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Abstract 

The full-field multiaxial strain measurement is highly desired for application of structural monitoring but still chal-
lenging, especially when the manufacturing and assembling for large-area sensing devices is quite difficult. 
Compared with the traditional procedure of gluing commercial strain gauges on the structure surfaces for strain 
monitoring, the recently developed Direct-Ink-Writing (DIW) technology provides a feasible way to directly print 
sensors on the structure. However, there are still crucial issues in the design and printing strategies to be probed 
and improved. Therefore, in this work, we propose an integrated strategy from layered circuit scheme to rapid 
manufacturing of strain rosette sensor array based on the DIW technology. Benefit from the innovative design 
with simplified circuit layout and the advantages of DIW for printing multilayer structures, here we achieve optimiza-
tion design principle for strain rosette sensor array with scalable circuit layout, which enable a hierarchical printing 
strategy for multiaxial strain monitoring in large scale or multiple domains. The strategy is highly expected to adapt 
for the emerging requirement in various applications such as integrated soft electronics, nondestructive testing 
and small-batch medical devices.
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1  Introduction
The direct-ink-writing (DIW) is one of the promising 
additive manufacturing technologies and recognized as 
a versatile way to rapidly construct complex 3D struc-
tures through continuously extruding various functional 
slurries [1–4]. Based on a computer-controlled moving 
platform, the designed structures can be directly stacked 
layer by layer through converting the coordinate informa-
tion of the designed scheme into printing codes [5–8]. 
Compared with traditional 3D printing technologies such 
as light curing and laser melting, the DIW is flexible and 

suitable for various functional pastes/inks composed of 
polymer and nano/micro conductive particles. Therefore, 
it is widely used to fabricate various novel sensors [9–12], 
and show significant advantages comparing with the 
screen/stencil printing [13–16] and spray coating [17, 18]. 
Strain sensor for structural monitoring needs to be inte-
grated with the substrate. The widely used solution is to 
paste the sensor on the specific position of the detected 
component, which requires manual operation, with 
inherent low positioning accuracy, efficiency and durabil-
ity. In comparisions with the various new manufacturing 
technologies of the sensor [16, 18, 19], the DIW directly 
prints the sensing materials on the structural surface 
according to the design scheme. Therefore, the manufac-
turing and installation of the sensor can be completed in 
one step, eliminating various disadvantages caused by the 
manual pasting. In addition, the DIW printing simplifies 
the fabrication process, thus has unique advantages in 
personal-demanded sensors in small-batch, or concep-
tual proof of rapid iterative design.
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Among the various sensors for detecting different 
physical quantities, the strain sensor has been extensively 
developed and widely used for mechanical engineering. 
For instance: Madhavan [20] desgined an epidermis-like 
strain sensor for monitoring human activities; Ma et  al. 
[21] printed fast-response and ultra-sensitive strain sen-
sors using okra polysaccharide-based hydrogel; Liu et al. 
[22] used the graphene-based hydrogel to print strain 
sensors with breathability for motion detection; He 
et al. [23] probed a high sensitive strain sensor based on 
micro-helix micro taper long period fiber grating; Wang 
et al. [24] used nanofibrillated cellulose to obtain a lipase 
induced highly hydrophobic film for strain sensors; Dong 
et al. [25] prepared wearable strain sensor based on PVA/
MWCNTs hydrogel composite; Zhang et al. [26] focused 
on the high gauge factors under small strains using anti-
bacterial HPMC-anchored conductive polymer compos-
ite. Accordingly, the DIW is also adapted to achieve novel 
strain sensors with improved performance including 
higher gauge factor (GF ≥ 10) and larger stretchability 
(εmax ≥ 20%) [23, 27, 28] than those of traditional metal 
foil strain gauge (i.e., GF ≤ 2 and εmax ≤ 2%, in general). 
The performance of the sensor depends on not only the 
material performance, but also the design scheme and 
process parameters. In our previous work, the depend-
ence between structure and performance has been 
explored: the design model of typical sandwich structure 
sensor has been established, based on which the influ-
ence of layer thickness and material elastic constant of 
structure on interlayer strain transfer has been accurately 
predicted [28]; the quantitative dependence of the sen-
sor interlayer strength on the layer thickness is predicted 
by using the interfacial mechanics theory and cohesion 
model [29]. Based on the design model and optimized 
printing process for independent sensor unit, we propose 
a bi-material strategy to print the sensing unit by carbon 
paste and the connecting wires by silver paste, respec-
tively [30]. Accordingly, we develop a simplified circuit 
layout of uniformly-orientated sensor arrays, which 

successfully monitor uniaxial strains with the same direc-
tion of sensors.

Although the traditional multi-step lithography 
method can be used to prepare such layered circuit, 
the DIW technology are still featured by two significant 
advantages, i.e., low cost and rapid individual fabrica-
tion. For one thing, the DIW directly converts the design 
scheme into real sensor array in low cost without prepar-
ing the expensive patterned mold which is necessary for 
the lithography method. For another, the DIW achieves 
rapid realization from individual designed scheme to 
specific application requirement. Due to the merit of the 
DIW technology, it is expected to applied in the non-
batch fabrication for complex circuit layout of individual 
sensing requirement. In order to monitor the full-field 
strain of complex stress state, the sensor array with strain 
rosettes is needed to measure the strain components in 
different directions. Therefore, in this work, we develop 
a layered circuit for the strain arrays with optimized 
design diagram. Based on the proposed design diagram, 
the electrodes and wires consumption in the circuit are 
significantly reduced. The array circuit layout is scal-
able, which enable hierarchical printing for large area or 
multiple domains. Then a simple strain rosette sensor 
array is printed and high precision multiaxial strain field 
are monitored under remote tensile loading. The devel-
oped design diagram and printing strategy for the strain 
rosette sensor array is highly expected to extend for vari-
ous applications especially for monitoring small-batch 
equipment with complex strain state.

2 � Optimization Design for the Strain Rosette Array 
with Multilayer Circuit

2.1 � Simplification Design of the Strain Rosette Sensor 
Array

The multi-axis strain rosette is composed of three sen-
sors with the directions of 0, 45° and 90°. When the array 
includes a large number of independent units, the tradi-
tional circuit design will become very complex (as shown 
in Figure 1a), and finally causes the inconvenient printing 

Figure 1  Circuit layout of (a) traditional circuit layout and (b) developed multilayer design for the strain rosette array composed of 4 × 4 units
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for technology. In addition, the abundant wires accumu-
late in a tight space and occupy the printable area of the 
sensing unit in the limited monitoring field. Therefore, 
we propose a multilayer design strategy, which arranges 
common electrodes and wires to simplify the circuit lay-
out, as shown in Figure 1b. Different from the traditional 
sensor array composed of independent units within one 
single layer, the novel design contains 5 layers, thereby 
compresses the area occupation for the electrodes and 
wires in the circuit layout. The wires are designed in 
the 1st, 3rd, and 5th layers, and the cross intersections 
among different layers are insulated by the printed alter-
nating strips between the adjacent circuit layers. To avoid 
the signal interference induced by the public wires and 
extrudes, a data acquisition system with multiplexer is 
used to distinguish resistance variation for each unit by 
high-frequency scanning on the whole circuit in com-
bination with equipotential shielding for the circuit 
channels.

The simplification of the multilayer design is quantified 
by the reduction of electrodes number (defined by Ne for 
the traditional circuit and Neʹ for the multilayer design, 
respectively). The comparison of the complexity between 
the traditional and developed circuit is shown in Figure 2. 
The results show the advantages of the novel design for 
reducing the electrodes and compacting the integration 
of sensor units.

The relationship of electrodes number with row num-
ber of the array is inducted based on Figure 2 and shown 
in Eq. (1) as follows:

Then the ratio of the extrudes numbers is expressed 
by Eq. (2), and quantified in Figure 3, which shows a sig-
nificant improvement of the proposed design in electrode 
number with the increasing capacity,
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2.2 � Adaptability and Scalability of the Simplified Circuit 
Layout for the Strain Rosette Sensor Array

High adaptability is desired for monitoring domain 
with arbitrary shape. As shown in Figure  4, the pro-
posed printing model can be arbitrarily arranged in 
simple and multi connected areas with good adaptabil-
ity, respectively. Benefit from the programmed printing 
path with high flexibility, the DIW provides an efficient 
strategy for strain monitoring of irregular shapes, espe-
cially when screen printing or lithography are difficult 
or too expensive for preparing the templates.

In addition, once the traditional design scheme is 
fabricated, it is technically difficult to expand the array 
because the insufficient area required for extra elec-
trodes and wires. For the optimized design strategy, 
the scalability of the circuit is significantly improved, as 
shown in Figure 5.

(2)Ne

/

N
′

e = n.

Figure 2  Simplicity analysis of (a) traditional and (b) novel circuit 
layout

Figure 3  Ratio of electrodes Ne/Neʹ between the traditional 
and multilayer designs

Figure 4  Adaptability of the strain rosette sensor arrays 
for arbitrary-shaped (a) simple connected and (b) multi connected 
domain
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Firstly, a circuit layout composed of 2 × 2 units is 
designed according to the novel scheme. Secondly, we 
duplicate the unit and expand the circuit to directly 
achieve a larger 4 × 4 strain rosette sensor array, as 
shown in Figure  5a. Besides, we print four separated 4 
× 4 arrays, and then connect the adjacent electrodes to 
obtain a larger array composed of 4 × 4 units as shown in 
Figure 5b. Accordingly, the high scalability also leads to 
a hierarchical printing strategy to match for larger area 
exceeding the range of platform of motion platform.

3 � Fabrication for the Design Schemes 
and Experimental Validation

3.1 � Preparing for the Materials and Typical Samples 
Printing

We use the carbon paste CH-8/MOD2 (resistivity ρ = 1.0 
× 10-2 Ω∙cm) and silver paste EN-06B8 (resistivity ρ ≤ 8 × 
10-5 Ω∙cm) to print the unit and wires in the strain rosette 
sensor array, respectively. The preparations for the two 
inks are inherited from the previous works [28–30]. 
The insulation base, insulation strips and coating layer 
are printed using bi-component epoxy resin (DP190, 
3M). The base and accelerator with a weight ratio of 1:1 
is extruded by pressure to a zigzag-channel chamber, in 
which the epoxy mixed thoroughly, as shown in Figure 6.

Among the several rheological parameters, viscosity 
is a dominated factor for the printability and forming 
quality. Therefore, here we provide detailed viscosities 

of the three used inks for the sensor units, wires and iso-
lations in the array circuit. The base viscosities at room 
temperature (25 ℃) of the carbon paste (CH-8(MOD2), 
JELCON), silver paste (EN-06B8) and epoxy resin 
(DP190, 3M) are 30000 ± 6500 mPa∙s, 260 ± 50 mPa∙s and 
2000−8000 mPa∙s, respectively.

The printing is carried out using an air pulse dispenser 
(ML-5000XII-CTR, MUSASHI). The process parameters 
are also inherited from our previous works [28–30] with 
the details in Table 1.

Based on the printing process parameters, two typical 
samples are fabricated through a syringe controlled by a 
programed motion platform, as shown in Figure  7. The 
two independent strain rosettes in Figure  7a is used to 
calibrate GF for each unit.

The interfacial strength is really important especially 
for the multilayer sensor array with hetero-composite 
structure. In our previous works, we have systematically 
designed and tested the strain transition and interfacial 
strength between different layers, which demonstrated 
high robustness of the interfaces among different layers 
from the metal substrate to covering layer [28, 29]. Here, 
we just inherited the previous materials and hetero-com-
posite structure for the sensor unit. As a consequence, it 
is reasonably concluded that the robust interface would 

Figure 5  Two typical strategies for scalable strain rosette sensor 
array: (a) Through expanding the basic circuit layout, (b) By 
connecting the electrodes of separated sensor arrays orderly

Figure 6  Preparation for (a) carbon/silver paste and (b) epoxy

Table 1  Optimized process parameters for printing strain rosette 
sensor

Inks Diameter of 
nozzle (mm)

Air 
pressure 
(MPa)

Printing 
speed 
(mm/s)

Curing 
parameters

Epoxy 0.26 0.125 10 2 h at 71 °C

Silver paste 0.21 0.25 7 30 min 
at 75 °C

Carbon paste 0.21 0.25 7 2 h at 80 °C

Figure 7  Samples for the DIW printed (a) separated strain rosettes 
and (b) arrays with 2 × 2 units
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be maintained in the strain rosette sensor arrays, due to 
the consistent multi-layer structure of same materials.

3.2 � Experimental Validation of the Printed Strain Rosette 
Sensor Array for Monitoring Strain‑Field

The GF for each branch of the strain rosette is calibrated 
based on the specimen shown in Figure  7a. The GF is 
calculated by GF = (ΔR/R)/ε, where ΔR is the resistance 
change caused by the deformation of the base and meas-
ured by data acquisition system (KEYSIGHT DAQ970A), 
R is the resistance of strain sensor before deformation, 
and ε is the strain. ε is measured by digital image correla-
tion (DIC, GOM Correlate Professional) instrument. The 
specimen and loading setup are shown in Figure 8a, while 
the recorded resistance variation of one representative 
branch and the captured strain by DIC at the back of the 
specimen are shown in Figure 8b. The GF is determined 
by the ratio of ∆R/R measured by sensor unit to the strain 
ε recorded by DIC. Based on the test data in Figure 8b, 
the GF is calibrated as 9 (the ratio of right ∆R/R data to 
the left ε data) with a well linearity for ε ≤ 4 %. By com-
parison with the represent works of extrusion-printed 
sensors [31–33], it is found that the performance of the 
sensor unit is comparable in the GF and linearity.

We print a 2 × 2 strain rosette sensor array on a 304L 
stainless steel sheet and then demonstrate the applica-
tion for monitoring the strain. The strains in the back 
side are captured by the DIC instrument. The specimen 
is loaded under quasi-static tensile using the MTS testing 
system. During the loading process, the data acquisition 
system (DAQ970A) and DIC instrument simultaneously 
measure the strain field on the front and back sides of 
the specimen during the loading process. The loading 
set up, the strain rosette sensor array and DIC-speckle 

are indicated in Figure  9a−c. The strain data at the six 
marked branches of two sensor rosette units in Figure 9b 
are measured, which show high agreement with those 
recorded by the DIC, as summarized in Figure 9d, e. The 
strain data monitored by the printed strain rosette sen-
sor array show significant directional dependency. The 
strain values measured for the same direction show high 
agreement, which imply the consistency of the sensor 
units. Besides, branch 1 and 2 represent the first prin-
cipal strain along the remote loading direction, whereas 
the strains in branch 3 and 4 are negative due to the Pois-
son’s effect. The strains in branch 5 and 6 are positive and 
about half of branch 1 and 2, which is consistent with the 
prediction by the conversion relationship between differ-
ent directions.

The cyclic durability performance is crucial for practi-
cal applications. In a parallel work [34], we preliminar-
ily tested the performance evolution for the DIW-based 
strain sensor under fatigue loading, which show accept-
able durability for the printed sensors under large strain 
3.25% under more than 105 cycles. Although the durabil-
ity performance of the sensor unit is not exactly equiva-
lent to that of the sensor array, it is still expected to be 
a reference. Moreover, in-depth study for the durability 
of the DIW-based sensor array is necessary, but still need 
to develop lots of testing technologies. For example, in 
order to avoid mutual interference in the sensor array, 
the commercial data acquisition system (KEYSIGHT 
DAQ970A) is adopted to activate each circuit ergodically 
with the maximum frequency of 100 Hz. For quasi static 
loading, the change of resistance for each sensor unit 
can be well recorded. However, when the fatigue loading 
with moderate frequency is applied on the sensor array 
containing numerous sensor units, it is quite difficult to 

Figure 8  Calibration of GF for the printed strain rosette sensor: (a) Specimen with separated strain rosette clamped on the test machine, (b) Strain 
measured by DIC and the resistance variation recorded by the sensor unit
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record enough data points for each unit to record a full 
waveform in one cycle of short period. To address this 
limitation of the commercial instrument, we are trying to 
develop a testing system to achieve much higher ergodic 
frequency in an ongoing work.

4 � Conclusions

(1)	 The design diagram, fabrication strategy and applica-
tion for the DIW printed strain rosette sensor array 
are systematically studied. By introducing a multilayer 
strategy, a new design principle is developed, which 
significantly optimize the circuit layout of the sensor 
array with high adaptability and scalability.

(2)	 A hierarchical printing strategy is probed to assem-
ble independent small arrays to form a uniform large 
array for monitoring of large-scale regions or multiple 
domains. Based on the design conception, the DIW 
printing and testing validation for the printed strain 
rosette sensor array are further demonstrated, which 
shows potential applications of the proposed design 
principles and manufacturing strategies.

(3)	 It is expected to provides a feasible solution for 
design and fabrication for strain rosette sensor 
array in strain monitoring especially for small-batch 
equipment.
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