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Transparent and flexible force sensor provides potential applications in a lot of area such as human wearable sensor, robotic sensor
and underwater equipment. Here the work presents a zig-zag patterned hydrogel-based force sensor. Slow-gelling alginate hydrogel,
self-designed microextrusion 3D printer and polydimethylsiloxane (PDMS) were adapted for the sensor fabrication. A slow-gelling
hydrogel printing ink was prepared and printed onto the treated PDMS layer with a computer-aided designed zig-zag pattern. The line
width and resistance of the printed hydrogel were precisely controlled by the self-designed microextrusion 3D printer. To stabilise the
water content, a sandwich structure was adopted and two PDMS cover layers were fabricated to seal the hydrogel sensor. Theoretical
analysis was performed and it is shown that the change rate of resistance was linear related to the force, and this analysis was proved by
experiment. Experiments also show that the sensor was flexible and transparent. The zig-zag patterned hydrogel also and the PDMS layers
provided stable water content and recording.
1. Introduction: The study of flexible sensors has grown signific-
antly. High-sensitivity, soft and stretchable and transparent sensing
mechanisms play critical roles in applications such as wearable
equipment, artificial skin and the sensors for soft robotics [1].
Although many flexible sensors exist, including liquid metals, nano-
fibrous, nanowires etc. [2], most of these materials have limited
mechanical properties and low optical transparency [3]. Besides,
the biocapability of these materials is also limited. Therefore, the
applications of such sensors for long-term integrating with human
being are limited. For example, flexible force sensor can be used
on patient skin for the recovery of skin sensory capability of some
skin damaged patients. These patients require a touch-neuron stimu-
lus training, while the touch sensor provides a tactile sensation and a
stimulus for neuron is performed simultaneously [4]. However, con-
ventional flexible sensors yield potential harm such as metal leakage
[5] and hard–soft material interfacial failure [6]. The low transpar-
ency also limited the integration with light control for the substrate.

The improvement of the stretchability, transparency and biocap-
ability of the flexible sensors will extend their application scope.
Recently, it is reported that the hydrogel was adopted as a wearable
equipment which can measure the strain and finger bending [7] or
measure the touch position [8]. These structures used the hydrogel
as the top layer on the sensor. However, it is well known that
the hydrogel keeps loss water in the air, and the resistance of the
sensor could be strongly affected by the water content of the hydro-
gel [9]. The change of water content could affect the measure accu-
racy, and our experiments also show that in room temperature and
common humidity (40–70%), the water content of hydrogel keeps
decreasing. Therefore, the sensor should maintain the water
content in service environment.

Compared to a straight line, the main advantage of zig-zag
pattern is that it induces an increase of its electrical resistance
[10]. Resistance is a critical parameter to the touch sensor. While
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a low resistance could induce a high current and increase the tem-
perature which could reduce the measurement accuracy. Therefore,
a zig-zag pattern can improve the stability of the sensors. Besides,
the area of zig-zag pattern is easily controlled and the measurement
area can be regulated. To print the hydrogel into a certain pattern,
a 3D printer should be designed for hydrogels. Recently, most
of the alginate hydrogel was mould by immersing the hydrogel
structure in the solution of calcium chloride [11]. However, the
mould of alginate hydrogel by immersing in calcium chloride
causes the inhomogeneous of the hydrogel structure [12]. While
the inhomogeneous of the hydrogel structure may reduce the preci-
sion of the sensor, a slow-gelling alginate hydrogel provides
homogeneous distribution of the printed hydrogel and improves
the measurement of sensor.

Therefore, a flexible force sensor was proposed based on a self-
designed microextrusion 3D printing method and slow-gelling
alginate hydrogel in this Letter. To improve the measurement of
the sensor, the slow-gelling hydrogel was printed in a zig-zag
pattern of parallel lines with width on the order of hundreds of
micrometre. To increase the stability of the sensor, a sandwich
structure was proposed to maintain the water content of the hydro-
gel in the sensor. The experimental results show that the sensor
was transparent and flexible. The stability of water contents and
the sensitivity of the sensors were improved, show that our
design of the sensor was effective.

2. Materials and methods: Before the hydrogel was printed, a
polydimethylsiloxane (PDMS) substrate was prepared firstly. The
PDMS and curing agent (Sylgard 184 silicone elastomer, Dow
Corning) were used as the substrate and the cover of the sensor.
The PDMS was used in the recommended 10:1 ratio. After a
10 min mixing cycle in a planetary centrifugal mixer (Topoint,
SPS-500) at 1500 RPM, it was spined on a quartz plate by a spin
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coater with 150 RPM for 3 min. Then the PDMS was moulding in
50°C by a heating platform for 2 h. Prior to hydrogel printing, the
PDMS substrate was exposure to UV (200 W, 365 nm) for 2 h to
improve the hydrophilia.
To obtain a homogeneous distribution of printed hydrogel, a

slow-gelling alginate hydrogel was used. An inactivated form of
calcium (Ca-Ethylenediaminetetraacetic acid (EDTA)) and a
slowly hydrolysing molecule (glucono delta-lactone, GDL) was
adopted to achieve this goal. The GDL induces the slow release
of calcium ions from the Ca-EDTA. With 67.4 mM GDL concen-
trations, 20 min passed for gelation and >5 h was required to
reach a plateau for the slow Ca2 + releasing Ca-EDTA/GDL
method [13]. After that, the hydrogel pattern should be kept in a
controlled temperature and humidity for 5 h to fix the printed struc-
ture. It is recommended that the printing could be finished in 20 min
to avoid any failure or defect. The temperature and humidity were
controlled by a chamber with constant temperature and humidity.
To print the slow-gelling alginate hydrogel into a certain pattern, a

self-designed microextrusion 3D printer was built up, and it is shown
in Fig. 1. Before the printing was start, the slow-gelling alginate
hydrogel was loaded in the nozzle. A control unit was used to
control the position and the pressure of the nozzle. A water circula-
tion and a temperature control were used to control the temperature
of the print platform. To ensure the hydrogel can be printed imme-
diately after the slow-gelling hydrogel solution was mixed by the
centrifugal mixer, the nozzle was designed as the container which
could directly mixed in the mixer. By controlling the position of
the nozzle and applying appropriate pressure, the slow-gelling hydro-
gel solution was printed into certain pattern. The temperature of the
platform was also controlled to regulate the viscosity of the solution.
The fabrication and architecture of the force sensor are shown

in Fig. 2. The microextrusion 3D printing was used to print the
Fig. 1 Structure of the microextrusion system
a Illustration of the microextrusion 3D printing method
b Image of our self-designed microextrusion 3D printer
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slow-gelling hydrogel in a zig-zag pattern. CAD software was used
to print hydrogel structure [14]. Here, the hydrogel pattern was
modelled by CAD software and was robotically deposited on the pre-
treated PDMS substrate by a self-designed microextrusion printer.
After the slow-gelling hydrogel was printed as zig-zag pattern,
the sample was kept in a chamber with constant humidity (90%)
and temperature (25°C) for 5 h. After the hydrogel was gelated,
The PDMS solution was spined and mould on the sample.
Consequently, a sandwich structure was fabricated by attaching
two PDMS layers to a zig-zag patterned hydrogel layer as shown
in Fig. 2d. To measure the resistance change of the sensor, an alter-
nating voltage source was used to generate a 1 kHz and 0.5 V voltage
and an alternating current meter was used to record the current, as
shown in Fig. 2d.

3. Results and discussions: Fig. 3 shows the process that the
sensor has been designed and fabricated. CAD software was used
Fig. 2 Schematic of the fabrication of the force sensor based on 3D printing

Fig. 3 Zig-zag pattern
a Designed in CAD software
b Printed by microextrusion printers
c Image shows that after printing, the hydrogel was mould without defect
d Finished sensor is flexible and transparent
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Fig. 4 Study of the hydrogel part of the sensor
a Illumination of the shape change of the sensor while a force is applied on it
b Measurement of the printed hydrogel line
c Influence of the nozzle diameter (j) and the air pressure to the hydrogel
diameter
d Influence of the line width to the electrical resistance of the sensor
e Recording of the hydrogel weight in room temperature (25°C) and
common humidity (60%)
to design the zig-zag pattern [14], as shown in Fig. 3a, the hydrogel
was extrude by the self-designed microextrusion printers. Besides,
more than one sensor can be printed by the 3D printing in one print
period, as shown in Fig. 3b. This sensor has the potential capability
to be high-throughput fabricated if a multiple nozzle 3D printer is
adopted. Fig. 3d shows the finished sensor, which has a sandwich
structure that the zig-zag patterned hydrogel was covered in two
PDMS layers.

The theory of our sensor is based on the resistance change of
hydrogel during a force is applied to the sensor. We assumed the
cross section of the printed hydrogel line as semicircle, and the re-
sistance of gel is calculated by (1), as follows:

R = r
D

area
= r

D

0.5pr2
. (1)

where r is the electrical resistivity of hydrogel, D is the total length
of the printed zig-zag patterned hydrogel, and the r is the height
of the hydrogel. While a force is applied to the sensor, a strain is
happened. We assumed the resistivity is independent of stretch.
Therefore, the change rate of resistance can be approximately calcu-
lated by total derivative in (2), as follows:

dR ≃ r dD

0.5pr2
− 2

r D dr

0.5pr3
(2)

Divide both sides by R, and use (1), we have:

dR

R
≃ dD

D
− 2

dr

r
(3)

Although the pattern of our sensor is zig-zag rather than straight
line, we still can similarly consider the dD/D as the axial strain
(on the printed long side) and the dr/r as the transverse strain, we
use Poisson’s ratio to further simplify the equation, and we have:

dR

R
≃ 1+ 2m

( ) dD
D

(4)

where m is the Poisson’s ratio of the sensor. Since Poisson’s ratio of
PDMS is nearly 0.5, and Poisson’s ratio of hydrogel can be consid-
ered as same as incompressible water, 0.5, therefore, from (4) we
can know that change rate of the resistance keep a linear relation
with the strain while the strain is not significant. While the strain
also keep a linear relation with stress in the elastic range, we can
assume that the change rate of resistance keep a linear relation
with the force applied in a certain area on the sensor in the elastic
range of the sensor.

The air pressure to extrude the hydrogel and the nozzle diameter
(j) is the key parameters which determine the extrusion output.
The extrusion under different air pressure and different the inner-
diameter (j) of the microextrusion head was investigated. If
j < 0.26 mm and the pressure < 0.5 MPa, the hydrogel cannot be
continuously pushed out. Fig. 4b shows the continuously printed
hydrogel line width, and Fig. 4c shows the influence of the air
pressure and j on line width. With the increase of j, the line
width increased. The line width was more than the nozzle diameter,
because of expansion after the extrusion. With the increase of
air pressure, the line width also increased and they kept a nearly
linear relationship. Compared to the recent results of hydrogel-
based sensor [7], a finer hydrogel width (0.25 mm compared to
0.8 mm) can be obtained. Therefore, a delicate pattern can be
printed by our hydrogel line. Another benefit by controlling the
line width is that the resistance of the sensor was precisely regu-
lated, as shown in Fig. 4d. A range of resistance from 13,000 to
350 Ω was obtained. This range shows that the sensor has a wide
application field, for example 350 and 1000 Ω is a typical value
of commercial strain gauge, and the sensor can be easily fabricated
1462
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with existing commercial strain gauge system. Besides, if the situ-
ation requires the sensor works with quite low current, a high resist-
ance with thin line width can be used.
The water content changed in room temperature and humidity

was recorded, as shown in Fig. 4e. Same as previous structure
of hydrogel sensors [8], the hydrogel which was directly exposed
to the air was also fabricated and the water content was studied.
The change of the hydrogel weight was shown as the ‘non-covered
hydrogel’. It is obviously that the non-covered hydrogel lost
water quickly, while the weight of hydrogel with PDMS covers
almost unchanged in the whole duration. This comparison proved
that our sandwich structure provides a stable water content for the
sensor to have a stable recording.
A fabricated hydrogel sensor was tested by force in order to

ensure that the force can be recorded by the change of resistance,
as shown in Fig. 5. A universal testing machine was used to
apply a compression force on the force sensor. The influence of
the force on the resistance was shown in Fig. 5a, where R0 presents
the initial resistance of the hydrogel sensor while 0 N force was
applied. ΔR presents the change of the resistance. Therefore, the
ΔR divided by R presents the relative change rate of the resistance
Fig. 5 Force test experiments
a Change of resistance induced by different force for both zig-zag patterned
sensor and rectangle sensor
b Recycled experiments (1 N, 0.15 mm/s) of the zig-zag patterned sensor
c Force experimental setup
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while force was applied. As can see from Fig. 5a, with the increase
of the force, the relative change rate of the resistance kept a nearly
linear increase. Such an experimental result with linear relation
agrees well with the theoretical prediction. The cycle experiments
that a 1 N force was cyclic loaded was also studied, as shown
in Fig. 5b. The duration for each cycle is 2 s and the speed of the
experiment is 0.15 mm/s. The result shows that the hydrogel-based
force sensor had a stable response to the cyclic loading. Benefit
from the sandwich structure and the slow-gelling hydrogel, the
water contents of the hydrogel part kept stable and homogeneity.
These features may provide advantages to the sensor so that it
can have a stable force recording during cyclic loadings.

After we obtained a transparent, flexible and biocompatible
force sensor, one of the future works regarding the sensor is to
recovery the skin sensory capability of some skin damaged patients.
These patients require a long-term touch-neuron stimulus training,
while the touch sensor provides a tactile sensation and a stimulus
for neuron is performed simultaneously [4]. All the materials
we used are biocompatible and have no toxic or injurious effects
on biological systems. Therefore, compared to other force sensors
which yield potential harm such as liquid metal leakage, this
sensor has the ability that it can interact with skin for a long time
without any harm. Another advantage of our sensor is that it can
integrate with optogenetic to obtain the touch-neuron stimulus
training. Optogenetic technique provides a simple and efficient
way to non-invasively stimulate peripheral neurons by light [15].
Therefore, transparent is necessary so that the control light can
illuminate and stimulate the neuron through the sensor while the
sensor is sensing the tactile on the skin right above the neuron.
Such a soft and biocompatible touch sensors will allow human
beings to comfortably use wearable devices during intimate interac-
tions especially when it was interacting with children [16]. Benefit
from biocompatibility, it also has the potential application to be an
implantable sensor which can measure force inside human body.
Besides, transparent property of this sensor may also provide
the ability that it can be fabricated on a military robotics, while
the supporting substrates have a cheating changeable colour.

4. Conclusion: In summary, we have presented a transparent
and flexible force sensor based on self-designed microextrusion
3D printing and slow-gelling hydrogel. Our theoretical and
experimental results demonstrated that our fabrication processes
provide a simple way to obtain a hydrogel sensor with stable
water content and high sensitivity, and the output signals were
also repeatable and stable. In future work, the print resolution can
be further improved and the sensor can be smaller, and the sensor
will be fabricated as a wearable sensor for the recovery of the
skin sensory capability of some skin damaged patients, and also
be fabricated as an artificial skin for robotics.
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