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We investigate the noise performance of screen-printed carbon-black elastoresistors. Our work

focuses on the quality of the printed resistors as devices. The noise power spectral density (PSD)
is measured for seven target bias currents on ¯fteen resistors obtained from printing at three

di®erent speeds, each providing a set of ¯ve resistors with di®erent lengths and hence resis-

tances. The process variations resulting from the di®erent printing speeds ensure a large sample

diversity, with inhomogeneities inherent to printed polymer material. The contributions of
thermal noise and low-frequency ð1=fÞ noise have been extracted separately. The physical origin

of the 1/f noise is discussed based on previously published models for carbon resistors. The

trends of the 1/f noise intensity against sample properties are consistent with former works and

hence exclude abnormal process-induced material inhomogeneities and defect distributions. We
assess the impact of the printed ink resistance and bias current on the total noise power for the

three di®erent printing speeds. We ¯nally highlight that signal-to-noise ratios (SNRs) over

100 dB can be achieved for these elastoresistors in practical conditions with interesting trade-
o®s regarding size and power consumption.

Keywords: Screen-printing; strain sensors; carbon ink; low-frequency noise; 1/f noise.

1. Introduction

Polymer thick-¯lm (PTF) resistors and especially carbon-based screen-printed

gauges are interesting transducer choices [1–3] for a wide range of applications, e.g.,
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strain [1, 2], thermal [2] or even gas [3] sensing, in a wide range of application ¯elds,

from structural monitoring of vehicles, aircrafts or civil structures [1, 4–6] to °exible

electronics for wearable or even implantable devices contributing to health care

[7–11]. Carbon-based PTF can also be found as passive components in °exible power

electronics [12, 13] or surge protection in telecommunication circuits [14].

Combining screen-printing inks to tune speci¯c material properties is common

practice to enhance speci¯c material properties [1]. Therefore, the resistors in this

work are printed with a blend of MicromaxTM7082M and MicromaxTM3571 in a 60/

40 weight ratio. Resistors printed with MicromaxTM7082M, a carbon-black-based

resistive polymer ink, can be found in several applications, including elastoresistive

components [1, 6], fully printed high-gain ampli¯er, digital-to-analog converter

(DAC) and radio-frequency identi¯cation (RFID) tags [15, 16], RF absorber [17] or

even smart drug blister [7, 9]. On the other hand, the dielectric polymer ink

MicromaxTM3571 is mainly used in blends as an optically tunable dielectric in ¯lter

antenna applications [18–20]. The blend of the two chosen inks has been charac-

terized mechanically in [21], with a Young's modulus of 6 to 8GPa and low residual

stresses. Combined with its high resistivity and a gauge factor (GF) expected to

range similarly to other carbon-based inks, it makes a good candidate for °exible

MEMS applications. Highly-resistive screen-printed carbon-black strain gauges have

been reported with a GF of 8.8 for an 8.1mm long, 340�m wide and 18�m thick

875 k� resistor, developing a �R/R around 2.76% at 4000� strain [1].

Screen-printable carbon-based PTF resistors appear as a low-cost process alter-

native to etched copper circuitry, price- and energy-wise at once, as waste is reduced

and materials are cured instead of ¯red at high temperatures [22, 23]. Some noise

data of commercial carbon-based resistors have become available (cf. Fig. 12-3 in

[24]) but their noise performance has been investigated to a lesser extent than con-

ventional strain gauges made of silicon and metals [25, 26]. To our best knowledge,

no noise study of the proposed ink blend has been published so far. The few low-

frequency noise measurements on non-commercial carbon resistors found in litera-

ture were mainly performed on either 10–35�m thick screen-printed PTF on Al2O3

or FR-4 laminate for generic resistor application [12, 27, 28] or 0.06–2.3�m thick

spray-coatings intended for vapor sensing electronic nose [29–31]. A 2.5�m-thick

elastic resistor made of carbon-nanotube (CNT)-based ink screen-printed on Al2O3 is

the closest case study found to our work in terms of material nature and device

geometry. That work suggests CNT-based inks could be a serious alternative to

carbon-black ones in elastic resistors thanks to their mechanical characteristics.

As screen-printing manufacturing, especially with composite inks, yields larger

process variations and lower resolutions than typical microfabrication processes for

thin ¯lms, it is tempting to consider the intrinsic noise as a minor concern compared

to static device-to-device process-induced variations and this could explain why

fewer noise analyses were carried out in this ¯eld. However, assessing the noise

performance of such devices is becoming necessary as °exible electronics move to-

wards high-sensitivity applications. Beyond the intrinsic thermal noise, previous
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works reported 1/f noise [3, 12, 32] and sometimes random telegraph noise [12]. Our

work shows that the noise power in carbon-black-based inks screen-printed on

Kapton substrate leads to a way lower signal-to-noise ratio (SNR) than for con-

ventional silicon [25] or metal [26] gauges, but SNR over 100 dB is achieved with our

devices. This is considered extremely promising for strain-sensing applications [33].

Moreover, we report power spectral density (PSD) analysis at lower bias currents,

down to the �A range, than typically used in other studies (>300�A [34] and most

usually in the mA range for commercial gauge [26]), which is directly motivated by

the interest in low-power consumption sensors. As will be highlighted, the contri-

bution of the thermal (Johnson–Nyquist) noise, inherent to any dissipative devices, is

not negligible compared to the 1/f noise contribution for the lowest bias currents and

must be accounted for in a comprehensive noise power analysis. The in°uence of bias

current, resistance value, and morphology will be discussed and di®erent processes

will be considered to o®er a greater diversity of samples subject to inhomogeneities in

the perspective of analyzing the quality of the printed resistors as a device.

2. Experimental Details

2.1. Sample fabrication and morphological characterization

The resistive bars are screen-printed using the custom blend of 60% MicromaxTM

7082M to 40% MicromaxTM 3571 weight ratio, through a 200-40 Koenen steel-mesh

screen on a 127�m Kapton HN substrate. The screen printer is an EKRA E2 semi-

automatic machine and the ¯xed chosen printing parameters are as follows:

(i) A ¯lling speed of 50mm/s, for the ¯lling squeegee to spread the ink layer on the

screen.

(ii) A snap-o® of 0.673mm, kept low to reduce distortion.

(iii) A pressure on the printing squeegee of 1 bar.

Two parameters are varied to create the sets of resistors that are measured in this

work: the printing speed, set at 10, 30 and 50mm/s, and the drying time in ambient

air before curing, respectively, of 26, 22 and 18min. All samples have been cured in

the same air oven at 150�C for 25min. The contact pads are added on top of the

printed resistive bar by thermal evaporation. An adhesion layer of 10 nm of Chro-

mium is topped by the 2�m Copper contact, as displayed in Fig. 1(a). The design of

the six pads delimits ¯ve resistors of the same 0.3mm width ðWÞ with increasing

length, measured for the three samples, as reported in Table 1.

The total length of each printed bar is 12mm. Individual resistor thickness t and

length L, measured with a white light interferometry (WLI) on a Polytec MSA500

setup, are given in Table 1. A di®erence of � 2:3�m, i.e., � 49%, can be noted

between minimum and maximum average thicknesses as a function of printing

process, as can be expected [35, 36]. Topological WLI images of middle-sized resis-

tances, named L3, representative of the three printed bars, can be found in Fig. 1.
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Di®erences in morphology can be noted and linked to process variations, the main

one being the height variation's locations, which are estimated by their standard

deviation to range from 0.66 to 1.22�m in Table 1. In this paper, samples are

denoted by their printing speed to facilitate discussion, though the impact of other

process variations, such as drying time, cannot be discarded at that stage.

Table 1. Lengths and mean thicknesses plus standard deviation values computed from Polytec
MSA500 WLI data and resistance mean values and standard deviations over bias currents computed

from MPI TS3000-SE300mm IðV Þ measurements for the 15 studied resistors at three printing speeds.

L1 L2 L3 L4 L5

10mm/s Length [mm] 0.85 0.89 2.17 3.15 4.11

Thickness [�m] 4:71� 1:20 4:65� 0:74 4:80� 0:88 4:93� 0:98 4:81� 1:01

Resistance [k�] 164� 0:7 153� 0:5 397� 5:1 581� 4:5 784� 7:3

30mm/s Length [mm] 0.93 0.90 2.16 3.14 4.04
Thickness [�m] 6:86� 1:22 6:68� 1:01 6:64� 1:08 6:75� 1:03 6:74� 1:08

Resistance [k�] 132� 0:1 125� 0:1 325� 3:7 465� 5:8 619� 4:1

50mm/s Length [mm] 0.88 0.83 2.13 3.14 4.20
Thickness [�m] 6:84� 0:72 6:64� 0:77 6:59� 0:73 6:75� 0:70 6:95� 0:66

Resistance [k�] 134� 0:2 128� 0:3 350� 5:3 508� 8:2 698� 6:1

(a) (b)

(c) (d)

Fig. 1. Typical printed carbon ink line used in this work with variable contact pad edge-to-edge pitch
from 0.83mm to 4.2mm with exact values related to position (cf. Table 1). (a) Micrograph and side-view

schematic of the materials stack of the studied carbon line, (b)–(d) WLI 3D mapping of screen-printed L3

resistor at speeds 10, 30 and 50mm/s, respectively.
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2.2. Electrical measurements

The samples' resistances are individually measured using an MPI TS3000-SE300mm

prober coupled with a Keysight B1500 analyzer and the results are given in Table 1.

All the resistors were demonstrated to exhibit rigorous linear behavior (not shown

here), without substantial standard deviations due to contact resistances or process

irregularities (cf. Table 1). The mean resistance values range from 125 to 784 k�.

Studied currents yield a voltage range between 62.5mV for 125 k� at 0.5�A, and

23.5V for 785 k� at 30�A, respectively, which represent appropriate values con-

sidering further strain gauge applications [1, 6].

The noise PSD measurements are carried out with an ALFNA Keysight noise

analyzer as in [37]. In this setup, the resistors are biased at a constant voltage source

Vr set by the equipment to reach a user-speci¯ed current target, Ir, according to the

previously measured IðV Þ characteristics. The equipment then measures current

noise and we denote the obtained PSD SirðfÞ. Let us mention that previous works

[26, 32, 34] studied the voltage noise PSD SvrðfÞ, instead, under constant current.
Without ambiguity for a linear resistance, these quantities relate according to Ohm's

law (Th�evenin from/to Norton noise model conversion):

SvrðfÞ ¼ R2SirðfÞ ð1Þ
Figure 2 depicts a typical current noise SirðfÞ obtained from ALFNA measurements.

For the seven Ir cases reported, the PSD reveals a typical 1/f noise behavior in the

Fig. 2. Current noise PSD of the 153 k� carbon line resistor for seven bias currents. Color lines depict the
1/f trend and the thermal noise plateau. The dark region indicates the equipment roll-o®. Illustrated case:

resistance L2 printed at 10mm/s (cf. Table 1).
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low frequency range, on top of the thermal noise plateau (4kT/R) that is clearly

dominant at higher frequency for the lowest biases. Such behavior is classical in thin-

¯lm resistive devices.

3. Noise Analysis Methodology

Processing of each measurement (one sample at a given bias current) consists of

(i) extracting the 1/f noise intensity,

(ii) verifying the thermal noise level 4kT/R,

(iii) identifying and discarding any extrinsic environment- and setup-related noise

sources.

Speci¯cally, for each measurement, we ¯t an empirical 1/f noise model as in [37],

whose general mathematical form is

Sir;1f
ðfÞ ¼ K

f�
: ð2Þ

The constant K indicates the ¯tted 1/f noise level at f ¼ 1Hz. � is usually close to

unity but may typically vary from 0.8 to 1.2. Here, the K and � of Eq. (2) are

extracted for each measurement. The calculated total PSD is the sum of the inde-

pendent 1/f noise and thermal noise components, i.e.,

SirðfÞ ¼ Sir;1f
ðfÞ þ Sir;th ¼ Sir;1f

ðfÞ þ 4kT=R: ð3Þ
The noise power metric, denoted �2

ir [37], is computed by integrating the total PSD

Eq. (3) over a frequency bandwidth [fmin; fmax] speci¯ed by the application:

�2
ir ¼

Z fmax

fmin

SirðfÞdf ¼
Z fmax

fmin

Sir;1f
ðfÞdf þ 4kT

R
ðfmax � fminÞ ð4Þ

In this work, fmax ¼ 1 kHz was used as a typical sensing bandwidth. The suitable fmin

is related to the ¯nite measurement timewindowT. A consistent formalism, as used for

SPICE transient noise simulation [38], is to select fmin ¼ 1=T . T would be the typical

duration of the sensor interrogation, e.g., 1 s. In the proposed framework, all the 1/f

noise components of frequency smaller than 1 Hz are assimilated to quasi-static var-

iations (akin to static process variability) and absorbed in the DC o®set of the sensor

that is usually calibrated and possibly corrected. The previous work [37], also based on

Keysight LFNA, showed that the noise power provided by the integration of thePSD is

very close to the empirical noise variance estimated from time series (not explicitly

stored for the present work), provided that the same bandwidth is considered.

4. Results and Discussion

4.1. Analysis of the 1/f noise

The 1/f noise is suggested to be attributed to volume and surface traps inherent to

the defects in such material and manufacturing process, as in [3, 12, 32]. To further
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investigate potential physical origins of the 1/f noise in our devices, we have com-

puted the corresponding noise power �2
ir;1f

provided with the equations described in

Sec. 3.

In [32], the authors proposed a relationship between the spatially uncorrelated

resistance °uctuations and the volume of the (possibly inhomogeneous) resistive

sample. Only when the resistive bar is assimilated to an ideal parallelepiped, with

homogeneous charge densities and constant electric ¯eld, the following simple rela-

tion is found [32]:

Svr

Vr2
� 1

Volume
: ð5Þ

From Eq. (1), Svr=Vr
2 in ¯xed-current measurement corresponds to Sir=Ir

2 in the

constant-voltage con¯guration adopted in this work. Considering Eq. (1), integrat-

ing Eq. (5) over the selected frequency bandwidth and remembering that

Volume ¼ W � t � L, the suggested trend to be investigated takes the form:

�2
ir;1f

Ir2
� 1

L
: ð6Þ

Let us emphasize that, while Eqs. (5) and (6) are useful for assessing the con-

sequences of material inhomogeneity on the noise behavior; we do not attempt in this

work to thoroughly discuss the physical origin of the 1/f noise in carbon resistors.

Vandamme's work [39] derived formulas similar to Eq. (5), however, more explicitly

regarding the proportionality constant from a current crowding combined with a

Hooge mobility °uctuation model. This approach is consistent with known 1/f noise

model in commercial carbon resistors which originates from conductivity variations

leading to uneven current °owing through the resistor [24]. Microarcs or micro-

plasma discharges between carbon grains create sporadic current bursts, giving 1/f

noise, so higher uniformity of resistor is the key to less noise. The validation of

Vandamme's approach or the commercial carbon resistors model in the case of our

samples is left for further work, since it would notably require varying the width of

the resistive bars.

In order to evaluate the plausibility of Eq. (6), we have plotted in Fig. 3, �2
ir;1f

=Ir2

as a function of individual bar resistor's normalized length (which is a reminiscence of

[32], Fig. 4, here in terms of current °uctuations).

Almost all the resistances, printed at three di®erent speeds and biased by two

levels of current do follow the 1/L trend in Eq. (6), which indicates a certain elec-

trostatic homogeneity within the samples. The bar printed at 10mm/s measured at a

current of 500 nA is believed to be an outlier whose non-typical behavior would

require further investigation to relate it to the topological interferometry of Fig. 1(b).

If and only if the resistivity � and the transversal area (i.e., the sample thickness

when the width is assumed ¯nely controlled) of the carbon bar are believed constant

(i.e., do not vary from one sample to another due to the process), the resistance

equation for a homogeneous parallelepipedal bar R ¼ �L=S allows rewriting Eq. (6)

Noise Analysis in Screen-Printed Carbon-Black Resistive Gauges
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as

�2
ir;1f

Ir2
� 1

R
; ð7Þ

now involving the sample resistance, which can be electrically characterized (to get

rid of any uncertainty regarding the de¯nition and measurement of the sample

length) [40]. Resistivity values have been computed for each resistor from their mean

Fig. 4. �2
ir;1f

versus the reciprocal of the resistance for two levels of currents on the three printed bars.

Fig. 3. �2
ir;1f

=Ir2 versus normalized length for the three printing speed cases at two bias currents.

Q. Eynaud et al.

2640007-8



resistance (over the seven bias currents) and mean geometrical parameters (com-

puted with the WLI). The overall ink resistivity is found to be fairly constant with an

average value of 0.305 �.m and a standard deviation of 0.021 �.m. In Fig. 4, we have

thus plotted �2
ir;1f

against individual resistances for both current levels. Most of our

resistors closely verify Eq. (7) (trend shown in thick black line). As reviewed in [40],

previous works explain deviations from that homogeneous behavior with percolation

theory and model them empirically by adding an exponent � over R in Eq. (7).

From a design point of view, the observed trend, con¯rmed over the whole bias

current range, highlights that a higher-resistance device is an asset for achieving an

improved SNR, as studied in the next section.

4.2. Combined contributions of thermal and 1/f noise and SNR

Leveraging the de¯nitions introduced in Sec. 3, Fig. 5 depicts the evolution of the

integrated noise power with the bias current. The relative contributions of the

thermal noise and the 1/f noise are shown.

The thermal noise power does not vary with the supply current, according to

Johnson–Nyquist formula, and is a fundamental limit of detection for any resistance-

Fig. 5. Current noise power as a function of the target current for each individual measured resistor of the

10mm/s printed bar and integrated in a practical frequency band of [1Hz–1 kHz]: total 1/f and thermal
noise (blue) and individual thermal noise component (orange). Illustrated case: carbon resistances printed

at a speed of 10mm/s.
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based sensors. Nevertheless, we notice that 1/f noise signi¯cantly in°ates the total

noise power, and that this trend is, as expected, reinforced at larger currents. The

increase of the 1/f noise intensity following 1=Ir2 can be explained by the spatially

uncorrelated resistance °uctuation model Eq. (5) or Eq. (6), under the homogeneity

assumption [32].

We end up this section with a perspective on the intrinsic quality of the printed

resistors for sensing applications, by computing the SNR of our resistor measure-

ments, according to its conventional de¯nition, i.e., dividing the electrical power in

the device by the noise power, which corresponds to [41] for a resistor biased at

constant voltage:

SNR ¼ Ir2

�2
ir

ð8Þ

We point out an enhancement from 90 to 107 dB when increasing the current, as

presented in Figs. 6(a) and 6(b), consistently with the conventional noise/power

consumption trade-o®. Figure 6(a) depicts the proportional SNR trend with resis-

tance value. Increase of SNR with resistance con¯rms the potential of higher-resis-

tance devices for low-cost, °exible and noise-robust strain sensors. This result is

coherent with a decrease of 1/f and thermal contributions to total noise power with

the increase of resistance observed in Figs. 4 and 5 of this section. From a low-power

design point of view, it is important to note that the thermal noise plateau limits the

reduction of the total noise power with 1=Ir2 for the lowest current range (Fig. 5).

Low-power operation is then tied to degraded SNR, a noticeable trade-o® for future

sensor designs, as depicted in Fig. 6(b).

(a) (b)

Fig. 6. (a) SNR versus resistance for 500 nA and 5�A and (b) SNR versus bias currents for short and long

resistors for the three bars printed at di®erent speeds.
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4.3. Benchmark and discussion

We conclude this analysis by comparing the achieved SNR of our samples with

previously published performance of conventional materials intended for gauge

applications (notably commercial metallic resistors, polysilicon gauge) and CNT-

based screen-printed resistor. The benchmark is summarized in Table 2. Values for

the devices from the literature were computed following the same methodology ap-

plied to our experimental data, i.e., Svr is converted to Sir (1) knowing resistor

values, integration is then performed in the same frequency bandwidth with Eq. (4)

to ¯nally compute the SNR with Eq. (8).

As could be anticipated from fabrication process considerations (i.e., related to

the control of induced electrical defects), the commercial gauges made of metal and

those microfabricated using silicon technology outperform the printed polymer

material-based implementations such as ours. Our sensors exhibit a reduced SNR

compared to the CNT of [34], but their bias currents and hence power consumption

lie orders of magnitude below the other works. This is an advantageous asset towards

an SNR versus energy trade-o®. Table 2 further suggests the volume dependence of

the SNR according to Eq. (5), which highlights another trade-o® between size and

precision. Overall, our lower power elastoresistors achieve an SNR as large as 100 dB

when relying on larger resistance values, still representing a very good precision in

actual sensing applications.

5. Conclusion

Screen-printed carbon resistors are promising strain sensor candidates but are prone

to process-induced inhomogeneities. In comparison to mature conventional metal or

semiconductor strain gauges, for which noise analyses are extensively documented,

microfabricated sensors produced from a screen-printing process su®er from a lack of

noise characterizations. This work ¯lls this gap, presenting an extensive PSD anal-

ysis of carbon ink-based resistors with ¯ve lengths and three printing processes,

analyzed over an applicative current range from 0.5 to 30�A. Computed total noise

power on a typical sensing frequency range shows that the expected SNR is propor-

tional to resistance value and bias current, while process parameter variations in°u-

ence remains small. This work shows that noise in the proposed printed carbon-black

Table 2. Comparison of the low-frequency noise performance with various strain gauges from the liter-

ature. SNR values marked with * have been computed from papers data.

Reference Gauge material R½k��
Bias current

I½�A� SNR range [.] RI2 ½�W� V [mm3]

[26]a Metal (PTF) 1 5 000 1015–1016* 2.5.104 2.7.101

[25]a Polysilicon 5.8–7.5 480 1–2.1013* 1–2.103 1.10�6

[34]a;b CNT-based PTFR 3.82 393–2 360 9.1010–1.1011* 6.102–2.104 4.10�2

This work Carbon-black-based PTFR 125–784 0.5–30 1.109–5.1010 3.10�2–7.102 1-9.10�3

Notes: aSvr are determined graphically at 1Hz. bValues in V =
p
Hz are converted into V 2/Hz.
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resistors is far from the performance of commercial equivalents. However, the high

SNR ranging from 90 to 107 dB still quali¯es these devices as good candidates for

sensing applications with interesting potential trade-o®s towards smaller size, higher

resistance values and much lower power consumption.
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