect to the coating direction.
In this study, we focus on anisotropy in CB-filled elastomers and 
discuss which structures are affected by liquid motion during pro-
duction. Flow affects the material’s piezoresistivity, the strain-induced 
resistance changes that are exploited in sensors. While extensive re-
search on flow-induced anisotropy has been done on CB suspended in 
low viscosity organic liquids [38–41] and CB-filled thermoplasts [6,
35–37], literature on the microstructure-dependent electromechani-
cal properties of CB elastomers is scarce. We did not find any work 
for CB elastomers with chemically crosslinked matrices (e.g. silicone 
rubber) and only two publications [2,37] for CB-filled thermoplastic 
elastomers (thermoplastic matrix with elastomeric properties). Flandin 
et al. [2] briefly discussed the possible role of compression mold-
ing in the electrical anisotropy of a CB-filled ethylene-octene elas-
tomer in the undeformed state. However, as no structural analyses 
were performed, the structure–property relationship remained unclear. 
Ehrburger-Dolle et al. [37] reported anisotropic X-ray scattering pat-
terns of ethylene propylene rubber with CB contents slightly above 
the percolation threshold. The anisotropy, which presumably originates 
from the liquid composite being sheared during melt-casting, is corre-
lated with different degrees of interpenetration of CB aggregates in two 
principal orientations.

The publications discussed above provide no link between the prin-
cipal orientations in the anisotropic patterns that filler particles formed 
and the flow conditions. The authors did not analyze the consequences 
for electrical conductivity. Here, we choose an experimentally well-
accessible system based on a silicone with a liquid precursor that can be 
thermally cross-linked. We thus avoid complex effects of temperature 
differences in the polymer melt. This allowed us to use doctor blading 
and thus modulate shear via slit size and blade velocity. A standard 
CB was used at different volume fractions. This resulted in composites 
similar in structure and conductivity to widely applied carbon-filled 
rubbers.

To explore flow-induced anisotropy in CB elastomers, we incorpo-
rated CB in a thermosetting silicone matrix and exposed the liquid 
mixtures to shear flow by means of doctor blade coating at two gap 
heights (60 μm, 350 μm) and various coating speeds. The resulting films 
were cured at elevated temperature to retain the process-induced mi-
crostructure. Electrical resistances of cured, unstrained films of three 
CB concentrations above the percolation threshold were measured 
both parallel and perpendicular to the coating direction. The influence 
of process parameters such as coating speed and film thickness was 
investigated (Section 3.1). In addition, piezoresistivity was studied via 
uniaxial tensile tests with in-situ electrical resistance measurement 
along the stretch axis (parallel or perpendicular to the coating direction, 
Section 3.2).

The shear that the doctor blade exerted on the uncured CB-silicone 
mixtures led to significant electrical and piezoresistive anisotropy in 
the cured material, whereas mechanical anisotropy was negligible. 
2 
We discuss implications of this (piezo-)electric anisotropy for indus-
trial practice and explore its structural origin via characterization 
of unstretched and stretched states by small-angle X-ray scattering 
(SAXS), as well as nanomechanical mapping (PeakForce QNM) com-
bined with segmentation of the signal maps (Section 3.3). In addition, 
we present simulations of the fractal filler network, focusing on the im-
pact of shear flow on particle alignment and consequences for electrical 
anisotropy (Section 3.4). Ultimately, we formulate a hypothesis describ-
ing the structural processes that explain the observed phenomenology 
(Section 3.5).

2. Experimental

2.1. Film fabrication and sample preparation

CB-filled elastomeric films of at least 5 × 7 cm2 were prepared in 
ambient air by dispersing CB (acetylene, 100% compressed, 99.9+%, 
Thermo Scientific Chemicals) at 7/9/11 vol% CB (above the percolation 
threshold of ∼5 vol% [25]) in a crosslinking silicone matrix (Sylgard®
184, Dow®), doctor blade coating the resulting reactive mixtures (two 
gap heights, ℎgap = 60 μm and 350 μm), and curing for 2h at 100 ◦C. 
In order to assess the impact of dynamic effects during processing on 
final properties, the blade speed, 𝑣blade, was varied between 5mm/s and 
400mm/s. The resulting global shear rates (𝛾global = 𝑣blade/ℎgap) span a 
large interval of 60 s−1 to 3300 s−1. More details on film fabrication are 
provided in Appendix A.

Cured, unstrained films were characterized electrically by the four-
point method (Section 2.2.1) without any further sample preparation. 
Samples for tensile test with in situ electrical two-point measurement, 
PeakForce QNM and SAXS, were coated at ℎgap = 350 μm, 20mm/s. 
We cut pieces for characterization from near the edges of the films as 
exemplified in Fig.  1a (left/right side for stretch parallel to the coating 
direction, start/end position for stretch perpendicular to the coating 
direction). Exact sample dimensions are given in the corresponding 
sections (2.2.2, 2.2.3 and 2.2.4).

2.2. Characterization

2.2.1. Four-point probe measurement
To quantify electrical anisotropy in undeformed films, electrical 

resistance was measured parallel and perpendicular to the coating 
direction, using a Keithley instrument (2450 Interactive SourceMeter®, 
current sweep from −10 μA to +10 μA, 𝑅 obtained from linear fits of 
the ohmic voltage-current curves) with a customized four-point probe 
setup in the square arrangement (Fig.  1b), in ambient air (22 ± 1 ◦C, 
26 ± 19% r.h.). With the used probe distance of 2 mm, all films can be 
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Table 1
Film thicknesses of samples used in uniaxial tensile testing with electrical 
resistance measurements.
 Parallel to coating direction:
 Carbon volume fraction Thickness [μm] Standard deviation [μm] 
 0% 267 12  
 0% 264 16  
 7% 268 9  
 7% 278 9  
 9% 301 2  
 9% 306 2  
 11% 345 17  
 11% 330 8  
 Normal to coating direction:
 Carbon volume fraction Thickness [μm] Standard deviation [μm] 
 0% 280 28  
 0% 262 25  
 7% 293 12  
 7% 262 3  
 9% 324 10  
 9% 267 18  
 11% 319 20  
 11% 328 46  

approximated as thin films. Resistance 𝑅 in parallel (∥) and orthogonal 
to the coating direction (⟂) can be expressed as [42] 

𝑅∥ =

√

𝜌∥𝜌⟂
2𝜋 ⋅ 𝑑f ilm

⋅ ln(1 + 𝜌∥∕𝜌⟂) (1)

𝑅⟂ =

√

𝜌∥𝜌⟂
2𝜋 ⋅ 𝑑f ilm

⋅ ln(1 + 𝜌⟂∕𝜌∥) (2)

with the intrinsic resistivities in the ∥- and ⟂-directions, 𝜌𝑥 and 𝜌𝑦, 
and the film thickness 𝑑f ilm.

Spatial variations were analyzed by choosing three or four mea-
suring spots at the ‘start’, ‘middle’ and ‘end’ sections (referring to 
the coating direction) of each film, as schematically depicted in Fig. 
1a. The respective mean and maximal error of 𝑅∥ and 𝑅⟂ over all 
spots per section (one measurement per spot for each orientation) were 
calculated.

The quotient of resistances measured in both directions quantifies 
electrical anisotropy and grows monotonically with the ratio of the 
intrinsic resistivities [42]: 

𝜅 ∶=
𝑅∥

𝑅⟂
=

ln(1 + 𝜌∥∕𝜌⟂)
ln(1 + 𝜌∥∕𝜌⟂)

. (3)

We refer to 𝑅∥∕𝑅⟂ as ‘‘electrical anisotropy ratio’’ in the following.

2.2.2. Uniaxial tensile test with electrical two-point probe measurement
To study piezoresistivity, uniaxial tensile tests (universal testing 

machine Zwick 1446) with in-situ electrical two-point measurements 
(DAQ6510 by Keithley, constant test current of 10 μA in ‘auto range’ 
mode) were performed in ambient air (22± 1◦C, 30± 15% r.h.). Rectan-
gular strips of 4 × 55mm2 were cut from ‘thick’ films (ℎgap = 350 μm), 
coated at 20mm/s, and stretched either parallel (engineering strain 𝜖∥) 
or perpendicular (𝜖⟂) to the coating direction (cf. Fig.  1a). The film 
thicknesses of the different samples are summarized in Table  1.

For in-situ resistance measurement along the respective stretch axis, 
𝑅∥(𝜖∥) and 𝑅⟂(𝜖⟂), aluminum strips were glued to the top and bottom 
of the samples with conductive silver glue and fixated with copper 
foil. The resulting probe distance is identical to the gauge length for 
straining and equaled 𝐿0 = 35 mm in the relaxed state.

After mounting, the tensile force was zeroed and the sample
stretched to a pre-load of 0.05N. The tensile test started after both 
force and electrical resistance had stabilized (roughly after 20−25min), 
with the force zeroed at the start of the loading phase. The testing 
procedure consisted of 4 load-unload cycles between 0% strain and 
3 
maximal strains of 𝜖max = 10∕20∕30∕40%, with a strain rate of 10−2 s−1
(controlled via the position of the crosshead). After each loading and 
unloading, the material was allowed to relax for 20min at the given 
strain plateau. Resistance values for each strain plateau were inferred 
from the relaxation process as explained in Appendix B.

To distinguish the effect of doctor blade coating on the CB network 
from the impact on the silicone matrix, neat Sylgard (cf. Appendix A) 
was characterized in addition to the CB composites (7∕9∕11 vol% CB). 
Mechanical testing was identical to the CB-filled samples except for a 
lower pre-load (0.02N) since the unfilled material is much less stiff.

Resistance measured along a stretch axis 𝑅𝑖 is proportional to the 
intrinsic electrical resistivity 𝜌𝑖
𝑅𝑖(𝜖𝑖) = 𝜌𝑖(𝜖𝑖)𝐿(𝜖𝑖)∕𝐴(𝜖𝑖) (4)

with the sample length 𝐿 and cross-sectional area 𝐴. Both electrical and 
mechanical anisotropy can cause piezoresistive anisotropy.

2.2.3. Nanomechanical mapping of filler distribution
Nanomechanical mapping was done on the sample surface (vorticity 

plane, see Fig.  1) to probe the dispersion state of near-surface CB aggre-
gates and agglomerates, using Bruker’s SFM mode PeakForce QNM™. It 
outputs sample topography (‘height’ signal) as well as local material 
properties (cf. Appendix D1 for explanation and [43–45] for details). A 
detailed methodological discussion of the performed measurements is 
given in Appendix D2.

Unstrained and strained (𝜖𝑖 = 40%) samples of 350 μm-films coated 
at 20mm/s were characterized (cf. Section 2.1). Probe and measuring 
parameters were chosen to give clean force-distance curves on the soft 
areas dominated by the silicone matrix as well as on the much stiffer 
CB-rich regions. Regions dominated by CB are much less deformable 
than the ones dominated by the silicone matrix, with indentation 
depths of a few nm to about 20 nm. The resulting lateral resolution 
suffices to discriminate CB aggregates as our results (cf. 3.3.1) illustrate.

Image segmentation for analysis of CB particles was carried out 
with ImageJ [46] and Fiji 2.15.8 [47]. The procedure is explained in 
detail in Appendix D2. The dissipation signals of the PeakForce QNM 
measurements were first converted into 8-bit grayscale images using 
Gwyddion (2.64, Delayed Drifter). The images were then segmented 
using numerical gray value thresholding, as shown in Fig. D.3d. The 
threshold was set using the device-internal MaxEntropy algorithm.

The volume fraction 𝜂𝑉  of the CB particles was estimated through 
the area fraction 𝜂𝐴, i.e. the fraction of particles in a perfect two-
dimensional surface section through the bulk sample [48], assuming 
a uniform density of CB particles in the film. Individual particles were 
detected, and their alignment was quantified by obtaining the angle 
at which the Feret diameter was maximal. Particle size and circularity 
distributions were inferred from the cross-sectional area of the particles 
(cf. Fig.  6 in Section 3).

2.2.4. Small-angle X-ray scattering
SAXS measurements were performed on a laboratory-scale Xeuss 

2.0 instrument (Xenocs SA, Grenoble, France). The X-ray beam from 
a copper K𝛼 source (wavelength 1.54 Å) was focused on the sample 
with a spot size of 0.25mm2. The samples were located at a sample-
detector distance (SDD) of 2500 mm, calibrated using a silver behenate 
standard. The resulting measurable momentum transfer, 𝑞, ranges from 
0.005 Å−1 to 0.2 Å−1, with 𝑞 being defined as 𝑞 = 4𝜋 sin(𝜃∕2)∕𝜆 and 𝜃 the 
scattering angle. Two-dimensional scattering patterns were obtained 
using a Pilatus 300K detector (Dectris, Baden, Switzerland) with a pixel 
size of 0.172×0.172mm2 and an acquisition time of 1h for each sample.

The samples (0 vol% CB coated at 400 μm, 20mm/s and 9 vol% CB 
coated at 350 μm, 20mm/s, ∼7 × 50mm2-strips cut from near the film 
edges parallel and perpendicular to the coating direction, respectively) 
were placed directly in the beam without a sample container. Sample 
strain is induced by manually stretching and fixing the samples at 140% 
of their original length (nominal strain of 40%). To obtain 𝐼(𝑞) parallel 



B. Zimmer et al. Carbon Trends 23 (2026) 100623 
Fig. 2. Electrical resistances of CB-silicone films (7∕9∕11 vol% CB, gaps 60∕350 μm, blade speeds 5–400mm/s) measured parallel and perpendicular to the coating 
direction, 𝑅∥ and 𝑅⟂ (multiplied by film thickness to compensate geometric variations, see Eq. (1) in Section 2.2.1), at the start, middle and end position of the 
films (mean and maximal error from 3–4 points on each position), and resulting anisotropy ratio, 𝑅∥/𝑅⟂. The mean and maximal error of 𝑅∥/𝑅⟂ were calculated 
from all local pairs of 𝑅∥ and 𝑅⟂ of a given film (9–12 measuring spots, see Section 2.2.1 for visualization of the measuring grid).
and perpendicular to the direction of strain, the 2D scattering patterns 
were azimuthally averaged within two angle ranges subtending 20◦
parallel and perpendicular to the direction of strain, respectively.

The scattering curves of the unloaded silicon films were fitted to an 
ansatz comprising three separate contributions 
𝐼(𝑞) = 𝐼LS(𝑞) + 𝐼fluct(𝑞) + 𝐼0 . (5)

Scattering by the large scale structures is captured by a generalized 
Porod law 

𝐼LS(𝑞) =
𝐾P
𝑞𝑚

(6)

with Porod amplitude 𝐾P and Porod exponent 𝑚. The Ornstein-Zernike 
structure factor accounts for scattering by composition fluctuations on 
the level of single chains 

𝐼fluct(𝑞) =
𝐼OZ

1 + 𝜉2𝑞2
(7)

with the Ornstein-Zernike amplitude 𝐼OZ and the correlation length 
𝜉 of composition fluctuations [49,50]. 𝐼0 is a constant background. 
𝑅2 values in the range of 0.986–0.997 were obtained, indicating an 
excellent agreement between the measured data and the fitted model 
for all measurements.

3. Results and discussion

3.1. Electrical anisotropy of unstrained films

Electrical resistances of unstrained films in the two main orienta-
tions relative to the coating direction, 𝑅∥ and 𝑅⟂, along with corre-
sponding values of the electrical anisotropy ratio 𝜅 are illustrated in 
Fig.  2. Resistance values are scaled by the corresponding film thickness 
to eliminate geometrical effects and facilitate comparison (see Eq. (1) 
in Section 2.2.1). Symbols indicate the start, middle and end sections 
of film coatings. We found no relevant variation of resistances along 
the coating direction with one exception (7 vol% CB, 400mm/s) where 
the end positions display significantly lower resistances, both parallel 
and perpendicular to the coating direction.

Resistance values parallel to the coating direction were systemat-
ically higher than perpendicular to it. All films exhibit an electrical 
anisotropy ratio 𝜅 between 1.1 and 1.4. Thus, doctor blade coating 
of the uncured CB-silicone mixtures introduced electrical anisotropy. 
Within experimental error, the degree of electrical anisotropy depended 
4 
neither on CB concentration nor on film thickness or blade speed. This 
is surprising as all these parameters have a big impact on hydrodynamic 
properties of the sample: Increasing CB content from 7 vol% to 11 vol% 
leads to much more viscous mixtures, evident during the coating pro-
cess, and the variations of film thickness and blade speed imply a large 
range of global shear rates of approximately 50 − 3080 s−1 (see Fig.  2).

Flow-induced electrical anisotropy in carbon filler-polymer com-
posites has been reported previously. For example, CB-filled thermo-
plasts [6,35,36] and a CNT-filled silicone [51] all exhibited larger 
electrical conductivity in the direction of melt flow compared to the 
perpendicular direction. This was explained by preferential alignment 
within the composite. Yet, in [35,36], the alignment refers to the poly-
mer chain segments rather than to CB. Electrical anisotropy originated 
from an anisotropic spatial distribution of CB particles rather than 
a preferential orientation of individual aggregates or agglomerates. 
The inhomogeneous distribution of CB was induced by packing and 
orientation of the matrix chains during processing, for instance, by 
CB adsorption to aligned PET fibers [36]. Therefore, flow-induced 
anisotropy is generally not equivalent to alignment of filler particles 
along the shearing direction.

In fact, work on low molecular weight CB suspensions report 
anisotropic CB structures aligned perpendicular to the shearing direc-
tion [38–41,52]. In any case, larger conductivity perpendicular to the 
shear direction is unusual and yet to be explained. The underlying 
mechanism shows similar efficiency across the given range of flow 
kinetics and shear forces. Even the lowest shear rate of 50 s−1 is suffi-
cient to induce anisotropy. This is consistent with the fragmentation of 
a weak network of CB agglomerates upon exceeding a critical shear 
rate which typically leads to shear-thinning behavior [53,54]. Since 
the latter has been reported for a mixture very similar to our uncured 
CB-silicone mixtures in the concerned range of shear rates (see [28]), 
we propose that the CB network gets disrupted by the shear forces, 
becomes anisotropic as a result of shear flow, and reforms rapidly 
upon cessation of shear. In the following sections we gather additional 
experimental evidence for this structural picture and ultimately discuss 
all findings together in Section 3.5.

3.2. Piezoresistive anisotropy

We now consider how flow-induced anisotropy affects piezoresis-
tivity, i.e., strain-induced resistance changes. For this, we compare the 
electrical resistance and mechanical stress in response to uniaxial strain 
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Fig. 3. Stress responses of CB-silicone films to uniaxial strain (strain rate 10−2 s−1, 22 ± 1 ◦C, 30 ± 15% r.h.). Stress–strain curves (nominal stress, 𝜎, vs. nominal 
strain, 𝜖) of: (a) all load cycles for stretch parallel to the coating direction, (b) all load cycles for stretch perpendicular to the coating direction, (c) load phase 
of cycle 4 for all samples and stretching directions.
measured parallel and perpendicular to the coating direction. Since 
mechanical anisotropy can lead to piezoresistive anisotropy (see eq. (4) 
in Section 2.2.2), we first discuss the mechanical stress response to 
strain (Section 3.2.1) before examining the piezoresistive sensitivity 
(Section 3.2.2).

3.2.1. Mechanical anisotropy
Fig.  3 shows the mechanical stress in response to strain across a 

variety of samples. The stress–strain curves get steeper with increasing 
CB concentration, i.e., CB reinforced the composites. This is indicative 
of strong filler-matrix adhesion and a fine dispersion of CB in the matrix 
and confirmed by nanomechanical mapping (see Section 3.3.1). Fur-
thermore, the load cycles for CB-filled silicone indicate strain softening. 
The composites became less stiff with increasing cycle number (evident 
for ≥10% strain), and the effect was stronger for higher CB contents 
(maximal for 11 vol% CB, stress reduction by up to ∼15%). This is 
common in filled rubbers and referred to as the Mullins effect [55].

The tensile tests brought no signs of mechanical anisotropy whatso-
ever; it is conceivable that such anisotropy exists but it was too weak 
to differentiate from the scatter, and much smaller than the electrical 
anisotropy. Fig.  3a–c illustrates the same stress response for the two 
stretch axes, 𝜎∥(𝜖∥) and 𝜎⟂(𝜖⟂), within experimental scatter of 3 − 5%. 
In contrast, electrical conductivity was clearly anisotropic, both in the 
unstrained (Section 3.1) and strained state (Section 3.2.2). We conclude 
that the structural mechanism responsible for electrical anisotropy is 
either irrelevant for the mechanical stress response or its mechanical 
effect too weak to be resolved.

3.2.2. Anisotropy of piezoresistive sensitivity
As Fig.  4 illustrates, electrical resistances always increased when ap-

plying uniaxial strain parallel or perpendicular to the coating direction, 
respectively. As exemplified by the data for 9 vol% CB (Fig.  4a), the 
resistance increase is much more pronounced for stretch perpendicular 
to the coating direction. Accordingly, piezoresistive sensitivity is higher 
perpendicular to the coating direction (d𝑅⟂(𝜖⟂)∕d𝜖⟂ > d𝑅∥(𝜖∥)∕d𝜖∥).

Resistance increased monotonically with strain (Fig.  4b–d). A strain-
induced increase in resistivity is common for such composites at small 
to moderate stretches up to 30% [2,10,11,36,56] and attributed to 
growing CB interparticle distances [8,11,13,36,56]. The mechanical 
isotropy suggests that the geometrical contribution to 𝑅(𝜖) is irrele-
vant for piezoresistive anisotropy, i.e., the latter is solely based on 
anisotropic changes in intrinsic resistivity.

Fig.  4b–e displays the irreversible and reversible resistance increases 
that we measured. The irreversible part grew roughly linear with strain. 
The irreversible resistance increase is commonly attributed to damage 
to the filler-matrix interphases [8,56,57]. The isotropic strain-softening 
observed mechanically corroborates this idea. The irreversible part of 
5 
the resistance increase is likewise indifferent to the coating direction. 
Consequently, the structural process driving piezoresistive anisotropy 
is reversible.

The anisotropy in piezoresistive sensitivity (Fig.  4f) was signifi-
cantly stronger than the mechanical anisotropy with relative resistance 
increases of about 100 to 200 %. Electrical properties of the compos-
ite are thus much more strongly affected by flow-induced anisotropy 
than mechanical properties. Electrical conductivity requires a perco-
lating network of tunneling contacts between CB particles, whereas 
mechanical reinforcement does not. Close to the percolation thresh-
old (≈5 vol% [28]) we hence expect resistances to be more sensitive 
to any external perturbation [3,4,8,11]. The measurements meet this 
expectation, i.e. all strain induced resistance changes become less pro-
nounced for large carbon content. The same also applies for the electric 
anisotropy (cf. Fig.  4f).

An increase in flow-induced anisotropy has been previously re-
ported for the electrical conductivity of CB thermoplasts [6,36] and 
magnetically aligned graphite fibers in an epoxy [58], and has been 
studied using X-ray scattering of the CB network in ethylene propylene 
rubber [37]. Structural models of anisometric conductive particles 
aligned in a dielectric continuum predict that the largest anisotropy 
occurs close to percolation [58]. It is likely that the same basic model 
holds true for our composites. We analyze below whether similar 
alignment of anisotropic CB particles or superstructures causes the 
anisotropy of piezoresistance in our composites.

In summary, the electrical anisotropy from shear flow during film 
fabrication in our composites was weak (𝑅∥∕𝑅⟂ = 1.1 − 1.4) in the un-
deformed state, but strong upon deformation as a result of anisotropic 
piezoresistive sensitivities.

For CB concentrations well above the percolation threshold
anisotropy in piezoelectric sensitivity is less pronounced. More details 
on the anisotropic sensing performance of our CB-silicone films are 
discussed in Appendix C.

3.3. Structural analysis

3.3.1. Nanomechanical anisotropy mapping
We used a nanomechanical probe technique to analyze the distribu-

tion of and detect anisometry at the level of CB aggregates. The 20 ×
20 μm2 PeakForce QNM dissipation maps of unstretched samples shown 
in Fig.  5a–c reflect the dispersion CB distribution near the surface. We 
found that CB was well-dispersed in the matrix for all compositions 
with agglomerates of a few 100 nm, see Fig.  5d–e. Such fine dispersions 
are known to form reinforcing CB-matrix interphases [59], explaining 
the mechanical effect of CB. We found few larger agglomerates (Fig.  5, 
Fig. D.2), and none with diameters above 1 μm.
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Fig. 4. Electrical resistance response of CB-silicone films to uniaxial strain parallel and perpendicular to the coating direction, respectively. (a) Example of 
resistance change relative to initial value before stretching, 𝑅0, during load-unload cycles (9 vol% CB, to 𝜖max = 0∕10∕20∕30∕40%, 22 ± 1 ◦C, 30 ± 15% r.h.), (b–d) 
overall relaxed resistance change relative to 𝑅0 (mean and maximal error from two samples each), along with irreversible (permanent increase after unloading) 
and reversible (overall minus irreversible increase) parts (lines = guide to the eye), (e) irreversible parts (lines = trend as guide to the eye), (f) first derivatives 
of lines in panels b–d as a measure of piezoresistive sensitivity.
We obtained 5 × 5 μm2 maps (see Fig.  5d–f for a selection) of un-
strained and strained samples of the 7 vol% CB film (strongest piezore-
sistive anisotropy) to detect structural anisotropy. A significant portion 
of CB aggregates (visible as coherent dark spots) and agglomerates 
(clusters of aggregates separated by thin yellowish lines in the maps) 
was anisometric, but we did not observe clear trends on preferential 
alignment. For example, the maps for the sample strained parallel to the 
6 
coating direction give an ambivalent picture: In some regions, aggre-
gates appear preferentially oriented along the axis of coating/stretching 
(left part of Fig.  5e), while they tend to be aligned perpendicular to the 
axis in other regions (right part of Fig.  5e).

We used automatic segmentation to analyze statistically significant 
numbers of particles. The 10×10 μm2 dissipation maps were segmented 
and evaluated for zero strain and 40% strain parallel and perpendicular 
to the coating direction (cf. experimental method, Section 2.2.3 and Fig. 
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Fig. 5. PeakForce QNM maps mirroring the near-surface CB morphology of CB-silicone films. (a–c) 20 × 20 μm2 dissipation maps of unstretched films with 
7∕9∕11 vol% CB, (d–f) 5 × 5 μm2 deformation and dissipation maps of 7 vol% CB samples in the unstrained state vs. strained, relaxed states at 𝜖∥ = 40% and 
𝜖⟂ = 40%, respectively. In each of the maps, the coating direction goes from bottom left to top right.
D.4). Fig.  6 shows the resulting histograms and average values of the 
particle diameter, circularity as well as the angle of the major Feret axis 
to the horizontal direction.

CB particle diameters roughly followed a log-normal distribution 
and agreed with visual results and aggregate sizes measured in toluene
[25]. Circularities were monomodially distributed with the maximum 
ranging between 0.75 and 0.85 and tailing towards small circularities. 
This indicates slight anisometry on average with few large outliers 
akin to the size distribution. The Feret angles for the unstrained films 
revealed two maxima at approximately 20◦ and 170◦ relative to the 
horizontal (scanning) direction. Neither of the two modes align well 
with coating or perpendicular direction at 45◦ or 135◦, respectively. 
Yet, the distribution is evidently different from uniform. Thus, there 
seems to be some degree of diffuse aggregate alignment in the flow-
vorticity plane which appears largely indifferent to the external strain. 
In summary, structural anisotropy likely exists in the composite, but 
there is no indication of strong alignment with any of the distinguished 
axes of symmetry.

3.3.2. Structural anisotropy analysis with X-ray scattering
Small-angle X-ray scattering (SAXS) measurements were performed 

to study the bulk structure of unstretched and stretched silicone films, 
both neat and filled with CB at a concentration of 9 vol%. Fig.  7a 
presents one-dimensional scattering patterns of the neat silicone film 
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in its unstretched state, obtained by azimuthally averaging the two-
dimensional scattering patterns in a narrow angular range, both in 
the coating direction and perpendicular to it (see experimental section 
for more information). Both curves feature a shoulder at ∼0.04Å−1, 
assigned to scattering at composition fluctuations within the silicone 
network. With Eq. (5), the correlation length of composition fluctua-
tions, 𝜉, is found proportional to the mesh size of the silicone network. 
Its values of 2.43 ± 0.03 nm parallel and 2.22 ± 0.03 nm perpendicular 
to the coating direction indicate structural anisotropy of the silicone 
matrix. This anisotropy presumably stems from extensional flow of 
chain segments in the parallel direction during coating of the still liquid 
silicone.

Strain increased the mesh size in the direction of strain and re-
duced it normal to it (Fig.  7b, c), reflecting transverse contraction. 
The Poisson ratios according to Hencky, 𝜈 = − ln(𝜆trans)∕ ln(𝜆axial), 
were 𝜈∥ = 0.45 ± 0.09 parallel and 𝜈⟂ = 0.44 ± 0.11 normal to the 
coating direction, indicating the nearly incompressible behavior typical 
of rubbers and consistent with the results of Section 3.2.1. The small 
directional differences in crosslink density are apparently too weak to 
resolve.

The scattering of silicones filled with 9 vol% CB (Fig.  7d) showed a 
steep slope in the entire measured 𝑞 range, indicating that CB particles 
and their agglomerates were present at all length scales. Scattering 
patterns were identical parallel and perpendicular to the coating di-
rection. This remained true when stretching the composite parallel
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Fig. 6. Assessment of CB particle diameter, circularity and angle of the major Feret axis to the horizontal axis of the PeakForce QNM scans by histograms obtained 
from segmentation analysis of 10 × 10 μm2 dissipation maps.
 

(Fig.  7e) and perpendicular (Fig.  7f) to the coating direction. We con-
clude that neither coating nor straining introduced structural anisotropy
at length scales between ∼1 nm and ∼150 nm, i.e., small CB ag-
gregates of only a few primary particles (diameters of approximately 
40 nm [25]) were not aligned with either of the distinguished axes. 
Structural anisotropy in the CB network may exist at larger length 
scales, different angles, or it may simply be too weak resolve. In par-
ticular, interparticle distances may be larger in the parallel direction, 
analogous to the mesh size anisotropy of the silicone matrix reported 
above, as a result of extensional flow which pulls apart CB aggregates 
and agglomerates.

The analyses above indicate that only weak structural anisotropy 
exists at the nano- and micrometer scales. In the following, we use 
simulations to rationalize these results and to understand why shear 
alignment is weak, and how weak structural anisotropy can lead to the 
piezoresistive anisotropy that we observed.

3.4. Simulations

We used simulations inspired by previous computational studies
[60] and experiments [61] on the alignment of filler particles in a 
simple shear flow. Stiff CB aggregates [25] were the fundamental 
building blocks of our simulation. In the following description of our 
simulations we focus on the relevant conceptual aspects. More detail 
and explicit parameter choices can be found in appendix E.  Our 
aggregates consist of primary spheres of diameter 𝜎 that are rigidly 
fused together in the course of a diffusion limited aggregation (DLA) 
process. As a consequence, aggregates are Brownian trees exhibiting 
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a power-law decaying density profile which corresponds to a fractal 
dimension of 𝑑f ≈ 2.5, similar to experimentally observed fractal 
dimensions of certain CB varieties (cf. [62]). The tenuous agglomerate 
structures (secondary aggregates) are expected to get dispersed in the 
coating process and may completely or partially reform before curing. 
However, as the samples are cured swiftly after coating, we expect the 
resulting configuration of CB to exhibit distinct features of a steady 
state configuration of aggregates in shear flow and this is what we 
simulate.

For simplicity, we assume that the primary function of the poly-
mer matrix is mediating the momentum transfer between individual 
aggregates. Thus, we neglect the microscopic structure of the polymer 
in favor of including hydrodynamic interactions between carbon black 
aggregates.

The DLA aggregates, though isotropically generated, are far from 
perfectly spherical. The gyration tensor (see Appendix E1) can be used 
to assign an inertia ellipsoid to any rigid body. Its three eigenvectors 
describe the axes of the aggregate, which we label ‘‘long’’, ‘‘middle’’, 
and ‘‘short’’ axis. With the largest and smallest eigenvalues, 𝜆21 and 
𝜆23, we define the effective aspect ratio of an aggregate as 𝜆1∕𝜆3 . 
The aspect ratio provides a simple quantity to estimate how strongly 
the distribution of primary particles deviates from spherical symmetry. 
As more primary particles are added to an aggregate, the influence 
of fluctuations in the growth process diminishes in comparison to the 
aggregate size and the average aspect ratio decreases with 𝑁 . For our 
proof-of-principle simulations, we choose a uniform 𝑁 = 20 for which 
aggregates have an average aspect ratio of roughly 3. In reality, the 
size of CB aggregates will be broadly distributed with a larger average 
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Fig. 7. One-dimensional SAXS patterns of unloaded silicone films (a, b, c) and silicone films loaded with 9 vol% CB (d, e, f) (ℎgap = 350 μm, 𝑣blade = 20mm/s) 
in their unstretched state (a, d), stretched at 40% uniaxial strain parallel to the coating direction (b, e) and perpendicular to the coating direction (c, f). The 
patterns are evaluated in the directions as indicated in the graphs, detailed in the experimental section. The black lines are fits according to Eq. (5).
aggregate size. However, smaller aggregates are easier to simulate, and 
we expect any effects linked to the microscopic anisotropy of aggregates 
to be relatively more pronounced for smaller aggregates. For the same 
reason we choose a range of CB densities close to the percolation 
threshold.

3.4.1. Aggregate alignment
Just like in the experimental setup illustrated in Fig.  1, the shear 

flow admits three distinguished directions, i.e., flow, velocity gradient, 
and vorticity direction, respectively. In order to quantify whether the 
aggregate axes adopt a preferential orientation under shear, we can 
define the nematic order parameter 

𝑆 =
⟨

3 cos2(𝜃) − 1
2

⟩

, (8)

with 𝜃 denoting the angle between one of the principal axes of an 
aggregate and the direction of the shear flow. As a more nuanced 
indicator of anisotropy, we also depict the relative frequencies of the 
orientation of each axis as a histogram using a Mollweide projection.

We simulated ensembles of aggregates in shear flow with Lees-
Edwards boundary conditions using molecular dynamics (MD) with 
Multi-Particle Collision (MPC) dynamics [63–70] and a strict profile-
biased thermostat. MPC dynamics is a particle-based Navier Stokes 
solver, providing hydrodynamic interactions and thermal fluctuations 
using a mesoscale solvent that can be coupled to standard MD simula-
tions (cf. Appendix E for details).

To quantify the strength of the shear flow, we introduce the Péclet 
number as 𝑃𝑒 = 𝛾̇𝑅2

𝑔∕𝐷, with the shear rate 𝛾̇, the radius of gyration 
𝑅𝑔 and the center of mass diffusion coefficient 𝐷 of the aggregates. The 
diffusion constant can be measured via the aggregate mean squared 
displacement in equilibrium simulations but it is difficult to assess 
𝐷 experimentally. However, it is reasonable to assume that advec-
tive forces dominate the coating process and Péclet numbers will be 
correspondingly large. More concretely, we can roughly estimate the 
9 
effective diffusion constant in the experiment. The viscosity of the 
quiescent material is in the order of 104 Pa s [28]. For such a viscous 
fluid, we can estimate the diffusion constant through a Stokes-Einstein 
relation, with 𝑅𝑔 ≈ 100 nm serving as the relevant length scale. With the 
experimental shear rates varying between 101 s−1 and 103 s−1 we obtain 
Péclet numbers of order 106−108. This is strong shear, in fact too strong 
to be simulated straightforwardly as we run into numerical instabilities 
for 𝑃𝑒 ≫ 103. Yet, the purpose of the Péclet number is to identify the 
relevant mechanism which in our case is clearly advection, i.e., in order 
to compare with the experiment we need to focus on the high Péclet 
regime. As we shall see below, the relevant observables in that regime 
are largely independent of 𝑃𝑒, justifying our usage of slightly lower 
Péclet numbers. 

To assess whether CB aggregates align under shear, we conducted 
MPC-MD simulations for a broad range of Péclet numbers. The align-
ment of the three aggregate axes is measured by calculating the nematic 
order parameters with respect to the flow, velocity gradient, and vor-
ticity axes, respectively, for increasing Péclet numbers. The results are 
illustrated in Fig.  8.

For 𝑃𝑒 = 2.3, where shear and diffusion have similar influence, and 
at lower shear rates, there is no discernible signature of alignment. 
However, starting from 𝑃𝑒 = 5.8, the particles tend to align their 
long axis in the direction of flow. The negative order parameter in 
the gradient direction signifies that the long axes of the aggregates 
are preferentially orthogonal to the gradient. In combination with the 
vanishing nematic order parameter in vorticity direction, the overall 
picture indicates that aggregates tend to orient in the vorticity-flow 
plane. This is supported by the nematic order parameters of the short 
axis, which frequently aligns parallel to the gradient and perpendicular 
to the flow direction. However, the magnitude of all order parameters 
underlines that the overall alignment is weak compared to a nematic 
phase.

To improve the visualization of this alignment, we use Mollweide 
projections of the aggregate axes in spherical coordinates (Fig.  9). The 
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Fig. 8. Nematic order parameters of the long and short axes of aggregates with respect to the flow, gradient and vorticity axes for increasing Péclet number. CB 
number density was 6.7%. Error bars encode the standard deviation.
(a) 

(b) 

Fig. 9. Mollweide projections of the distributions of the orientation of aggregate axes for weak (𝑃𝑒 = 11.7, top) and strong flow (𝑃𝑒 = 93.4, bottom), respectively.
polar angle 𝜃 corresponds to the gradient direction and is chosen such 
that the poles are represented by 𝜃 = ±90◦. The azimuthal angle 𝜙
is measured with respect to the flow-gradient plane and thus encodes 
the vorticity direction at (𝜙, 𝜃) = (± 90◦, 0◦) (see Appendix E3 for more 
details).

Fig.  9 displays the distributions of the aggregate axes. It corrobo-
rates that the long axes of aggregates preferentially point in the flow 
direction and lie in the flow-vorticity plane. The short axis is parallel to 
the gradient direction, i.e., at the poles of the projection. The behavior 
of the middle axis is less clear, yet a maximum can be identified that 
is related to a slight alignment with the vorticity axis. The features 
of the distributions become more pronounced with increasing shear 
rate. There is also evidence of a break in symmetry with respect to the 
polar angle. For example, the maxima of the distribution of the long 
axis are shifted away from the 𝜃 = 0◦ circle of latitude corresponding 
to the flow direction. This indicates that long axes are preferentially 
at a slight angle with respect to the flow-vorticity plane towards the 
gradient direction, as known experimentally [71] and theoretically [72] 
for rods, an effect that is reduced for stronger flows.

Thus, we can conclude that aggregates show alignment in shear 
flow, exhibiting behavior similar to the phenomenology previously 
observed for aggregates fracturing in shear flow [73] as well as for rod-
like particles [74–77]. Yet, the alignment effect, even in strong flow, 
is weak with nematic order parameters around 0.2, largely insensitive 
to the shear rate. The microscopic randomness of the aggregates and 
their three distinct principal axes do not appear to have a strong effect, 
since the observed phenomenology resembles the one of much simpler 
elongated particles like ellipsoids [78].
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Our findings contrast the experimental characterizations which 
showed no indication of aggregate alignment with the flow direction 
in spite of large Péclet numbers. Note, however, that the simulated 
alignment is small and the ‘‘long’’ axis of an aggregate is difficult to 
be discerned from a planar picture. Anisometry may be present but 
difficult to detect experimentally. In the following, we thus use the ex-
perimentally measured electrical anisotropy as a probe for anisometric 
structure and provide a model to interpret it structurally.

3.4.2. Anisotropic conductivity
A macroscopically conductive CB composite relies on a percolating 

network of CB aggregates. We can infer these networks from our 
simulations by assigning a threshold distance 𝑑 effectively describ-
ing a cutoff distance for tunneling transport. Treating the remaining 
tunneling links as a random resistor network and introducing two 
electrodes connected to two opposite sides of the simulation box we 
can quantify the conductivity of the composite following Ref. [79]. A 
detailed description can be found in appendix E5.

As the MPC simulations are computationally demanding and proba-
bly do not generate the experimental flow characteristics, we switch 
to equilibrium Monte Carlo simulations with an external alignment 
potential 
𝑉𝐴(𝝎) = −𝐴(𝝎 ⋅ 𝒆𝑧)2 , (9)

with the orientation of the long axis of an aggregate denoted as 𝜔 and 
the field strength 𝐴. These simplified simulations do not accurately 
reproduce the aggregate orientations observed in shear flow but we 
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Fig. 10. Left: Electrical anisotropy ratio induced by an external alignment field with amplitude 𝐴 for different filler densities. Points mark the mean ratio averaged 
over 100 networks and error bars show the corresponding standard variation. The nematic order parameter 𝑆𝑧 is a monotonic function of 𝐴 (unaltered across the 
three densities) and is depicted as the non-linear top axis. Right: Simulated tensile test. Affine deformation reduces conductivity but is insensitive to alignment 
direction and strength. The gray dotted line indicates the common linear decay.
can control the orientation of the long axis to probe the relationship 
between microscopic alignment of aggregates and conductivity. As 
we have access to much larger system sizes and a higher number 
of independent snapshots to work with, our observations bear higher 
statistical significance.

Fig.  10 illustrates the results of our composite conductivity mea-
surements. For all field strengths, the average electric anisotropy ratio 
is smaller than one, indicating that conductivity is robustly enhanced 
in the direction of preferential alignment. The effect becomes more 
pronounced as the field strength is increased, inducing stronger align-
ment as measured by the nematic order parameter 𝑆𝑧 of the long 
axis relative to the alignment direction. An amplitude of 𝐴 = 1.5 𝑘B𝑇
roughly reproduces the 𝑆𝑧 order parameter of the MPC-MD simulations 
for large Péclet numbers. The absolute resistivities are subject to strong 
fluctuations and so is the ratio 𝑅∥∕𝑅⟂, with individual networks ex-
hibiting ratios larger than one. These fluctuations diminish with 𝐴 as 
well as the density. As the density of 10% is just above the percolation 
threshold without external alignment, the networks, particularly for 
weak alignment, have few redundancies. Thus, they depend on specific 
links that on breakage cause strong conductivity fluctuations. This ef-
fect is amplified by the finite size of the simulation. At larger densities, 
networks have more connections, reducing the impact of individual 
links.

The trend observed in simulations is again similar to previous 
studies on rod-like particles. We observe electrical anisotropy due to 
microscopic alignment. The experiments report an electric anisotropy 
ratio larger than 1 for unstrained films. Thus, if aggregate alignment is 
the relevant mechanism, the alignment axis would have to be closer to 
the vorticity axis rather than the direction of flow. Yet, this would imply 
that simple shear flow is insufficient to describe the coating process. 
This supports the conclusion drawn in Section 3.1.

3.4.3. Piezoresistivity
We simulated uniaxial tensile strain naively by applying an affine 

transformation to the centers of mass of all aggregates while preserving 
the rigid structure and the orientation of individual aggregates. This 
is the simplest elasticity model and neglects the polymer structure in 
favor of an elastic continuum, but should suffice for small strains 𝜀. We 
preserve the volume of the simulation box corresponding to a Poisson 
ratio of 0.5, commensurate for rubbers. In order to amplify potential 
anisotropies we simulated right above the percolation threshold and 
calculated the conductivity for stretched configurations to examine 
anisotropic piezoresistivity.

Fig.  10 illustrates that the average change in conductivity induced 
by strain 𝜎(𝜀) relative to the unstrained conductivity 𝜎0 is entirely insen-
sitive to the aggregate alignment. Conductivity decays in excellent ap-
proximation linearly with the strain featuring a common decay rate of 
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roughly 5% per %-strain. Thus, 10% strain double the resistivity which 
agrees well with the experimental tensile test in coating direction. The 
electric anisotropy ratio remains constant throughout the deformation. 
At larger strain, saturation effects emerge as the aggregates collide due 
to compression perpendicular to the strain direction.

3.5. Structural model for the observed electric anisotropy

The immediate structural observations of SAXS and nanomechani-
cal mapping did not indicate microscopic alignment of aggregates or 
agglomerates in the direction of flow. The conductivity measurements 
on unstrained samples indicated an electric anisotropy ratio 𝜅 > 1, 
while our conductivity simulations predict that alignment with flow 
leads to 𝜅 < 1. Thus, direct and indirect evidence suggest that there 
is no discernable aggregate alignment in flow direction. This markedly 
differs from our hydrodynamic simulations as well as previous experi-
mental [6,35,36,51] and computational [73–77] studies on elastomers 
featuring rodlike fillers.

We hypothesize that the CB distribution generated by doctor blade 
coating is not adequately described by simple shear flow in steady 
state. We find that CB is well dispersed in the silicone matrix in the 
composites, suggesting that preexisting filler networks are fragmented 
into primary aggregates during coating, indicative of shear-thinning. It 
seems likely that the flow induced by the coating contains extensional 
components in the direction of the flow. The resultant larger inter-
aggregate distances increases resistance in coating direction similar to 
the simulated effect of tensile strain.

This assumption alone does not explain the flip of the piezoelec-
tric anisotropy ratio when external strain is applied. The only strain-
induced structural change that we could observe directly is a slight 
shift towards higher circularity and smaller particle diameters in the 
nanomechanical mapping. As it is unlikely that primary aggregates 
break under shear, it appears that either agglomerates are increasingly 
dispersed, or aggregates change their orientation. If aggregates were 
isotopically oriented, the spreading of agglomerates should increase 
resistance independent of strain direction. Thus, we suspect that aggre-
gate alignment changes reversibly during strain, inducing the observed 
anisotropic piezoresistivity.

The SAXS results exclude preferential alignment with flow or vortic-
ity direction. However, nanomechanical mapping finds a non-uniform 
distribution of Feret angles in the flow-vorticity plane. The Feret an-
gles only indirectly resolve aggregate orientation but for isotropic 
agglomerates, any two-dimensional projection should result in a uni-
form distribution of Feret angles. The anisometry appears to be the 
product of extensional flow components due to non-linear rheology of 
the polymer-CB mixture. It is, surprisingly, sufficient to cause some 
electrical and comparably strong piezoresistive anisotropy.
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4. Conclusions

We report on flow-induced (piezo-)electric anisotropy of CB elas-
tomers relevant for sensing applications and the underlying structure–
property relationships. The results help understand and emphasize the 
impact of processing on the macroscopic properties of elastomers thus 
outlining paths to tune and optimize those properties by adjusting the 
fabrication process.

Doctor blade coating liquid CB-silicone mixtures with CB concen-
trations above the percolation threshold (7/9/11 vol%) led to slight 
electrical and strong piezoresistive anisotropy in cured films. Conduc-
tivities and piezoresistive sensitivities were higher perpendicular to the 
coating direction than parallel to it for all examined compositions, gap 
heights and shear rates. In contrast, the mechanical anisotropies were 
always negligible. Electrical conductivity in CB-silicone films necessi-
tates percolation, while the mechanical reinforcement of CB does not. 
Piezoresistive sensitivity and its anisotropy increased upon approaching 
the percolation threshold.

Molecular dynamics simulations of atomistic CB agglomerates sug-
gest that shear flow induces weak preferential alignment on the aggre-
gate level. This in turn causes higher conductivity in coating direction 
as fewer tunneling contacts suffice to traverse the simulation box. We 
can attribute this anisotropy to the geometry of the contact network. 
Tensile strain reduces conductivity in all directions preserving the 
anisotropy ratio of the unstrained state. This effect is consistent with the 
existence of larger separations between aggregates on the shortest path 
partially compensated by additional routes exploring perpendicular 
directions.

We propose that in unstrained films, increased interparticle dis-
tances parallel to the coating direction as a result of extensional flow 
are the dominant mechanism to cause the experimental observation 
𝑅∥∕𝑅⟂ > 1. In contrast, subtle changes of aggregate orientations in the 
flow-vorticity plane become relevant when the samples are strained. 
This causes resistances to increase more strongly when strained per-
pendicular to the coating direction.

It should be possible in the future to directly observe such processes 
using in situ SAXS approaches that have already been applied e.g. to 
observe the alignment of graphite flakes during slot die coating [80]. 
Systematic variations in slit geometry and velocity and rheological 
tuning of the paste could directly reveal the role of extensional flow. 
As an alternative, extrusion from a nozzle in the X-ray beam [81] 
may provide more direct data, albeit further removed from the true 
production geometry.

In conclusion, flow-induced structural anisotropy in CB-silicone 
composites may be hard to detect but can cause strong piezoelectric 
anisotropy. Since mechanical anisotropy is negligible, we have further 
shown that mechanical and electrical anisotropy are largely indepen-
dent. Our results indicate that the common picture on the impact of 
directional flow on anisometric particles in liquid polymeric matrices, 
i.e., preferential alignment in the flow direction, is too simplistic in the 
case of our CB-silicone composites.
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